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, N..J/o2; approved by the Govern ing Board of the Nat ional Research 

/� Counc i l ,  whose members are drawn from the counc i ls of the /��_:r Nat ional Academy of Sc iences , the Nat ional Academy of 

(! / Eng ineer ing , and the Ins t i tute of Med ic ine . The members of the 
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spec ial competence& and with regard for appropr iate balance . 

Th is repor t  has been reviewed by a group other than the 
a u thors accord ing to procedures approved by a Report Review 
Committee cons ist ing of members of the Nat ional Academy of 
Sc iences , the Nat ional Academy of Eng ineer ing ,  and the Ins t itute 
of Med ic ine . 

The Nat ional Research Counc il  was established by the Nat ional 
Academy of Sc iences in 1916 to assoc iate the broad commun ity of 
sc ience and technology with the Academy ' s  pur poses of further ing 
knowledge and of advis ing the federal government . The Counc i l  
operates i n  accordance with general polic ies determined by the 
Academy under the author ity of its congress ional charter of 
1863 , wh ich establ i shes the Academy as a pr ivate , nonprof i t ,  
self-governing membersh ip cor porat ion . The Counc i l  has become 
the pr inc ipal operat ing agency of both the Nat ional Academy of 
Sc iences and the Nat ional Academy of Eng ineer ing in the conduc t 
o f  the i r  services to the government , the publ ic , and the 
sc ient i f ic and eng ineer ing commun i t ies . It is administered 
j ointly by both Academies and the Ins t i tute of Med ic ine . The 
Nat ional Academy of Eng ineer ing and the Institute of Med icine 
were establ i shed in 1964 and 1970, respec t ively , under the 
charter of the Nat ional Academy of Sc iences . 
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Preface 

Th is volume contains the documents submitted by seven work ing 
Groups to the Astronomy Survey Committee , whose reports , 
As tronomy and As trophysics for the 1980 ' s , Volume 1 1  Re eort of 
the Astron omy Survey Committee ( 19 8 2 )  and Volume 2 1  Re eor ts o f  
the Panels ( 19 83 ) , are be ing published contemporaneously 
( Nat ional Acade � Press , washington , D . C . ) .  Chapter 3 of the 

Committee ' s  report , •Frontiers of Astrophys ics , • draws heavily 
on the mater ial in the present volume . 

The National Acade � of Sciences charged the Astronomy 
S urvey Committee with assess ing the opportunities for progress 
across the entire range of astronomical research and with 
mak ing recommendations concerning the programs and fac ilities 
needed to meet those opportunities . In order to carry out the 
f irst par t of i ts charge , the Committee asked a number of 
experts in each area of astronomy and astrophys ics to form 
Work ing Groups to cons ider the state of knowledge in each area 
and to identify the most important sc ientific quest ions in 
these areas for the 1980 ' s .  

Th e  reports of the Work ing Groups provided key inputa not 
only to the Committee , but also to the var i ous technique­
or iented Panels , wh ich the Committee established to propose 
rec ommendations for programs and facilities . The Work ing 
Groups '  reports proved to be of such a h igh quality that the 
Committee dec ided to sponsor their publ ication as an 
i ndependent su pplement to the Committee report . 

The act ivities of the Work ing Groups and Panels wer e  
mutually support ive . Th e  fundamental scient i f ic quest ions 
identif ied by the WOrking Groups , which require a var iety of 
techniques to address , were helpful to the Panels in framing 

ix 
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programs in thei r  areas of technical expertise that would  
provide max imal sc ientific return in a var iety of  d ifferent 
areas . S imilarly ,  the Panel reports were reviewed by the 
Working Groups to ensure that the Panel reco mmendat ions were 
respons ive to the sc ienti f ic opportunities identi fied in the 
Work ing Group reports . 

In the case of observat ional astrono my ,  the Committee 
l imited its recommendations to programs des igned to obtai n  
information about astronomical objects by remote sens ing from 
the Earth or its vicinity .  The Committee thus spec i f ically 
excluded from cons ideration recommendat ions for instruments on 
spacecraft des igned to escape Earth orbit , for programs to 
s tudy the Earth i tself , for study of samples of matter or ig­
inating beyond the Earth , and for instruments to test the 
predict ions of different theor ies of gravitation . 

TO varying degrees , the Work ing Groups nevertheless foun d  
i t  essent ial t o  cons ider some o f  these issues in order �o pro­
vide a complete picture of the opportun ities they perceived . 
Such d iscuss ions furnished helpful background for the Commit­
tee , however , they should not be regarded as endorsements by 
the Committee of programs explic itly excluded from cons idera­
t ion for recommendations by the Co mmittee . 

The Work ing Group on Solar Phys ics provided a comprehens ive 
discuss ion of the opportun ities fac ing solar research and went 
beyond that in propos ing a coherent strategy for solar research 
util i z ing both ground- and space-based techniques at a wide 
var iety of wavelengths . Formulation of such a strategy , made 
poss ible because the solar-phys ics community is well organ ized 
for undertak ing coordinated research proj ects related to its 
s ingle object of study , resulted in recommendations for solar 
r esearch that were examined by the experts in eac h  of the 
technique-or iented Panels . 

The Work ing Group on Planetary Sc ience , informed of the 
Committee ' s  decis ion not to cons ider reco mmendations for 
i nstrumentation aboard spacecraft des igned to escape Earth 
orbit , left this task to other duly const ituted committees . 
However , its report d oes cons ider in depth many other ways of 
acquir ing information about the planets , includ ing telescopic 
observations from the ground and from Earth orb i t ,  radar 
stud ies , analys is of lunar and meteor itic samples ,  laboratory 
spectroscopy and mater ials stud ies , and computer model ing and 
theoretical studies . A helpful survey of proposed deep-space 
planetary miss ions was also provided . 

Galactic and extragalactic astronomy includes stud ies of a 
w ide var iety of objects ,  rang ing from interstellar gra ins to 
galax ies , and from red dwarf stars to quasars .  In spite of th e 
fact t hat virtually all astronomical techniques are used in 
such stud ies , the correspond ing Work ing Groups were successfu l 
in identify ing broad themes that will permeate astronomical 
research in the 1980 ' s .  These discuss ions provided the sc ien-

X 
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t:l.fic background needed by the Committee in cons ider ing th e 
assignment of pr ior it ies to projects proposed by the Panels . 

The Committee found that three research areas requ ired 
s�cial attention if the opportunit ies in them were not to be 
overlooked . A Wo rk ing Group on Re lated Areas of Sc ience 
surveyed developments in other f ields of importance to 
astron omy and brought to the Committee ' s  attent ion poss ible 
future d irect ions . A Work ing Group on As trometry d iscussed the 
development of this f ield , which is such an impor tant underpin­
n :l.ng to all  other work  in astron omy. Finally ,  a Work ing Group 
on the Search for Extraterrestr ial Intelligence was cons t ituted 
l.argely (but not wholly)  from the membe rsh ip of the Committee 
itself , in order to deal with the issues fac ing th is somewhat 
unconvent ional f ield .  

Each o f  the Work ing Groups produced a thoughtful and t ime ly 
re�r t ,  fo r wh ich the Committee is grateful and of wh ich they 
and the sc ient if ic community can be proud . 

x i  

George B .  Fie ld , Chairma n 
Astronomy Su rvey Committe e 
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1 
Solar Physics 

I .  INTRODUCTION 

Th e  past few years have seen an increas ingly close coupl ing 
between solar and nonsolar astronomy , brought about largely by 
our increas ing ability to study Galactic and extragalactic phe­
nomena in greater detai l  and with greater sens itivity over the 
entire electromagnetic spectrum .  Such phenomena a s  hydromag­
netic flows (winds ) , coronas , stellar magnetism , act ivity 
cycles , and part icle accelerat ion--which unt i l  recently could 
be readily observed only in the Sun and in a few Galactic and 
e xtragalactic objects in which extreme cond itions of tempera­
ture or gravitational or magnetic-field strength prevai led--can 
now be stud ied in a wide range of stars and galaxies . The 
Work ing Group on Solar Phys ics believes that both solar phys ic s 
and the other d isc ipl ines of astronomy will benefit from this 
more intimate interact ion , as we point out later in this  
c hapter . 

However , solar phys ics d iffers in two major respects from 
the other disc ipl ines of astronomy . First , solar phys ics has 
achieved the complete integrat ion of its scient ific proqram 
over the full range of observational techniques available to 
astronomers . The result ing observations now cover the entire 
electromagnetic spectrum ,  from flare-exc ited nuclear gamma-ray 
l ines at mill ions of electron volts in energy to low-frequency 
radio waves (at decametr ic and k i lometr ic wavelengths ) generat­
ed by the propagat ion of electrons in the corona and the inter­
planetary mediumr the spectrum of neutr inos from thermonuclear 
r eactions in the solar coreJ and in s itu measurements of low­
energy plasma , high-energy cosmic rays , and of electr ic and 

1 
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magnet ic f ields in the interplanetary medium and the corona . 
Because of the intimate connect ion of these observat ions to 
each other , and the need in most cases for the s imultane ity o f  
these observations , the Work ing Group supports an integrated 
theoretical and observational strategy for solar phys ics during 
the 1980 ' s  that may be pursued through the closely coordinated 
set of programmatic opportunities outlined toward the end o f  
this chapter. 

The second way in which solar phys ics differs from other 
disc iplines of astronomy is its close connect ion to other are a s 
of sc ienti f ic inquiry , particularly to heliospheric phys ics , 
space phys ics , and the study of the Earth ' s  climate . The 
Work ing Group therefore felt i t  imperative to adopt a broad 
definition of solar phys ics. , one that includes not only the 
s tudy of the Sun itself but also the study of the hel iosphere-­
the entire volume of space (extend ing well beyond the solar 
system) that is dominated by the solar wind--together with the 
interaction of the solar radiative and particulate flux with 
planetary atmospheres , ionospheres , and magnetosphere& .  Th is 
broad def inition has important implications for the relevance 
to solar phys ics of interplanetary space miss ions intended for 
in s itu studies of the heliosphere . Such miss ions are there­
fore important components of the programmatic opportunities 
recognized by the WOrking Group. 

Finally , the Work ing Group cons idered a number of issues 
relating to the institutional arrangements for solar-phys ic s  
r esearch and education that have arisen over the past two dec­
ades , and we have included a brief discuss ion of them at the 
e nd of this chapter. These issues are important , but they are 
also complexr their resolution will require a concerted re­
sponse not only by the relevant funding agenc ies--the Nat ional 
Sc ience Foundation in (NSF) , the National Aeronautics and Space 
Administration (NASA), and the Department of De fense (DOD) --but 
also b7 the community itself ,  as represented by the Solar 
Phys ics Divis ion of the American As tronomical Soc iety , in the 
very near future . 

I I .  OVERVIEW AND GENERAL CONCLUSIONS 

A . Def initions and Major Themes 

Solar physics has evolved so rapidly in the past decade as to 
require add itional clarif ication of the aim and intent of th i s  
chapter. Several connotations of the term •solar phys ics• are 
currently in vogue . Some sc ientists accord it only the narrow­
est and most literal meaning , i.e . , the study of a part icular 
object that happens to be the closest star r others , however , 
use the term •solar phys ics• more broadly to include the varied 
phenomena that occur within the interplanetary medium ,  togethe r 
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with the interaction of the solar wind with planetary magneto­
s pheres and atmospheres . They go on to point out that the sun 
provides a laboratory for the study of bas ic evolutionary 
processes occurr ing in stellar inter iors , of cycl ic and 
transient phenomena in stellar atmospheres , and of violen t 
phenomena involving the acceleration of particles to very h igh 
energ ies that take place in supernovae and in act ive galaxies-­
a ll at the level of bas ic plasma processes that no other readily 
observable s i tuation provides . The Sun , a star of average size 
and luminos ity ,  is our most access ible exper imental window into 
the vast and var ied act ivities of other stars and galax ies too 
d istant to be resolved . The recent report by the Space Sc ience 
Board ' s  Committee on Solar and Space Physics (Solar-System Space 
Phys ics in the 1980 ' s :  A Research Strategy , Nat ional Academy of 
Sc iences , Washington , D . C . , 1980)  g ives an excellent and 
extens ive presentation of this view. 

The present WOrk ing Group on Solar Phys ics favors a var i­
a t ion of this latter att itude; we see solar phys ics as a funda­
mental inquiry into the phys ics of the remarkable large-scale 
behavior of ionized gases in gravitational and electromagnet ic 
f ields . This inquiry has three major themes 1 

1 .  The development of observat ional techniques that can 
directly probe the generat ion and transport of energy and the 
compos ition and mot ion of matter in a stellar inter ior , there­
fore provid ing direct exper imental tests of models of stellar 
s tructure and evolut ion . 

2 .  The detai led study of the var ious active phenomena 
that can be observed in the solar atmosphere and that have only 
r ecently become observable in other stars . These act ive 
phenomena are consequences of the generation of magnetic f ield s  
and o f  large-scale c irculation , wh ich a r e  themselves by-products 
of energy-transpor t processes operating in the convective 
envelope of the Sun . Each act ive phenomenon--such as a f lare , 
the solar wind , or the sunspot cycle--is in fact not a s ingle 
e f fect but rather a combinat ion of effects all operat ing 
together . This cooperat ive aspect of solar activity cannot be 
d upl icated in the ter restr ial laboratory because many of the 
ind ividual effects do not function on so small a scale . 

3. The study of the three-d imens ional structure and 
dynamics of the corona and interplanetary med ium ( together 
f requently referred to as the hel iosphere)  and the ir inter­
act ion with planetary atmospheres and the interstellar med ium . 
Th e  realization that changes in the structure of the inter­
planetary med ium (brought about by changes in the level of 
s olar act ivity)  are c losely correlated with major changes in 
c l imatic cond itions on the Earth suggests that hel iospher ic 
phys ics may become a s ignificant factor in issues that are of 
great practical importance , as well as of intr insic sc ientific 
i nterest . 
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Progress has been steady and profoundly rewarding to those 
who have pursued these inquiries . Some of the more remarkable 
d iscoveries and achievements of the past decade include : 

• The d irect study of thermonuclear processes occurring 
in the solar core through observat ions of neutrinos . The 

disagreement of the observed flux with that predicted by 
s tandard models has resulted in the re-examination of the 
models and the planning of new observations that should provide 
more definit ive interpretations . 

• The d iscovery that the s-min osc illations of the solar 
atmosphere are a global phenomenon that can be used as a probe 
of the structure and dynamical behavior of the solar interior . 

• The d iscovery that the damping of solar atmospheric 
waves driven by convect ion cannot account for the energy 
required to heat the corona and drive the solar wind . The 
observation of coronal phenomena in aain-sequence s tars in 
every part of the B-R diagram has re inforced the conclus ion , 
drawn from solar observations , that magnetic effects underlie 
act ive phenomena in stellar atmospheres . 

• Th e  confirmation of the evidence (provided initially by 
seventeenth-century observations ) that the sunspot cycle and 
assoc iated act ive phenomena were largely absent for a period o f  
7 0 years in the seventeenth century . Th is episode is known as 
the Maunder Minimum. We now know that such interruptions , along 
w ith periods of heightened activity ,  occur quas i-periodically 
and that there is a strong correlation between these periods of 
i nactivity or hyperact ivity and the occurrence of climatic 
changes on the Earth . 

• The recognition that the energy released during the 
impuls ive phase of a solar flare is largely or entirely con­
tained in nonthermal particles accelerated during magnetic­
r econnect ion processes in the coronal f ield . 

• The demonstration that the large-scale solar magnetic 
f ield is organized into two d ist inct types of structures: 
magnetically closed regions , in which hot plasma confined i n  
loops largely generates the x-ray corona, and magnet ically open 
regions , the so-called •coronal holes , •  which are the source o f  
h igh-s peed streams in the solar wind . 

• The discovery that , when viewed on a f ine scale , the 
solar magnetic f ield is s ubdivided into individual f lux tubes 
with f ield strengths exceeding 1000 gauss and with a phys ical 
s ize smaller than can be resolved by any present telescope . 

I t  is clear that these discoveries are merely the beg inning 
of a more detailed phys ical understanding of stellar structure 
and evolut ion and of the various act ive phenomena that occur i n  
s tellar atmospheres , and they also provide the theoretical bas is 
for understanding the heliosphere and its interaction with the 
Earth and other planets , obviously , much nevertheless reaains 
to be d iscovered and explained . 
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B .  Summary of Major Sc ientific Problems 
and Programmatic In itiatives for the 1980 ' s  

Guided by this expanded def inition of the meaning and scope o f  
s olar phys ics , the Working Group ident ified s ix scienti f ic 
problema that address major issues related to the three theme s 
i ntroduced above . We believe that the pursuit of these prob­
lema can be especially productive during the 1980 ' s  because of 
t he advent of more powerful computational capabilities and the 
potential for the development of observational fac ilities in 
space with greatly improved spatial resolution and sens itivity ,  
represented by the Space Shuttle . 

These problema can be posed as a series of questions . We 
present these major questions below and discuss their implica­
t ions , in both scient i f ic and programmatic terms , in the re­
mainder of this chapter .  

1 .  What are the fundamental properties of the solar core? 
In particular , what is its rotation rate , chemical compos ition , 
a nd temperature distribution , and what is the detailed process 
of nuclear-energy generation? How do these propert ies relate 
to current theories of stellar evolution? 

2 .  What is the hydrodynamic structure of the solar convec­
t ion zone (particularly the character of the solar dynamo) , the 
nature of large-scale c irculation , and the impl ications of very­
long-period global osc illations? 

3 .  What phys ical mechanisms drive the solar act ivity cycle , 
what resulting variations in the solar radiative and part iculate 
output follow on various time scales , and what is the effect of 
this variability on the Barth ' s  upper atmosphere? How do these 
relate to activity and variability on other stars? 

4.  What processes , involving small-scale veloc ity and mag­
netic f ields and various wave modes , determine the thermodynamic 
s tructure and dynamics of the solar photosphere , chromosphere , 
a nd corona , and what are the implications of such processes for 
stellar atmospheres in general? 

s. What are the bas ic plas�phys ics processes respons ible 
for metastable energy storage , magnetic reconnection , par t icle 
acceleration , and energy depos ition in solar flares and related 
nonthermal phenomena? What are the impl icat ions of these for 
other h igh-energy processes in the un iverse? 

6 .  What are the large-scale structure and plasma dynamic s 
o f  the solar corona , including the processes involved in heat­
ing various coronal structures and initiating the solar wind? 
What is the origin of coronal transients? What is the three­
d imensional structure of the interplanetary med ium ,  and what 
are i ts impl ications for cosmic-ray modulat ion and for the 
modulation of planetary atmospheres and ionospheres? What ar e 
the implications for stellar coronas and winds and other 
astrophys ical flows? 
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While the questions above are posed pr imar i ly in terms of 
solar phenomena , we believe that continued progress of all 
branches of astrophys ics is  best served by an integrated ap­
proach to understanding these bas ic physical processes through 
the comparative study of the Sun and other astrophys ical 
obj ects . Such comparative stud ies benefit both solar phys ics 
and the other major disc iplines of astrophys ics , the ins ights 
g ained in one subdisc ipl ine having important consequences for 
many other subdisc iplines . In the next sect ion we discuss the 
c lose connection between the phys ical processes that are the 
main focus of current solar research and the other astrophys ica l 
sett ings in which these same processes must operate . 

Section IV presents a comprehens ive sc ient ific program 
des igned to address the s ix major sc ient ific problems outl ined 
earl ier and includes a d iscuss ion of the improved theoretica l 
and observat ional capabilities that will be requ ired to carry 
out th is program . The pr inc ipal new init iat ives ident if ied by 
the Solar Phys ics Work ing Group as having h igh pr ior i ty for 
solar phys ics dur ing the 1980 ' s  are the following: 

1 .  The deployment of an Advanced Solar Observatory (ASO) -­
containing an ensemble of instruments capable of s imultaneous , 
high-resolution observations of the solar atmosphere over the 
full spectral range of wavelengths from gamma rays to the infr a­
r ed spectral reg ion--upon a Shuttle-s erviced space platform. 
The development of ASO should follow an evolut ionary path tha t 
i ncorporates major instruments developed previously for f light 
aboard the Space Shuttle , such as the Solar Optical Telescope 
( SOT) recommended by the Space Sc ience Board ' s  Committee on 

Solar and Space Phys ics . The Wor k ing Group regards the deve l­
opment of ASO as deserving of the h ighest pr ior ity among solar 
programs for the 1980 ' s .  

2 .  A comprehens ive program for the study of the solar 
convection zone and of solar activity . Such a program should 
include the study of the dynamical behavior of the convect ion 
zone initially from the ground and subsequently from a Solar 
Inter ior Dynamics Miss ion ( SIDM) in space , together with the 
study of the dynamical behavior and evolution of the corona 
from a ded icated Explorer miss ion , the Solar Coronal Explorer 
(SCE). 

3. The launch of an entirely new k ind of solar miss ion , 
the Star Probe , for a close encounter with the Sun , in order to 
achieve the following scient i f ic object ives: 

a. The direct , in s itu study of the reg ion in wh ich 
the solar wind is accelerated, 

b. Measurements of the internal mass d istr ibut ion and 
rotat ion prof ile of the Sun r 

c. Study of the structure of the solar atmosphere and 
associated dynamical processes at the extremely high spatial 
r esolut ion (7-10  km on the solar sur face ) J and 
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d .  Study of the large-scale structure of the coron a 
a nd the heliosphere through both in s itu and remote obser­
vat ions . 

4 .  The expans ion of cont inuing programs to measure the 
f lux of neutrinos from the solar core , particularly through the 
i mplementation of an exper iment employing large quantit ies of 
7 1Ga for an accurate determination of the low-energy solar­
neutr ino flux .  

s. A comprehens ive program for the study o f  active 
phenomena in other stars through both ground-based and space­
c raft observations , with strong emphasis on comparat ive 
solar/stellar observations . 

6. An increased emphasis of the role of theory and modeling 
in solar phys ics . 

Section V presents a more detailed account of the scienti f ic 
issues to be addressed dur ing the coming decade , whereas Section 
V I  furnishes a more complete descr iption and j ustificat ion of 
the programs outlined above . A f inal section discusses institu­
t ional issues of concern in the coming decade . 

However , before proceeding to these topics , we i llustrat e 
the c lose connect ion between solar phys ics and other branches 
of astrophys ics through a more deta iled discuss ion of one of 
our major themes : act ive phenomena in stellar atmospheres . 

c. Example : Solar and Stellar Activity 

Four of the major problems enumerated above ( 2 ,  3,  4,  and 5) 
involve different aspects of the study of act ive phenomena in  
stellar atmospheres , a set  of inqu ir ies that we might call the 
phys ics of stellar activity or stellar plasma dynamics , with 
applicat ions to the Sun and other s tars . These terms take on 
added meaning in connection with our rapidly expanding ability 
to observe act ivity in other main-sequence stars , adding a new 
dimens ion to the phys ics of stellar activity ,  wh ich until  
recently had been concerned largely with phenomena (such as 
stellar pulsations ) that occur only dur ing brief and atypical 
evolut ionary phases . Indeed , a par ticularly fascinating 
feature of stars is their remar kable repertoire of activity , 
wh ich d isplays var iat ions throughout the long ma in-sequence 
lifet ime and in the subsequent g iant and dwarf stages . It i s  
these mani festat ions o f  activity that have maintained astron� 
lea l  interest in the Sun , and it is the activity of other star s 
that has been such a revelat ion in recent years , showing that 
magnetic f ields , chromospher ic act ivity ,  flar e-like effects , 
coronal x rays , and stellar winds are part of the normal daily 
life of essentially all classes of stars . It is a s imple fac t 
that the atmospheres of all stars are in states that are far 
removed from both local thermodynamic equilibr ium (LTE) and 
hydrostat ic equilibr ium. 
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How ,  then , do we go about understand ing the complex activ­
i ty of the stars? So far as we are aware , the bas ic equat ions 
of phys ics--those of Newton , Maxwell , and Dirac--g ive a complete 
and accurate description of the behavior of  atoms and f ields i n  
stellar atmospheres . O n  the other hand , w e  must ourselves con­
s truct the mathematical solutions to these equat ions . In the 
presence of a large number of atoms , the variety of poss ible 
solut ions is staggering , we have had l ittle or no luck in 
ant ic ipating � priori the various classes of solutions that are 
important in real stars . 

we must therefore rely to a large extent on an empirical 
approach , first observing each phenomenon of interest in suf­
f ic ient detail to recognize the bas ic phys ical processes that 
underl ie this phenomenon . Only then can we construct a solution 
to the bas ic equations of phys ics that can explain such phenom­
ena in terms of the fundamental laws of phys ics . I t  is in thi s  
s tep of the process that solar observations play so bas ic a 
role , for in many instances only the Sun allows observations 
with suff ic ient resolution and sens itivity to permit identifica­
tion of the bas ic phys ical processes that play a role . 

It should be emphasized that , largely as a result of the 
study of solar phenomena , there is now a firm theoret ical 
understanding of many of the component effects that together 
make up stellar activity . FOr example , several special cases 
of neutral-point rapid magnetic reconnect ion have now been 
solved , so that we have a bas is for j udg ing the range of 
reconnection rates that are poss ible . The turbulent d iffus ion 
of magnetic f ields ( including the newly discovered negative 
turbulent diffus ion)  has been formally invest igated in several 
limiting cases . The theory of generation of magnetic fields in 
a wide var iety of fluid motions , rang ing from small-scale 
turbulence to stationary flows , has been put on a formal bas is , 
and the theory of convect ion and c irculation in a rotating 
stratif ied spherical body has seen signif icant progress . A 
formal theory of coronal expansion and stellar winds , with 
coronal temperature as a parameter , has been applied to a 
variety of spec ial c ircumstances to show the wide range of 
poss ible effects . We can be particularly proud of the deve l­
opment of the non-LTE theory of radiative transfer in stellar 
atmospheres , wh ich is now available for interpreting the spec­
t ra of other s tars and of nebulae and quasars , applicat ions of 
this theory to a number of stars has already been remarkably 
s uccessful . There are now f irm theoretical models for a vari­
ety of particle-acceleration mechanisms suggested by stud ies of 
solar flares , these are available for application to other 
astrophys ical sources of fast particles . 

The d iverse activity currently visible on the Sun and on 
more distant stars collectively exhibit the extraord inary rang e 
of effects that must be explained . Other classes of stars 
complement the solar laboratory by exhibiting more extreme 
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activity over a wide var iety of conditions . The spectrum o f  
activity in the other stars shows the latitude o f  var iation 
that may be expected in the Sun throughout its slow evolution . 
Long-term var iations in the level of solar activity ( and pre­
sumably in the activity of other star s )  have become apparent 
f rom studies of the average strength of the solar wind over the 
l ast 109 years , as revealed by analys is of rocks ex�sed on 
the surface of the Moon and from recent studies of 4c pr o­
d uction . 

tn summary , the phys ics of stellar activity is push ing 
forward on an expanded front , with detailed and prec ise studies 
of the activity on the Sun in the vanguard , f lanked by studies 
of other stars of all types . 

D .  Remarks on Continuing and Related Programs 

The Solar Phys ics Work ing Group wishes to emphas ize strongly 
the importance of continuing and related programs--inc luding 
those planned or under development but not yet completed--to 
the sc ientific program developed here . 

In each of the major theme areas that we have defined , th e 
vigorous operat ion of continuing and level-of-effort programs 
is absolutely essential and has been taken by the Work ing Group 
a s  the foundation upon which the solar-phys ics program of the 
coming decade is to be constructed . Of particular importance 
to solar phys ics are the NSF g rants program, NSF support to 
programs at the National Astronomy Centers ' and the Research 
a nd Analys is , Suborbital , Spacelab , and Explorer programs of 
NASA at existing or augmented levels . 

Furthermore , the currently approved major programs of NASA 
are regarded by the Work ing Group as the framework for the 
n ecessary sc ient ific and techn ical advances needed for the 
effective development and ut ilization of the major new in itia­
t ives that we have identified .  In this connection , the work ing 
Group wishes to emphas ize the importance of adequate fund ing 
for analys is of the results of the Solar Maximum Miss ion ( SMM) J 
of the timely development of major Shuttle-sc ience facilities 
through the Spacelab program ,  part icularly the SOT J and of the 
International Solar Polar Miss ion ( I SPM) . (Following comple­
t ion of the present repor t ,  NASA announced suspens ion of plans 
to provide a u . s .  spacecraft as part of I SPM. However ,  the 
agency expressed continued support for the European I SPM space­
craft and subsequently initiated study of a redef ined u . s .  
s pacecraft as a poss ibility for inc lus ion i n  an augmented 
f i scal year 1983 NASA budget . The Work ing Group wishes strong ly 
to reiterate its belief that a dual-spacecraft I SPM miss ion with 
imag ing capabil ity is essential to an order ly and effective 
program of solar and hel iospher ic stud ies . )  
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Pinally , the WOrk ing Group wishes to point out the impor­
tance to solar phys ics of three interdisc ipl inary space miss ions 
currently under study at NASA . These are the Or ig in of Plasmas 
in the Earth ' s  Ne ighborhood (OPEN) miss ion , reviewed and 
endorsed by the Space Sc ience Board ' s  Committee on Solar and 
Space Phys ics, the Solar Terrestr ial Observatory ( STO) , a 
Shuttle/space platform facility currently under preliminary 
s tudy at NASAJ and the Advanced Interplanetary Explorer (AIP) 
miss ion for the study of the trans ient-particle population of 
the interplanetary medium. 

I I I . THE NATURE OP SOLAR PHYSICS 

As pointed out in the Introduct ion , solar phys ics is an open­
ended disc ipl ine with close connections to virtually every 
branch of astrophys ics and to several major subdisc ipl ines of 
phys ics and geophys ics . Here we review these connections and 
point out how the sc ient ific object ives of solar phys ics and of 
other disc ipl ines complement each other . 

A .  The sun as a Laboratory of Stellar Processes 

1 .  Stellar Inter iors and Nucleosynthesis 

The theory of nucleosynthesis in stellar inter iors has provided 
the foundation for models of the dynamics of stellar inter iors 
and of stellar evolut ion .  D irect exper imental tests o f  these 
general stellar models are at present beyond our reach , and 
many cruc ial parameters involved in them (such as nuclear 
reaction rates and opac ities ) are diff icult to measure directly 
i n  the laboratory . 

However , d irect tests of models of the solar inter ior can 
be carr ied out by three techn iques: the observation of the 
energy spectrum and intens ity of the solar-neutr ino flux, the 
observation of the solar mass distr ibution through measurements 
of perturbat ions on the orbit of a close gravitational prObeJ 
and the observat ion of the g lobal osc illations of the Sun . 
Al though only the third of these techniques appears to be feas­
ible for stars other than the Sun in the foreseeable future , 
solar observations would appear to offer the pr inc ipal oppor­
tunity to complement indirect tests of models of stellar inter­
iors furn ished by the study of stellar evolution with more 
di�ect tests . Some of the major issues that these observation s 
c an address are discussed below. 

a .  Inter ior Elemental Abundance Distr ibution 

Cu rrent models of stellar evolut ion assume that stars ini­
tially have a uniform inter ior abundance and that the abun-
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dance gradients established by thermonuclear reactions in the 
s tellar core dur ing the main-sequence l ifetime are not strongly 
affected by mixing with mater ial outs ide the core . However , an 
initial nonuniform compos ition--specif ically , a core with lower 
abundances of elements heavier than helium--is not ruled out by 
present theor ies of star formation . 

In the case of the Sun , an initial compos ition grad ien t 
could have developed i f  substantial accretion of matter occur­
red after the Sun developed a rad iative core . Such accreted 
matter may well have undergone some degree of elemental segre­
gation . Nor can s ignif icant mix ing of the thermonuclear core 
w ith material outs ide the core be ruled out . The spectrum and 
flux of solar neutrinos , which can be interpreted to provide 
r ates for the var ious thermonuclear react ions that occur in the 
Sun , provide a mechanism to test these hypothes is . Plans are 
now under way to supplement the measurement of the h igh-energy 
neutr ino flux measured by the 3 7cl experiment with measur e­
ments by radiochemical detectors sens itive to low- and medium­
energy neutr inos . Since the distr ibution of abundances in the 
solar inter ior can effect the internal temperature and mass 
equilibr ium, the perturbations of a close gravitation probe 
a r i s ing f rom a solar quadrupole moment would also place 
constraints on solar abundance models . 

b .  Solar Core Rotation 

The theory of solar core rotation (and indeed of stellar 
core rotation) is suff iciently complex to permit cons iderable 
latitude in the poss ible rotation laws . While extremely rapid 
rotation rates ( faster than 10 hours ) have been ruled out on 
the bas is of solar oblateness measurements , rotation rates as 
much as two or three times the surface rate are cons istent with 
present observations . A rapidly rotating core below the con­
vective envelope could provide a fundamental source of organi z­
ed k inet ic energy , wh ich could well play a role in the solar 
dynamo . The presence of such a core could be detected by its 
e ffect on a close gravitat ional probe . 

c .  Dynamic and Stat ic Structure at the Convective Envelope 
Base 

Theory suggests that the largest convective elements or 
cells on the Sun should be most persistent . Such cells are 
expected to be assoc iated with the inner boundary of the con­
vection zone (except for a poss ible inter ior boundary laye r 
where there may be a trans it ion zone from moving matter to the 
quiescent state) . There is a hint that these largest convec­
t ive elements have been detected in the form of g iant cells . 
They may also be at least partly respons ible for persistent 
phenomena like coronal holes . An understanding of the ir s ize , 
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lifet ime , and veloc ity pattern would be extremely useful i n  
understand ing the dynamics o f  the solar convective envelope .  
Their depth and the depth o f  the inner boundary of the convec­
t ive envelope will also be useful parameters . Ultimately , th i s  
question and the question o f  large-scale c irculation a r e  tied 
together , s ince the large-scale c irculation may be the product 
of effects induced by the largest convection cells . There i s  
now evidence for cells o n  other s tars , spec if ically super­
g iants , however , these observations will remain at the limit s  
o f  currently available resolving power even after Space 
Telescope becomes operational . Solar observations will con­
t inue to be at the center of efforts to understand convective 
processes in star s .  

2. Energy Tr ansport i n  Stars 

Th e Sun is a unique object in astrophys ics by virtue of its 
proximity and the diagnostic capabil ity that that prox imity 
a llows . Furthermore , the solar r ad iative f lux is essentially 
unattenuated by intervening matter (except for the ter restrial 
a tmosphere) ,  whereas interest ing stellar emiss ions shortward of 
912-A wavelength and in the cores of ultraviolet resonance 
l ines are heavily attenuated . As a consequence , many phenomena 
routinely stud ied on the Sun have not been observed in other 
s tars , although they are presumably present . In part icular , we 
are able to study in detail  the rad iative , convective , and 
magnetic processes that transport energy through the photo­
sphere , and the tenuous chromosphere and corona . The bas ic 
phys ical mechanisms underly ing these processes are of great 
interest in themselves , but they are of even greater interes t 
to the astrophys ic ist , as these bas ic mechanisms must be 
ubiquitous throughout astrophys ics and must therefore under ­
l ie a wide range o f  observed phenomena . 

a .  Rad iation Transpor t and the Interpretation of Stella r 
Spectra 

In the s implest approximat ion , astrophys ical plasmas are 
presumed to be in local thermodynamic equilibr ium (LTE) , so 
that the degree of ionizat ion depends only on dens ity and 
temperature . Although the LTE presumption is commonly used i n  
interpret ing stellar spectra , it  i s  known to be only rarely 
val id . In the solar context , var ious deviations from th is 
ideal state have been stud ied in many phys ical s ituations . The 
helium ioni zation balance in the solar chromosphere is an ex­
ample of photoionizat ion/recombinat ion equilibr ia that also may 
occur in T Taur i stars , x-ray binar ies , Seyfert  galaxies , and 
quasars . In the solar corona , ioni zat ion equilibr ia are often 
dominated by cond itions that are probably valid also in other 
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stellar coronas , in interstellar shock fronts , and in the x-ray 
emitt ing halos of clusters of galax ies . 

More recent observations have made it necessary to develop 
a theory of nonlocal ionizat ion balance in which the ion i zation 
equi libr ium is mod i f ied by mass motions , thermal diffus ion of 
i ons , and penetration of electrons from elsewhere in the atmo­
sphere . These theoretical models , which have already been 
observationally conf irmed in the case of the solar wind , may 
help in understanding nonlocal and time-dependent equilibr ium 
phenomena that occur in novae , supernovae , flare stars , shock 
fronts , and the hot component of the interstellar med ium .  

The Sun has also furnished phys ical insight into var ious 
mechanisms for spectral-line formation . A var iety of types of 
exc i tation cond it ions that occur in stellar atmospheres have 
also been studied in solar contexts . Por example , much of the 
s tudy of spectral-l ine formation in the presence of systematic 
and random veloc ity f ields and veloc ity gradients has der ived 
i ts impetus f rom solar astrophys ics . Solar research has also 
provided examples of radiative transfer in the presence of 
magnetic f ields . These mechanisms are particularly relevant to 
extended gas and dust envelopes , Be stars , magnetic A stars ,  
and Of stars . 

In theoretical studies of heat ing mechanisms and energy 
balance in astrophys ical plasmas , it is essential to understand 
r ad iat ive cooling . Detailed observations of trans ient solar 
phenomena provide a str ingent test of the general cool ing func­
t ions developed for optically thin astrophys ical plasmas . At 
h igher dens ities , some trans itions become optically th ick and 
the s imple optically thin approximations are no longer valid . 
Rad iative-loss calculations for such plasmas have been develop­
ed to understand the solar photosphere and chromosphere and are 
also utilized to study flare stars and stellar atmospheres in  
g eneral.  

b .  Convect ion and Stellar Coronas and Winds 

The granular structure of the Sun ' s  photosphere has from 
t he beg inning been attr ibuted to the process of convection-­
one of the dominant mechanisms of enerqy transpor t in stars . 
Analyt ical theor ies of convect ion have been developed , but only 
for s implif ied model atmospheres that do not yield the prefer­
red length scales character istic of the solar atmosphere . A 
detailed understanding of convection must be der ived from the 
comparison of computer models of the solar atmosphere with 
observation . 

Our understanding of the hydrodynamics of the extended 
solar atmosphere is much more deta iled than that of any othe r 
astrophys ical object .  Por example , the theory o f  the solar 
wind represents a major triumph of modern astrophys ics , wh ich 
has led in turn to the concepts of a "polar wind "  from the 
Earth ,  of •stellar winds , •  and even of •galactic winds . "  
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A central problem in contemporary solar research is the 
t ransport of energy between the spher ically symmetric chromo­
s phere (at 104 K)  and the nonsymmetr ic corona (at temperatures 
in excess of 106 K) . Very recently , coronas have been de­
tected in an unexpectedly wide range of stars by x-ray obser ­
vations f rom rockets and the ANS , BBA0-1 ,  and Einstein x-ray 
observatory (BBA0-2 )  satellites . The sun has been the testing 
g round for theor ies to account for the heat ing and phys ical 
properties of chromospheres and coronas . While it is  generally 
believed that energy available in convective motions is  con­
verted into heat in the upper layers ,  the extent to wh ich thi s  
heat ing i s  due to d issipation o f  waves generated by the con­
vective motions or to the annihilation of magnetic f ields 
produced by d isplacement of f ield l ines embedded in the con­
vection zone is at present unclear . Cons iderable effort is now 
under way to test both of these theoret ical processes through 
compar isons with realistic models of solar chromospher ic and 
coronal structures and the observed propert ies of the solar 
wind . Theoretical methods that successfully match solar obser­
vations can then be used to understand stellar dataJ and , 
conversely , the new stellar observations can further refine ou r 
theoretical methods and provide tests of the scaling of 
nonthermal mechanisms of energy transport .  

3 .  Mechanisms o f  Stellar var iabil ity and the Solar Magnetic 
Cycle 

The activity cycles of stars such as the Sun are a consequence 
of the pe r iod ic var iation of the magnet ic f i elds produced by 
the steady operat ion of the hydromagnetic dynamo in the convec­
tion zone beneath the vis ible surface . The dynamo is , in 
e ffec t ,  an alternating-current generator with a period on the 
order of years . There are var iations over shorter times , of 
course , as a consequence of the irregular eruption of magnet ic 
flux from the dynamo up to the surface . Var iation on longer 
t ime scales , such as the 70-year depression of solar activity 
in the seventeenth century (and also in the f ifteenth century) , 
i s  presumed to be a consequence of changes in the mode of con­
vect ion and c irculation within the star , affecting the form and 
e f f ic iency of the generat ion of magnetic f ield and/or i ts 
escape to the surface . Cons iderable work remains to be done o n  
the theoretical hydrodynamics o f  stellar convective zones before 
a complete picture can be obtained . The interplay between solar 
and stellar observat ions will be important to this research 
program, s ince the scal ing of the per iod and ampl itude of the 
resultant stellar cycles with the propert ies of the stellar 
convective zone will provide an important test of theoretical 
models . 
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4.  Solar Plares and High-Energy Processes in Astrophys ic s  

It i s  now recognized that a solar f lare is bas ically a h igh­
energy phenomenon , produc ing most of its luminos ity in the for m 
of x radiat ion and h igh-energy ejecta . Recently d iscovered 
h igh-energy phenomena in objects such as close binar ies , 
quasars , Seyfert galaxies , radio galaxies , and the intracluster 
medium in clusters of galaxies all share this bas ic spectral 
characteristic .  More recently , a bewildering var iety o f  stars 
spread widely across the Hertzsprung-Russell diagram--RS CVn , 
Of , Be , dMe ,  W UMa ,  Wolf-Rayet , Ao--have been shown to be 

sources of x-ray emiss ion that can be most eas ily interpreted 
as  coronal . 

While f lar ing act ivity has been detected in only a few 
main-sequence stars , we can ant ic ipate that such phenomena wil l 
eventually be shown to be nearly universa l .  In more extreme 
cases , gravitational energy must be called on to sustain an 
enormous luminos ity that no solar-type mechanism could supply . 
But in terms of emiss ion processes and basic physics , even these 
sources benefit from interpretation based on solar models , and 
there exists a whole continuum of h igh-energy sources from our 
c losest stellar neighbor , Alpha Oen A ,  which must almost exactly 
resemble the Sun , to the most distant observable objects in the 
Un iverse--quasars . 

s. The Interplanetary Medium 

The interplanetary medium, which is the extens ion into space of 
the solar atmosphere and thus often referred to as the hello­
sphere , is a readily access ible laboratory for a number of 
phys ical processes important in many astrophys ical systems . 
Th e  solar wind is by far the best observed of the many expand­
ing hydromagnetic f lows that are important in astrophys ical 
systems . The plasma in g lobular clusters and galactic halos 
may expand in a s imilar fashion r relativistic winds have been 
proposed for pulsars and rad io g alaxies , and , of course , many 
other stars are observed or inferred to have winds that play an 
i mportant role in angular-momentum loss and , in many cases , mass 
loss and stellar evolution . Many propagating and convected 
p lasma structures , such as waves , d iscont inuities , and shocks 
can be studied in s i tu in interplanetary space in a detail not 
poss ible in other astrophys ical plasmas or , for that matter , in 
laboratory plasmas . It should be remembered that observations 
o f  the collis ionless shock standing in the solar wind upstream 
f rom the terrestr ial magnetopause represented the first detec­
t ion of such a plasma structure and provided the delineation of 
the parametr ic dependence of shock structure . 

As a spec i f ic example of the applicability of hel iospher ic 
plasma phy s ics to other astrophys ical systems , cons ider the case 
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of cosmic-ray transport .  A general theory of cosmic-ray trans­
por t has been developed , pr imar ily in response to observat ions 
of cosmic rays in interplanetary space . This theory relates 
the transport coeff ic ients to d irectly observable propert ies of 
the ambient plasma . The compar ison of observations of both 
solar and galactic cosmic rays with s imultaneous plasma observa­
tions is provid ing a str ingent test of this theory . These 
general transport theor ies are appl icable to cosmic rays else­
where in the Universe , and they can be used with greater con­
f idence and understand ing because of the tests carr ied out in 
interplanetary space . 

B . The Importance of Solar Phys ics 
to the Terrestr ial Sc iences 

To state that the Sun plays a maj or role in shaping the 
structure and determining the dynamical properties of the 
Ea rth ' s  atmosphere , ionosphere , and magnetosphere is to state 
the obvious . We th ink it important , however ,  to discuss 
explic itly the interd isc ipl inary nature of solar-terrestr ial 
phys ics , and thereby to demonstrate how a knowledge of pheno­
mena of interest to each of the major d isc ipl ines--solar 
phys ics , atmospher ic phys ics , ionospher ic phys ics , and magneto­
spher ic phys ics--is required to address major problems . 

1 .  Th e  Upper Atmosphere and the Magnetosphere 

The terrestrial magnetosphere acts l ike a blunt body standing 
in the supersonic solar wind , with the result that a collis ion­
less bow shock s tands upstream from the magnetopause in the 
solar wind . Between the bow shock and the magnetopause ( the 
boundary surface enclos ing the magnetospher ic cavity )  l ies a 
reg ion called the magnetosheath , which contains shock-heated 
f lowing plasma . Magnetosheath energy , momentum, plasma , 
magnetic and electr ic flux , and currents are coupled to tha 
magnetosphere across the magnetopause , with the coupling rate 
determined by microscopic plasma processed in the th in magneto­
pause . It appears that the hel iosphere magnetic f ield plays a 
signif icant and perhaps dominant role in coupling all the above 
quant it ies across the magnetopause through the magnetic­
field-line reconnection process , although other transport mech­
anisms , such as turbulent viscos ity ,  may be equally important.  

The solar wind stretches out the ter restrial magnetic f iel� 
into a long magnetic tai l ,  extend ing perhaps 1000 Earth rad i i  
downstream .  The magnetic ta i l  is divided into northern and 
southern lobes of oppos ite polar ity ,  separated by a sheet of 
hot plasma that is thought to be the hot-plasma source for the 
inner magnetosphere . The tai l  and plasma sheet g ive r ise to 
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the most fundamental instabi l ity of the magnetosphere--the 
magnetospher ic substorm--in which magnetic energy accumulated 
in the tai l  is explos ively converted into particle k inetic 
energy , with a host of important consequences a g reatly en­
hanced auroral particle precipitation and l ight emiss ion , the 
injection andVor acceleration of energet ic electrons and ions 
into the inner magnetosphere and radiation belts , and the 
accelerat ion of some par ticles to relat ivistic energ ies in the 
tai l .  The substorm is very likely the magnetosphere ' s  funda­
mental mode of energy d iss ipation . 

The Earth ' s  magnetosphere , ionosphere , and atmosphere are 
s trongly coupled to one another and thereby regulate each 
other ' s  time-dependent behavior . One aspect of this complex 
i nteraction is electrodynamic coupling , which refers to the 
coupling among flows and electr ic-f ield systems in the magneto­
sphere and the ionosphere-atmosphere . The second aspect of 
this interaction involves the escape of mass from the iono­
sphere into the magnetosphere , both as a thermal plasma flow 
( the polar wind) and as an acceleration to high energ ies ( and 
s ubsequent escape) of ionospher ic ions . The third (and poten­
t ially most far-reach ing ) aspect of the magnetosphere-iono­
s phere-a tmosphere interaction is the coupling of the solar wind 
and magnetosphere , via the ionosphere and upper atmosphere , to 
the lower atmosphere . Any potential relations between solar 
( and solar-wind) activity and the climate and/or weather are 
l ikely to involve this last aspect of magnetosphere-ionosphere­
atmosphere coupling . 

2 .  Solar Influences on the Lower Atmosphere 

The pr incipal influence of the Sun on the lower atmosphere of 
the Earth is the heat ing produced by sunl ight . The var iation 
of climate over the past centur ies has raised questions as to 
precisely how steady the supply of sunl ight is to the upper 
atmosphere , and how steady that par t  is that penetrates to the 
lower atmosphere and to the sur face of the Earth . Measurements 
of surface sunl ight , carr ied out by the Smithsonian Institution 
over the f irst half of this century , show that there were no 
var iations in excess of about o . s  percent . S ince var iations a t  
lower levels could have s ignif icant climat ic effects , the ques­
t ion of the d i rect solar influence on climat ic var iations re­
mains open . 

Nore recently it has been d iscovered that there is a s ig­
nif icant statistical correlation between drought in the western 
Un i ted States and the deep minimum in solar activity following 
alternate sunspot cycles , wh ich occurs about once every 20-2 5 
y ears . It has also been shown that the mean annual temperature 
in the Northern Temperate ZOne , as well as the wor ldwide advance 
a nd retreat of g lac iers , is correlated with the general level 
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of solar activity over the centur ies . Thus , the cl imate wa s 
cold in the seventeenth , f ifteenth , and e ighth centur ies A . D .  
and i n  the fourth and seventh centur ies B . c . , when the Sun was 
i n  prolonged states of inactivity .  The weather was warmer than 
usual in the twelfth century A . D .  when the sun was hyperac t ive . 

The mechanisms by which solar activity could affect the 
terrestr ial climate , either by var iations in atmospher ic heat­
i ng or by some as yet unidentif ied coupling to the solar wind , 
have not yet been established, however , a number of ideas have 
been proposed , rang ing from var iations in atmospher ic electr ic­
ity ,  to changes in the north-south mixing in the tropospher e , 
to the nucleation of ice crystals and the format ion of c irrus 
clouds by ions from aurorae , to the effects of ultraviolet 
r adiation on the chemistry of ozone and nitrogen oxides in  t he 
upper atmosphere . Likewise , there are no establ ished mechan­
i sms that might cause the luminosity of the Sun to vary by more 
than 0 . 1  percent (expected from the coming and going of sun­
s pots ) , although it has been pointed out that , if  the century­
long var iations of solar activity are produced by changes i n  
the general convection and c irculation within the Sun , then we 
might expect the convective delivery of heat to the surface to 
vary as well . The questions raised here provide a strong l ink 
between the fundamental problem of energy transport in the Sun 
and terrestr ial climate , thus be ing quest ions of g reat intr ins i c  
sc ienti f ic interest and practical importance . 

c .  Th e  Role o f  Solar Phys ics i n  Space Phys ics 

The interplanetary med ium (or heliosphere) , cons isting of the 
solar wind and the coronal magnet ic f ield , extends well beyond 
the orbit of the major planets (out to 100 AU or more) . The 
s tudy of the importance of winds to mass- and momentum-loss 
processes for stars of all classes , and of the interaction of 
the resultant mass f lux with the interstellar med ium, bas beCome 
a quest ion of central importance in astronomy . The study of t h e  
interaction of the solar wind with planetary atmospheres and 
magnetosphere& has recently become an active subdiscipline o f  
space physics . 

1 .  The Interface of the Interplanetary Medium and the 
Interstellar Med ium 

As the solar wind f lows away from the Sun , it must eventually 
be influenced by the particles and f ields of the local inter­
s tellar med ium. In the solar neighborhood , the interstellar 
medium is largely composed of four components 1 a magnetic 
f ield ,  a thermal plasma , a neutral gas , and energet ic particles 
(Galact ic cosmic rays ) . The magnetized thermal interstellar 
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plasma interacts with the magnetized solar wind at a somewha t 
d iffuse boundary separat ing the two plasmas ( the boundary of 
the beliospbere) , but the interstellar neutral gas and Galac t i c  
cosmic rays can readily penetrate deeply into the reg ion o f  
supersonic solar-wind flow. 

The condition of pressure balance across the beliospbere 
boundary requires subsonic solar-wind flow ins ide the boundary 
and a shock transition terminat ing the supersonic solar wind 
f low somewhere upstream. The fact that the Sun is moving rela­
t ive to the interstellar gas leads to a turning of the subsonic 
flow into a cometlike tail , d istort ing the shock trans ition as 
well as the beliospbere boundary . The present est imates of the 
minimum distances from the Sun to the shock and the beliospber e  
boundary are , respectively , 1 0 0  A U  and 150 AU. 

Galactic cosmic rays are observed directly by interplane­
t ary space probes , and neutral atoms are observed indirectly 
through detection of the solar resonance-line rad iat ion that 
t hey scatter . In both cases , the observations , together with 
theor ies descr ibing their  penetration into the beliospbere , 
a l low one to infer the propert ies of cosmic rays and the neu­
tral gas in the local interstellar medium . These inferences in 
f act represent the best informat ion that we have about the 
neutral and energetic-particle components of the nearby inter ­
s tellar med ium.  

2 .  Planetary Atmospheres and Magnetosphere& 

The planets ' magnetosphere& are cavities carved out in the 
solar-w ind f low by their intr ins ic or induced magnetic f ields . 
Within the magnetosphere the magnetic f ield organizes the be­
havior of charged par t icles , plasma waves , and electr ic cur­
rents r it traps energetic particles to form radiation belts and 
confines low-energy plasma escaping into space r and , f inally , 
it transmits bydromagnet ic stresses from the magnetosphere 
through the part ially conduct ing ionosphere to the upper atmo­
sphere of the planet . 

The Earth ' s  magnetosphere was d iscovered in 1958 . In the 
past several years , Pioneers 10 and 11 traversed the magneto­
s pheres of Jupiter and Saturn , and Mar iner 10 d iscovered an 
unexpected , surpr is ingly powerful , and h ighly t ime-var iable 
magnetosphere at Mercury . Scaling arguments suggest that 
Uranus and Neptune both have large magnetosphere& , and recently 
detected , low-frequency rad io bursts from Neptune lend some 
credence to this suggestion . 

In astrophys ics , the concept of a magnetosphere bas been 
generalized to any plasma envelope surrounding a compact 
central body . Whi le every c lass of natural objects bas its 
important dist ingu ish ing characteristics , the magnetosphere& o f  
tailed radio galax ies may share common features with planetary 
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magnetosphere& J the d istant portions of the magnetosphere& o f  
pulsars and of some rad io galax ies may resemble the heliosphere . 
Thus , the resemblances between astrophys ical and solar-system 
magnetosphere& could eventually mot ivate a unif ied theore t ical 
attac k  on them . Likewise , the concept of comparative magneto­
spher ic stud ies should contr ibute to the theoret ical understand­
ing of the phys ical processes involved . 

Most magnetosphere& exhibit d ifferent var iat ions on a common 
theme • wherever Nature creates a magnetosphere , she arranges 
that magnet ic energy stored in it  be suddenly released , acce l­
erat ing a small subset of charged partic les to h igh energy . On 
the Sun , such events are called solar flares , on the Earth and 
on Mercury , substorms . The electromagnetic rad iation generated 
by the few part icles accelerated to relat ivistic energ ies might 
be the dominant observable quantity in astrophysical magneto­
s pheres , on the other hand , the energy storage and release mech­
an isms and the microscopic properties of the part ic le acceler a­
t ion reg ions of planetary magnetosphere& can be probed in s i tu .  

IV . A PROGRAM OF SOLAR AND RELATED STELLAR PHYSICS 
FOR THE 1980 ' S  

I n  Section I I  of this chapter we developed an expanded def in i­
t ion of solar phys ics as a set of related inquir ies into the 
phenomena d isplayed by matter under the influence of the 
large-scale g ravitat ional and electromagnet ic f ields found in 
astronomical sett ings . We ident if ied three major themes into 
which these inquir ies naturally fall and posed s ix problem­
or iented sc ient i f ic questions related to these themes that we 
bel ieve are espec ially attract ive for a major emphas is in the 
decade of the 1980 ' s .  

The select ion of the problems to be emphas i zed in the next 
decade was strongly influenced by our perception that the new 
capabilities represented by the Space Shuttle will allow the 
deplQ¥ment of a new class of large-facil ity instruments capabl e  
o f  the order-o f-magnitude improvements in resolut ion and sens i­
tivity necessary for s ignificant progress . A second important 
observat ional capability is represented by deep-space probes , 
such as the International Solar Polar Miss ion ( I SPM) with its 
program of out-of-the-ecl ipt ic observat ions , and a c lose solar 
encounter miss ion ( the Star Probe ) currently under study . 
Techn iques are now ava i lable to probe the solar inter ior 
through detection of the neutrino flux and spectrum resulting 
f rom thermonuclear react ions in  the solar core and through 
observations of g lobal osc illat ions , wh ich contain information 
on the dynamics and structure of the solar inter ior . Further­
more , new theoretical ins ights and the computational capabil ity 
to invest igate the ir consequences , which will promote inter­
pretation of the refined observat ions ant icipated , are now 
ava ilable as well . 
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We present here , i n  a n  abbreviated form , the overall pr o­
g ram that the Solar Phys ics Work ing Group believes is neces­
sary to address the s ix problem-or iented questions that we wis h 
to address . In the two following sections , we d iscuss this 
program in greater depth . 

A .  The Propert ies of the Solar COre 

The study of the solar core has produced a part icularly effec­
t ive coupl ing of exper iment and theory . We believe it is 
important to exploit fully all the available observationa l 
techn iques , not only to c lar ify our understand ing of nuclear 
reactions in stars , but also to test models of the compos ition , 
s tructure , dynamics ,  and evolut ion of stellar inter iors . There 
are three observational approaches to this problem : 

o The implementation of neutrino exper iments sens it ive to 
the low-energy neutr ino flux , thus complement ing the information 
ava ilable from the 3 7cl exper iment (which is sens it ive to 
h igh-energy neutr inos ) and allowing a more str ingent test o f  
models o f  the compos it ion o f  the solar core . O f  the proposed 
rad iochemical detectors , the 7 � exper iment appears to 
address the fundamental issues most d irectly , and the work ing 
Group strongly supports its continued development . The Work ing 
Group also urges that the 7Li and llSzn detectors be imple­
mented dur ing the coming decade . 

o The launch of an instrumented gravity probe that can be 
accurately tracked dur ing a close (within about 3 solar rad i i )  
solar encounter , i n  order t o  determine the solar i�ternal mas s 
d istr ibut ion and , indirectly , the core rotat ion rate . Although 
such in s itu miss ions fall outs ide the area of programmat ic 
opportunities examined by the As tronomy Survey Committee , the 
Star Probe miss ion ( formerly called Solar Probe ) currently unde r  
s tudy by NASA has such a gravitat ional encounter a s  one o f  its 
four major obj ectives . The Star Probe miss ion has recently been 
extens ively reviewed and strongly recommended by the Space 
Sc ience Board ' s  Committee on Solar and Space Phys ics . The 
Solar Phys ics Work ing Group strongly supports this miss ion . 

o A more complete and accurate study of the g lobal osc i l­
lation modes of the Sun , which are sensit ive to the temperature 
and dens ity structure of the solar core . An observational 
program des igned to exploit the solar-core informat ion conveyed 
by these osc illations will require greater sens itivity to the 
modes of lowest order than is furnished by present instruments .  
The Work ing Group strongly supports the development of instru­
ments that can measure the solar veloc ity f ield with the 
improved accuracy required . 
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B. 'ftle Phys ics of Activity Cycle s 
and the Dynamical Behavior of the Convect ion zone 

Active phenomena in solar-type stars are consequences of 
dynamical processes in the convect ion zone . A scient i f ic 
program intended to study the or ig in of solar act ivity mus t 
therefore address the question of convect ion-zone dynamics as 
well .  

1 .  Propert ies and Dynamics of the Convect ion Zone 

An exc iting era of d irect observational probing of the convec­
t ion zone has begun . 'ftle excellent interact ion between 
theor ists and observers already established in this f ield i s  
essent ial for further progress . 'ftl is close interaction has 
been demonstrated by the interpretation of the properties of 
the normal modes of the Sun ' s  g lobal osc i llat ions to obtain 
information on convect ion-zone structure and by the l ink betwee n 
theory and observat ion in the s tudy of the large-scale c ircula­
t ion . 'ftle major observat ional objectives are to def ine the 
bas ic propert ies of the convect ion zone , espec ially its depth , 
the rotational , magnetic ,  and temperature prof i les with depth 
and latitude, the wide range of eddy s i zes as a funct ion of 
depth J and the temporal var iation of these properties . It is  
a lso necessary to determine the nature of  large-scale c i rcula­
t ion and temporal and spatial var iations of d ifferential 
rotat ion . 

The observat ional programs required are ( a )  the determina­
t ion of the total solar veloc ity f ield with great precis ion 
( about 1-1 0  km{sec ) for extended per iods (greater than 30 days ) 

and , if poss ible , with stereoscopic capability ,  (b)  prec is ion 
d ifferent ial radiometry ( to 1 part in 10 5) of the convect ive 
cell structure of the photosphere, and (c )  measurement of the 
large-scale solar magnet ic f ield with a sens itivity of 1 gauss . 

2 . 'ftle Solar-Act ivity Cycle 

The solar-activity cycle produces extensive var iations in what 
might be called the •solar outputs . •  'ftlese include sys tematic 
changes in the spectrum and f lux of electromagnet ic rad iat ion 
and of charged part icles , var iat ions in the interplanetary 
magnetic f ield1 and changes in the compos ition , mass f lux , and 
energy flux of the solar wind . It is the var iation of the 
magnet ic structure of the convect ion zone ( the ultimate cause 
of the act ive phenomena in the solar atmosphere ) that under lies 
these manifestat ions of the activity cycle .  The operat ion of 
the solar dynamo , which is respons ible for the solar magnet ic 
f ield , changes in response to var iations in the transport of 
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e nergy within the convect ion zone . Therefore , the study of the 
solar act iv ity cycle involves two complementary observational 
programs . Firs t ,  we must s tudy the var iat ions in the structure 
and dynamical behavior of the convect ion zone over a full 
magnet ic cycle ( 22 years ) . We must s imultaneously measure the 
var i at ions of the solar outputs accurately over a complete 
magnetic cycle in order to understand (a) their connect ion to 
the var iations in the bas ic parameters of the convect ion zone , 
c hromosphere , and corona and (b)  the ir influence on the Earth ' s  
environment . The accuracy with wh ich these measurements mus t 
be made will require s ignif icant improvements to the stability 
and absolute prec is ion of previous observational capabilities . 

3 . The Phys ics of Stellar Ac tivity and Atmospheres 

Dur ing the next decade , major advances in our understanding o f  
s tellar-dynamo processes and result ing stellar act ivity will 
require a determination of the functional dependence of dynamo 
e ff ic iency on c r i t ical atmospher ic parameters .  More explic it­
ly , we must obtain observations that reveal the dependence of 
t he per iod and ampl itude of act ivity cycles on stellar rota­
t ion , gravity , depth of the convect ion zone (wh ich depends on 
e ffective temperature and rad ius ) , and the internal angular 
momentum d istr ibution , which itself presumably depends on 
s tellar age and the strength of the s tellar wind and sur face 
magnetic f ield . 

These are d iff icult observational questions , but they can 
be addressed through synoptic observing programs employing 
h igh-resolution spectroscopy from space and from the g round . 
I t  is important to determine whether stellar act ivity is man i­
f ested mainly in the number and s ize of starspot and plage 
r eg ions on a star or whether the enhanced magnetic fields nea r 
a c t ivity maximum are more uniformly d istr ibuted across the sur­
face of a star . Another c r i t ical quest ion is the statistical 
probability and typical duration of Maunder Minimum-l ike ab­
sences of activity in stars : Wh ich stars undergo th is behav­
ior , and why? With the ins ight gained from these observational 
results , the continued theoretical study of dynamo processes 
s hould become still  more productive . 

4 .  Programmatic Implications 

A systematic program for the study of the solar cycle and the 
dynamics of the convect ion zone bas been developed by the SOlar 
Cycle and Dynamics Miss ion ( SCADM) Work ing Group of NASA in a 
r ecent report . This program can be largely carr ied out with i n  
t he ongoing programs of NSF and NASA , provided the level-of­
e f fort budget of the Explorer program is substantially 
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augmented . The pr inc ipal components of the SOlar Cycle an d 
Dynamics Program are as follows 1 

• A major effort in the theoretical modeling of sola r 
inter ior dynamics . 

• The development of sens it ive techniques for the obser­
vat ion of the solar veloc ity f ield , br ightness var iat ions , 
diameter var iations , and the large-scale magnet ic field , 
together with a program of long-term (about 1 month) obser­
vat ions us ing these techniques , in itially from the SOuth Pole 
of the Earth and subsequently from the Space Shuttle in sun­
synchronous orb i t .  

• The extens ion o f  this observational program t o  longer­
durat ion observat ions (greater than 6 months ) with a complement 
of instruments on a free-flying SOlar Inter ior Dynamics Misson 
( SIDM) , which might be implemented through the Explorer Program 

or on a space platform . In add ition to the study of the struc­
ture and dynamics of the convect ion zone , the SIDM will carry 
out high-prec is ion measurements of total solar rad iative flux 
and the solar-spectral irradiance . It is important , however ,  
that the program o f  high-prec is ion solar-flux measurements 
begun by the Solar Maximum Miss ion be cont inued through Shuttle 
and other f l ight opportunit ies unt i l  SIDM becomes operational . 

• A Solar Coronal Explorer ( SCE)  miss ion , which will 
study the three-d imens ional structure and evolut ion of the 
corona and solar wind in conj unction with in s itu observations 
by the I SPM and the Interplanetary Laboratory ( IPL) of the 
Or ig in of Plasmas in the Earth ' s  Neighborhood (OPEN)  program . 

• The extens ion and ref inement of observat ional programs 
i nit iated by the SIDM and SCE miss ions through the observa­
t ional programs of the SOlar Opt ical Telescope and the other 
Shuttle fac i l i t ies , the Advanced Solar Observatory , and the 
Star Probe Miss ion . 

The major theoret ical and developmental programs required 
for the SOlar Cycle and Dynamics Program and support ing obser­
vational programs will be carr ied out in large measure with 
major ground-based instrumentation and computational fac i l ities 
at the Sacramento Peak Observatory ( SAO) , at K itt Peak Nat ional 
Observatory ( KPNO) , at the Very Large Array (VLA) , and at the 
High Al t itude Observatory . 

A second major aspect of the study of activity cycles is 
the observation of activity in other stars . The study of stel­
lar act ivity cycles through the observat ion of chromospheric 
line prof i les with ground-based telescopes has already y ielded 
s ignif icant results (most notably with the 1 . 5-m telescope at 
the Mt . Wilson Observatory ) .  

The Work ing Group bel ieves that th is activity would be 
greatly enhanced by the implementation of a ded icated stella r 
telescope of moderate aperture ( 2 . 5  m) for synoptic observa-
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t iona of stars t o  b e  operated in conj unction with the sola r 
programs at the Nat ional As tronQD¥ Centers . We also note that 
several proposed future x-ray observator ies in space and 
s everal approved or proposed Explorer miss ions in the areas of 
astronomy and astrophys ics (e . g . , the Extreme Ultraviolet 
Explorer and a Stellar COronal Explorer ) will have observat ions 
of stellar activity as major or pr inc ipal obj ectives . 

5 .  Impact of Var iability on the Terrestrial Environment 

Although the sc ientific questions raised here are not str ictly 
as trophys ical , the interaction between solar observat ions and 
observations of the shor t-term and long-term var iation in the 
terrestrial environment has been fruitful for both astrophys ics 
and geophys ics , and it  promises to become more so in the 
i mmediate future . The d iscovery of the correlat ion of the level 
of solar act ivity with extremes of the terrestr ial climate is 
only one example of th is interaction . Such correlat ions are 
important astrophys ical tools for the study of solar-activity 
cyc les . Solar phys ics must be an active part ic ipant in this 
collaborative program. This will require a vigorous exploita­
t ion of , and sens itivity to , the opportunities presented by the 
proxy record of var iations in the solar wind and the solar 
r ad iative flux as represented in,  for example , lunar samples 
and biolog ical and geolog ic records . It will also require a 
c lose collaboration between solar observations and magneto­
sphe r ic ,  ionospher ic ,  and atmospher ic observational programs 
s uch as those of the OPEN miss ion and the Solar Terrestrial 
Observatory ( STO) , which expl ic itly envis ion a full complemen t 
o f  related solar , magnetospher ic ,  ionospher ic ,  and atmospher ic 
observat ions . 

c. Nonradiat ive Heating and Trans ient Phenomena 
in the Solar Atmosphere 

We presented above a program d irected toward the study of the 
phys ical processes operating in the solar convect ion zone , as  
well  as the mani festation of these and s imilar processes 
operating in other stars in the var iation of solar and stella r 
outputs . The second aspect of the study of stellar-act ive 
phenomena is the study of the structure and dynamical behavio r 
of the extended solar atmosphere itself and of s imilar phenom­
ena in other stars . 

The d iscover ies of the past decade have laid the founda­
tions for two major approaches to the problem of the structure 
and heat ing of stellar atmospheresr one makes use of deta iled 
observat ions of the solar atmosphere , whereas the second makes 
use of comparat ive observat ions of the atmospheres of stars 
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w ith a wide range of fundamental propert ies . These approaches 
are h ighly complementary to each other , as discussed below . 

In cons ider ing trans ient and h igh-energy phenomena in the 
solar atmosphere , we take the bas ic phys ical mechanisms respon­
s ible for metastable energy storage , release , and depos it ion in 
the solar atmosphere as the focus of our discuss ion . The chain 
of events exhibit ing these essential phases occurs in many 
astrophys ical and space-phys ics s ituations and is called a 
f lare . 

Among the h ighest pr ior it ies for the early part of the next 
decade must be the understand ing of the data from the Solar 
Max imum Miss ion ( SMM) . We ant ic ipate that major advances in 
our understanding of flares , espec ially the impuls ive energy 
release , will result from the complete analys is of SMM observa­
tions . However , we know that many of the fundamental phys ical 
processes that are important in flares occur in structures on a 
scale too small to be resolved by SMM instruments J these wi l l  
require a new generat ion o f  facility-c lass instruments for 
their  study . 

1 .  The Solar Atmosphere 

Ea rl ier observat ional programs on the Orbit ing Solar Observatory 
satell ites , Apollo Telescope Mount , and SMM have demonstrated 
that the bas ic plasma processes governing the propagat ion and 
transformation of energy in the solar atmosphere occur on 
phys ical scales that are beyond the resolving power of present 
instruments . With the advent of the Space Shuttle , we are now 
in  a pos ition to develop a new generation of h igh-resolut ion 
solar telescopes cover ing optical , ultraviolet , extreme­
ultraviolet , and soft x-ray wavelengths , which we believe will 
allow us to resolve the structures in wh ich at least some of 
these fundamental processes occur . 

The f irst of these new facilities , the Solar Opt ica l 
Te lescope (SOT) , is already under development .  The SOT i s  a 
1 . 25-m aperture , diffract ion-l imited telescope des igned to 
achieve a tenfold improvement in angular resolut ion (about 
o . o s-0 . 1  arcsec ) by compar ison with previous observations . 
comparable improvements in resolut ion are ant ic ipated at x-ray 
and EUV wavelengths for instruments now under study by NASA . 
Th e  observat ions antic ipated f rom this new generat ion of in­
struments will allow, for the f irst time , the compar ison of 
detailed , self-cons istent phys ical models with observat ions of 
the structures ( includ ing sunspots , magnetic flux tubes in the 
chromospher ic network and in plages , spicules , and coronal 
br ight points ) that dominate the solar photosphere , chromo­
s phere , trans ition reg ion , and corona . 
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2 .  Stellar Atmospheres 

The second major approach to the structure and dynamical 
behavior of stellar atmospheres involves the study of the 
propert ies of stellar chromospheres and coronas , now known to 
exist in stars with a wide range of fundamental parameters 
( e . g . , mass , temperature , age , luminos ity , and rotat ion rate ) . 

The observation of stellar coronas and chromospheres will allow 
the development of models that relate fundamental stellar 
propert ies to the character of the act ive phenomena assoc iated 
w ith the s tar . Despite the necessary s implic ity of these 
stellar models , it is important to estimate the nonradiative 
heating rates in stellar models with a range of parameters to 
determine the role that each parameter plays in overall 
a tmospher ic structure and behavior . 

3 .  Metastable Energy Storage 

Th e  major determinant of the energy source and init iat ion of 
the flare instability is the detailed structure of the coronal 
magnetic f ield . The cur rent that flows in this field provides 
the free-energy supply that dr ives the flare release , and its 
s patial conf igurat ion ( including plasma prof iles ) spec if ies the 
s ingular flare s ite . 

In order to understand the preflare state , vector-magneto­
gram measurements must be made from space with a resolution of 
less than 0 . 1 arcsec , and an improved generat ion of f ield­
calculation algor ithms will have to be developed to specify the 
coronal f ield constructed in accordance with these boundary 
values . A determination of the thermal structure and evolution 
of the preflare state requires coordinated , mutually aligned , 
spectroscopic measurements from the optical reg ion of the 
s pectrum through x rays . The spat ial resolution and mutual 
reg istrat ion should be better than 0 . 1  arcsec (72  km) , with a 
s ample rate up to one per minute available . 

4 .  Magnetic Reconnect ion and Part icle Acceleration 

Th is topic is the least understood aspect of plasma and h igh­
energy astrophys ics r it def ines the transformation of slow , 
l arge-scale mot ion and magnet ic stress into impuls ive , ener­
get ic , small-scale phenomena . 

It is now believed that such • flare• events ar ise from the 
relaxation of sheared magnetic f ields , subsequent to the recon­
nect ion f rom one frozen-in state to another in which the cur­
rents are f ilamented and can qu ickly decay . The major initial 
product of the reconnect ion process ( in which the magnetic 
f ields both vary and move ) is a selected population of acceler ­
a ted part icles . 
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To relate the poorly resolved magnet ic-field source and th e 
imprec isely determined output radiat ions , we currently rely 
upon theory . The required calculations are nonlinear in the i r  
t ime development and coupled in the ir spatial geometry . They 
must include the plasma and field dynamics , together with heat­
i ng and energy f low. They must also encompass k inet ic effects 
in the acceleration and microwave rad iation processes and a 
proper treatment of the bremsstrahlung targets , all connected 
by nonlocal propagation effects conf ined by the magnetic f ield . 
Beyond an expanded theory program directed to these ends , we 
must emphas ize the observat ions needed to clar ify the impuls ive 
phase , keeping in mind the advances achieved by SMM. 

A pr imary objective is the development of better methods o f  
measur ing the accelerat ing electr ic f ield directly a s  a funct ion 
of pos ition through the Stark effect . The next step would 
i nvolve correlated , high-resolut ion observat ions of hard x-ray 
and microwave bursts . (The hard x-ray observations must have 
subarcsecond resolution . ) It is also critical to understand 
the relat ionship of the acceleration of electrons to the acce l­
erat ion of the solar cosmic rad iation ,  both by d irect observa­
tion of these part icles and by highly spectrally resolved gam­
ma-ray observat ions . Again,  h igh-r esolut ion observations of 
hard x rays will also play a key role . 

5 .  Energy Tr ansformat ion and Depos ition 

We here focus attention on the h igh-temperature phenomena 
caused by the d iss ipat ion of the explos ive flare event . The 
relativist ic electron population resulting from the initial 
f lare accelerat ion , described above , is mostly confined in 
closed magnetic structures embedded in the solar surface . I n  
this environment , the electrons heat the ambient plasma and 
espec ially the chromospher ic end points , wh ich then react and 
d r ive mater ial and rad iat ion back into the corona . Then the 
decay phase of the flare beg ins , and energy is steadi ly lost by 
x rad iation and by thermal conduct ion to the chromosphere and 
subsequent further EUV emiss ion . 

Fu rther c lar i f icat ion of this scheme , which has j ust begun 
to become apparent as a result of recent Skylab data analyses 
and SMM results , requ ires a complex set of coordinated observa­
tions . As for other coronal phenomena , the major needs are 
spatially resolved ( less than 0 . 1 arcsec ) determinations of 
plasma number dens ity and temperature from spectral l ines rang­
i ng up to soft x rays , with 1-10 sec resolut ion , and measure­
ments of the vector magnetic f ield . Having started with the 
f ield , we end with the f ield ,  so that the postflare magnet ic 
energy can be determined . Th is res idue , along with the or ig i­
nal supply and measured outputs l isted above , will allow the 
ver i f ication of the complete flare energy budget . 
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6 .  Programmatic Implicat ions 

In order to carry out the sc ientific program presented above , 
several major new observational and theoretical programs are 
r equ i r ed :  

• � comprehens ive program of theory and modeling , with 
the pr inc ipal a im of improving our ability to interpret solar 
observations in terms of the phys ical parameters of the solar 
plasma and to relate these parameters to underlying plasma 
instabilities . An important component of this program is the 
model i ng of the bas ic plasma processes that underl ie the f lare 
mechanism . 

• The pr inc ipal observat ional tool required is a compre­
hens ive ensemble of Shuttleborne fac i l ity-class and Princ ipal 
Inve s t igator-class instruments , bu ilt around the SOT, wh ich are 
capable of s imultaneous , h igh-resolut ion observations cover ing 
the full spectral range from x rays to the near infrared reg ion . 
Once developed , this ensemble should be placed upon a free­
flying satellite or space platform to form an Advanced Solar 
Observatory (ASO) for the long-term study of the phys ics of 
solar and stellar activity .  For the study of flares , it i s  
critical that the init ial instrument complement o f  the ASO, 
which might include the SOT , the Solar Soft x-Ray Telescope 
Fac ility ,  the EUV Telescope Fac ility ,  and a Pinhole/Occulter 
Fac ility ,  which will allow h igh-resolution (about 0 . 1  arcsec ) 
hard x-r ay observations and h igh-resolut ion observat ions of the 
corona and coronal trans ients , be augmented by a h igh-resolution 
gamma-r ay spectrometer in t ime for the 1991 solar maximum. In 
add ition to the space observations by ASO , a program of ground­
based observations emphas iz ing the observat ion of solar magnetic 
f ields with improved vector magnetographs (at SPO and KPNO) and 
of microwave bursts (with the VLA) is critical to the flare­
or iented sc ientific program that we have outlined . 

• A second major observational capability is presented by 
a set of optical , EUV, and x-ray imag ing instruments currently 
under study as a major component of the Star Probe miss ion . 
These instruments will provide a unique opportunity to observe 
the structure of the solar atmosphere with ultr a-high resolution 
(about 7-10 km) , wh ich is 3-10 t imes h igher than can be ach ieved 
from Earth orbit even with the ASO . 

• The development of s trong observat ional programs , from 
both the ground and space , for the s tudy of the coronas and 
chromospheres of other s tars . 

• In addition to these new programs , the continued 
development of new and more sens it ive techniques for optical 
and rad io observations of the solar atmosphere as part of the 
ongoing programs of the National As tronomy Centers and efforts 
supported by the NSF grants program is critical to cont inued 
progress in this area . 
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D .  Propert ies o f  the Corona and Interplanetary Med ium 

There are three pr inc ipal questions in coronal and heliospher ic 
physics that can be effectively addressed in the decade of the 
1 9 80 ' s  and the early 1990 ' s •  

• What factors control the mass and energy balance of the 
corona , and what are the implications of these factors for the 
coronal temperature , coronal expans ion ( the solar wind) , and 
the transport of angular momentum away from the Sun? 

• What is the three-dimens ional structure of the corona 
and heliosphere , how does th is structure evolve with the solar 
activity cycle ,  and how does the impulsive ejection of mass  by 
coronal trans ients (wh ich supplies a s ignif icant fraction of 
the mass of the solar wind) affect this  structure? 

• What are the phys ical processes respons ible for the 
acceleration of the solar wind , and what mechanisms are respon­
s ible for the large var iation in the observed solar-wind 
compos ition? 

Al l three of these problems can be addressed by a coordi­
nated program of h igh spectral and spatial resolution observa­
t ions of the chromosphere and corona ,  together with in s itu 
observations of the heliospher ic plasma in three d imens ions and 
as c lose to the Sun as poss ible . The development of models of 
energy and mass flow in the solar wind , mak ing use of empir ical 
d ata to spec ify the three-d imensional structure of the corona 
and heliosphere , must proceed in concert with the observational 
programs . Other important theoretical problems include the 
development of magnetohydrohynamic models of the bas ic processe s 
r espons ible for dr iving the trans ients and for the energetic­
part icle acceleration assoc iated with trans ients ( in part icular , 
w i th f lare-related trans ients ) . Our main conclus ions and 
concerns are as follows : 

1 .  Dur ing the next decade we shall,  with I SPM , have a 
unique opportunity to s tudy the three-dimens ional structure of 
the solar wind and interplanetary magnet ic f ield , and the in­
fluence of this structure on the interplanetary modulation of 
Ga lactic cosmic rays . (As noted near the beg inning of this 
chapter , the work ing Group believes that the implementation of 
I SPM as a dual-spacecraft miss ion with imag ing capability is 
essential to an orderly and effective program of solar and 
heliospher ic stud ies . )  A comprehensive understanding of coronal 
and heliospher ic structure and dynamics will , however , require 
complementary in-ecliptic observations by a SOlar Coronal 
Explorer and the Interplanetary Laboratory of OPEN . With the 
s ame spacecraft and with some careful planning , it may be 
poss ible to gain new information about the solar-wind transpor t 
of angular momentum and thus new ins ight into the problem of 
solar and stellar spindown . 

Copyright © National Academy of Sciences. All rights reserved.

Challenges to Astronomy and Astrophysics:  Working Documents of the Astronomy Survey Committee
http://www.nap.edu/catalog.php?record_id=19437

http://www.nap.edu/catalog.php?record_id=19437


3 1  

2 .  Th e  major sc ienti f ic objectives o f  heliosphe r ic physics , 
wh ich will be greatly furthered by the observational programs 
o f  I SPM , SCE and IPL , can ,  however , only be fully addressed by 
two advanced miss ions : 

(a)  A close-encounter miss ion ( the Star Probe ) , which 
wil l  allow in s itu observations in the reg ion of solar-wind 
acceleration and a unique view at ultra-h igh resolution ( 7-10 
km on the Sun , or the equivalent of 0 . 01  arcsec from Earth 
orbit)  of coronal and chromospher ic structure, and 

(b)  Synoptic stud ies of the evolution of the chromo­
s pher ic and coronal structures and dynamical events that control 
the large-scale structure of the heliosphere with the assembly 
of h igh-resolution instruments , espec ially the Pi nhole/Occulter 
Fac ility ,  on the ASO . In this connection , the ASO should 
i nclude radio spectrographs and polar imeter& operating from 
decametr ic to k i lometr ic wavelengths for the study of part icle 
s treams , collis ionless shock waves , and shock-induced 
acceleration in the corona and solar wind . 

V. SCIENTIFIC OPPORTUNITIES FOR THE 1980 1 S  

The major sc ienti f ic problems identif ied ear lier are discussed 
here in more detail under the following head ings : the solar 
inter ior , the convect ion zone and solar activity J  nonthermal 
and dynamical phenomena in the solar atmosphere,  and the 
dynamics of the heliosphere .  

A .  The Solar Inter ior 

The general character istics of the Sun ' s  inter ior structure can 
be deduced from theoret ical models , with observed values of the 
solar radius , luminos ity , mass , and surface rotation rate as 
boundary conditions . Such inter ior models ( illustrated by 
F igure 1 . 1 ) can g ive a satisfactory account of the general evo­
lutionary behavior of the Sun but cannot resolve a number of 
important quest ions concerning the detailed compos it ion , 
t emperature , dens ity , and rotational profi les of the inter ior , 
nor can they predict such phenomena as the act ivity cycle and 
the structure of the chromosphere and the corona . The de­
tect ion of the solar-neutr ino flux mar ked the beg inning of a 
sc ientific program that will ult imately allow detailed com­
par isons between sophisticated models of the solar inter ior and 
d irect measurements of the solar-neutrino flux . The use of two 
other techniques that probe the solar inter ior--the study of 
the g lobal osci llations of the Sun and the observat ion of the 
perturbations caused by the solar quadrupole moment on a close 
g ravitational probe--will become poss ible in the 1980 ' s .  The 
theoret ical analys is required to interpret these observational 
t echn iques is well advanced . 
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FIGURE 1 . 1  A cross section o f  the Sun , indicating the inner , 
energy-generating core of about 0 . 2 solar rad ius ; the rad iative 
envelope , which extends out to about 0 . 8  solar rad ius ; and the 
outer convect ive shell . 

1 .  Core Structure and Nuclear React ion Rate 

Th e  solar luminos ity is due to two thermonuclear react ion 
chains that convert  hydrogen into hel ium in the solar core . 
The main react ion chain is the proton-proton (p-p) cha in,  in 
wh ich protons interact to build up 2u and 3ue ; the latte r 
i s  then burned to 4ue in one of three branch react ion chains . 
A small fract ion of the neutr ino flux (about l percent for 
s tandard models ) ar ises from react ions in the CNO cycle , in 
wh ich a ser ies of react ions involving isoto�s of c, N ,  and O 
results in the convers ion of 4 protons into 4ue . The rela­
t ive f lux of the neutrinos f rom the var ious branch reactions is 
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sens i tive t o  such parameters of the solar model a s  relative 
i n it ial abundances and the extent of mixing between the core 
and envelope dur ing the Sun ' s  l ifetime .  The solar-neutr ino 
s pectrum predicted by the s tandard solar model is  shown in 
F igure l . 2 r clearly , observations with rad iochemical neutr ino 
detectors having selective energy response ( i . e . , neutr ino 
s�troscopy) can provide a measure of the rates of the var iou s 
major react ions . 

The event rate for the 3 7c1 exper iment is dominated by 
the h i�h-energy neutr ino flux from the p-p branch reactions i n  
wh ich oa i s  bui lt up from 3ae and 4ue via 7ae and proton 
c apture , followed by pos itron and neutr ino emiss ion to y ield an 
e xc i ted state of 8 ae , which in turn decays into two 4 He nucle i r  
these branch reactions account for less than l percent o f  the 
ove rall p-p chain-reac tion rate . The neutrino detect ion rate 
pred ic ted by the standard solar mode l for such h igh-energy 
neutr inos is  about 5 .:!: 1 . 4  SNU ( the Solar Neutrino unit be ing 
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PIG� 1 . 2 Solar energy neutr ino spectrum ,  from a 197 1  model o f  
J .  Bahcall and R.  Ulr ich . Solid l ines a p-p cha in neutr inos , 
broken l ines : CN cycle neutr inos . Fluxes are in units of 
n �r of neutr inos/cm2/sec/MeV for cont inuum sources and 
n�r of neutr inos/cm2/sec for line sources . 
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defined as one event per 1ol6 atoms of 3 7cl per second ) . 
The measured rate of 1 . 8  + 0 . 4 SHU is in ser ious disagreemen t 
w ith the predictions of the standard modelr furthermor e ,  recent 
calculat ions ut i l i z ing the most recent laboratory opac ity data 
s uggest that the pred icted rate should be even h igher , some 7 
SHU . A number of modified solar models employing such assump­
t ions as lower pr imord ial abundances of He , c , N ,  o ,  and other 
elements in the core , or frequent ,  complete mixing of the 
inter ior , have shown that the predicted Bs neutr ino f lux can 
i n  these cases be reduced suf f ic iently to produce over lap of 
the errors of the exper imental and theoretical results . A 
second poss ibil i ty is that mod i fications to the fundamental 
theory of the neutr ino are necessaryr s ignif icant , but 
certainly not yet def init ive evidence for this poss ibility has 
recently been advanced by phys ic ists . 

Observations with three add itional rad iochemical detectors--
7 1Ga ,  7 Li , and llS in--could provide a fairly complete picture 
of the spectral distr ibution of the solar-neutr ino flux , and 
therefore of the relative reaction rates for the main ther� 
nuclear reaction branches . The 71Ga detector would provide 
the most fundamental measurement s ince it is sens it ive to the 
low-energy p-p neutr inos that are part of the dominant chain o f  
branch react ions provid ing the main solar luminos ity .  The 
event rate for the 7 1Ga detector should be relat ively inde­
pendent of the details of the structure of the solar core , 
provided that the Sun is at present in equilibr ium ( i . e . , the 
solar core is generating energy at a rate equal to that at 
wh ich energy is  being radiated by the solar surface ) . That the 
Sun is at present in equil ibr ium is not entirely obvious , s ince 
the transport time for energy from the core to the surface i s  
qu ite long (some 106 years ) . I f ,  for example , the 7 1Ga 
exper iment demonstrates that the low-energy solar-neutr ino flux 
i s  also s ignif icantly below the pred ict ions of the standard 
theory , it  could provide very strong evidence in favor of the 
proposal that neutr inos have mass and osc illate between three 
or more kinds of particles , of wh ich only those neutr inos 
associated with e lectrons would be detectable . 

The 7 Li and llS in exper iments would provide information 
on the 7 ae/7 Li branch of the proton cycle and CNO-cycle 
thermonuclear reaction rates . Therefore , it is important tha t 
a program that envis ions the implementation of all three new 
rad iochemical detectors ,  as well  as the refinement of the 
3 7cl results , be developed . When the results of all four 
exper iments are available , very severe constraints can be 
placed on the abundances and thermal structure of the solar 
cor e r  quest ions on pr imordial solar abundances and the extent 
of inter ior mix ing can then be addressed . 
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2 . Core Structure and the Solar Quadrupole Momen t  

Th e  presence o f  a solar quadrupole moment is a consequence of 
the break ing of spher ical symmetry by the solar rotat ion . 
Preliminary analysis of the solar p-mode osc illations ind icates 
that the rotation rate of the convection zone increases with 
depth J a rapidly rotat ing solar core is therefore a d ist inct 
poss ibility .  Just as the present uncertainty about abundances 
in the solar core introduces cons iderable latitude in the de­
tails of solar models , so too does our lack of knowledge of the 
rotat ional and magnet ic profiles with depth . Therefore , models 
constructed to explain the low counting rate of the 3 7cl 
exper iment through inclus ion of a rapidly spinning core or a 
large central magnet ic field ,  and wh ich thus alter the pressu r e  
and temperature prof iles o f  the inter ior , cannot be ruled out 
at present . lOr such models , and for models that postulate a 
h igher hydrogen abundance in the core (either because of 
pr imordial inhomogenet ics in the young Sun or because of 
substantial mix ing of the inter ior ) , the resultant var iat ion of 
dens ity with radius is  d i fferent from that assumed in the 
s tandard model and thus corresponds to a d ifferent quadrupole 
moment . For example , the standard solar model pred icts a quad­
rupole moment (J 2) of 1 x l o -7, a model with a well-mixed 
c ore , but otherwise like the standard model ,  y ields a J2 
value of 2 x lo-7 . A model with inner mixing , a convect ive 
core , and a magnetic inter ior that rotates at twice the surfac e  
rate pred icts a J 2 value o f  7 x l o -7 . A close gravitat ion-
al probe , with a drag-free system and accurate track ing , can 
measure J 2 with an accuracy of 1 part in 108 1 such a probe 
would thus permit a cleat d iscr iminat ion among inter ior models 
with different core parameters . The measurement of the solar 
quadrupole moment furthermore complements information der ived 
from neutr ino spectroscopy , s ince the value of J 2 is more 
strongly dependent upon the inter ior rotat ional and magneti c  
s tructure than on the neutr ino detect ion rate . 

3 .  Solar Osc illations and Inter ior Structur e 

As we shall d iscuss shor tly ,  the well-known 5-min osc il­
lations of the solar atmosphere have been shown to be due to 
h igher spher ical harmonics of the nonrad ial p-mode (pressure)  
acoust ic osc illations of the convect ion zone . Although they 
have not yet been detected , low-order p-mode osc illations that 
involve the keep inter ior should also be present . Furthermore , 
a number of observers have claimed the detect ion of osc illa­
t ions of longer per iods ( from about 10 to 160 min) , wh ich they 
s uggest are low spher ical-harmonic rad ial g-mode (gravity )  
osc i l lations that involve the entire Sun . Both of these osc i l­
lat ion modes can be used to probe the inter ior structure of the 
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Sun . The observational programs intended to detec t thes e 
osc i l lations make use of prec ise measurements e ither of the 
solar d iameter or of the veloc it ies of widely separated areas 
on the solar surface . The ampli tude of these osc illations is 
small , and the brevity of the data records available makes it 
d if f icult to eliminate completely var ious sources of noise ; 
nevertheless , it appears that an increas ing number of observer s 
and theor ists regard the detection of both low-order p and g 
osc i llat ion modes as poss ible and as provid ing a new observa­
t ional window for the s tudy of the solar inter ior . In add i t ion 
to thei r  potent ial for the study of the solar core , the sola r 
r ad ial and nonrad ial osc illat ions provide a technique that can 
probe the depth of the convective zone and invest igate a pos­
s ible shear boundary layer between a magnetic ,  rapidly rotat ing 
core and the convect ion zone . The ex istence of such a turbu­
lent shear layer could have important consequences for mix ing 
of the outer layers of the Sun and the thermonuclear core . I t  
i s  imperat ive that techniques o f  h igher sens itivity be develop­
ed to confirm and exploit  the opportunities presented by low­
order solar osc illat ions . 

More recently , some observers have suggested that there are 
ind icat ions of osc illations with very long per iods ( about 12 
days ) ; some theoret ical analyses suggest that osc illat ions w i th 
per iods as long as 10 years may be present . I t  i s  certainly 
too early to j udge these claims ;  however ,  it is c lear that the 
1980 ' s  will be an exc it ing per iod of exploration with respec t 
to the fundamental osc i llat ion modes of the Sun . 

B .  The Convect ion Zone and Solar Activity 

I t  is the interact ion between rotat ion and the large- and 
small-scale motions generated by the convect ive transport o f  
energy from the solar inter ior t o  the surface that causes the 
solar magnet ic f ield to vary and underl ies the solar act ivity 
cycle . Therefore , the scient i f ic quest ions posed by the rota­
t ional structure of the Sun ' s  convect ive envelope , large-scal e  
c irculat ion , the convect ive transport o f  energy , and the solar 
dynamo are closely linked to the solar act ivity cycle and ar e 
most effec t ively s tud ied through a s ingle coord inated program . 

Four recent developments have shaped sc ient i f ic opportun i­
t ies for the study of the structure and dynamical behavior of 
the convect ion zone and of solar activity . These development s 
are as follows : 

• Th e  ava i lab i l i ty of computers of suff ic ient capac ity to 
permit hydrodynamic models of convect ion and c irculat ion in the 
Sun to be constructed , allowing direct compar ison between 
exper iment and theory . 
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• The interpretat ion of the 5-min osc illat ions a s  globa l 
p-mode osc i llations in the convect ion zone . The propert ies of 
these osc i llations can be used as a probe of convection-zone 
s truc ture and dynamics ,  provided suff ic iently prec ise records 
of surface veloc ity f ields can be obta ined . 

• The d iscovery of the int imate connect ion between the 
large-scale struc ture of the solar magnetic f ield and the 
structure and energy balance of the corona and hel iosphere . 

• The d iscovery of activity cycles in other main-sequence 
stars . The study of stellar act ivity will allow us to determine 
how the nature and intensity of activity cyc les and other man i­
festat ions of s tellar activity (such as winds and f lares ) depend 
on such bas ic stellar parameters as age , mass , sur face temper a­
t ure , and rad ius . 

A program for the study of convection-zone structure and 
dynamics and the solar cycle should , therefore , have f ive maj o r  
components : 

• A theoret ical program of modeling of the hydrodynamic 
s tructure of the convect ion zone , of the solar dynamo , and of 
the p-mode osc i l lat ions , 

• An observat ional program for the study of the veloc ity 
f ield and temperature struc ture of the solar surface , 

• An observational program to study the evolution of the 
large-scale structure of the corona, 

• An observat ion program to study the var iation of sola r 
r adiat ive and part iculate f lux over the full solar cycle , and 

• Observat ional and theoret ical programs for the study of 
activity cycles in other stars . 

1 .  Major Problems in Convect ion Studies 

Convect ion is a bas ic mechanism of energy transport in all cool 
stars 1 it dr ives the g lobal c irculat ion and indirectly ( through 
t he dynamo mechan ism) generates the ir  magnet ic act ivity cycles , 
therefore providing the nonthermal energy that heats the i r  
c hromospheres and coronas and accelerates stellar winds . 

Models of convect ion in the Sun must explain the three 
s cales of convect ive motion observed in the photosphere : 
g r anulat ion cells (diameter 1500 km) , supergranulation cell s  
( diameter about 3 0 , 000  km) and •g iant• cells Jdiameter about 

3 0 0 , 00 0  km) . (The solar diameter is 1 . 4 x 10 km. ) 
Cons iderable progress has been made in the past decade in 

model ing large-scale convect ion ( the g iant cells ) . The mos t 
advanced models cons ider nonl inear ax isymmetr ic convect ion in a 
deep rotating spher ical shell J however ,  smaller scales of con­
vection and turbulence enter the theory only as parameter i zed 
coeff ic ients , and var iat ions in dens ity (cover ing a factor of 
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1 0S within the convect ion zone ) a r e  not r igorously treated . 
These models have shown how the solar convection dr ives the 
latitude-dependent rotation of the photosphere and pred ict a 
mer idional flow that agrees in d irect ion ( i f  not in magn itude ) 
with the observed f low. However , the approx imat ions employed 
result in a pred icted pole-equator temperature d ifference much 
larger than that observed . 

Th us , at present , there are two main problems in solar con­
vect ion : (a )  to explain the existence of three preferred 
spatial scales at the surface and to understand the depth varia­
tion of the spectrum of scales and (b )  to explain the observed 
latitude var iat ion of rotat ion in the face of a uniform surface 
radiative flux . In the future , two addit ional problems must be 
addressed : (c )  to explain the gross regularit ies observed in 
the 11-year magnet ic cycle of the Sun (Hale ' s  laws of polar ity 
and Sporer ' s  •butterfly• d iagram of sunspot frequenc ies--see 
Figure 1 . 3 ) J and (d) to understand how the convection and 
c irculat ion can j ump between two bistable modes , as evidenced 
by the ex istence of large f luctuat ions in solar activity dur ing 
the past ( e . g . , the Maunder Minimum) . 

Further progress in modeling convect ion will requ i re a 
s igni f icant extens ion of present-day techniques to permit the 
development of a theory of compress ible , nonlinear , nonax i­
symmetr ic convect ion in a deep rotat ing shell . Present-day 
computers like the Cray 1 are adequate to the task if suff i­
c ient t ime is available on them . However , new theoretical 
developments are needed to treat convective scales that are 
smaller than g iant cells and turbulence . 

several k inds of observat ions are needed to guide the 
theory . Doppler veloc ity measurements of the g iant cells and 
the surface-br ightness fluctuat ions in supergranulat ion and 
g iant cells are most important . Gi ant cells are expected to 
have l i fet imes of several months , hor i zontal speeds of at mos t 
1 0  uVsec , and extremely small temperature f luctuat ions . To 
observe them, we need to develop and apply h ighly stable veloc­
i ty detectors , such as the Four ier tachometer currently under 
development at Sacramento Peak Observatory . Such measurements 
m ight be carr ied out effect ively from a stat ion in Antarctica, 
where the Sun is continuously vis ible for per iods of several 
days dur ing the few months of an austral summer . 

Defining the k inemat ic properties of granules depends o n  
obtaining observat ions o f  h igher resolut ion ( better than 0 . 1 
arcsec)  for extended per iods of t ime . In order to study con­
vective processes operat ing at the smallest scales , we will 
require the h igh-resolut ion capabilities of SOT and , ultimate­
ly , the very h igh resolut ion that only the Star Probe encounter 
can provide . 
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FIGURE 1 . 3  Var iat ion of sunspot lat itude and area over the sunspot cycle (reproduced with 
permiss ion from data supplied by the Sc ience Research Counc i l ,  Un ited Kingdom of Great Br itain) • 
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2 .  Circulation , Rotat ion , Pulsat ion s 

La rge-scale mot ions , inc lud ing rotat ion , are vital features of 
all stars . An understand ing of large-scale mot ions of the sun 
i s  essent ial , not only because the Sun is the only star in 
wh ich such mot ions can be studied in adequate detail  to tes t  
our phys ical understand ing o f  the bas ic processes involved but 
also because these mot ions are int imately connected with sola r 
act ivity and poss ibly with long-term fluctuations of solar 
properties that may have d i rect consequences for the terres­
tr ial c l imate . Further progress in solar-dynamo modeling 
requi res better knowledge of large-scale motions . 

Dur ing the past decade , the d ifferent ial rotat ion of the 
Sun has been stud ied extens ively both from the ground and from 
space . Vir tually every observable phenomenon has been used to 
determine rotat ion rates , wh ich prove to have a disquieting ly 
l arge range of values . Some of this var iat ion is due to a solar 
cyc le assoc iat ion ; add it ional var iation has been explained by 
the anchor ing of var ious features to d ifferent depths below the 
photosphere , wh ich are rotating at d ifferent rates . 

An exc it ing new tool for s tudying the rotat ion of the 
photosphere and the upper layers  of the convect ion zone aros e 
f rom the d iscovery that the s-min osc illat ion is due to a 
standing-wave pattern in the solar inter ior . The rotat ion rate 
a t  var ious depths can be der ived by track ing the transverse mo­
t ion of var ious temporal and spatial components of the osc illa­
tory pattern as illustrated in Figure 1. 4 .  The var iat ion of 
rotat ion rate with depth found from this technique suggests an 
i ncrease of several percent inward for the f irst 15, 000  km 
below the photosphere.  

The f luid veloc it ies assoc iated with c irculat ion are  much 
smaller than the rotational veloc ity and the veloc ities of 
smaller-scale phenomena such as granulat ion and supergranula­
t ion . Accord ingly , the determinat ion of c irculat ion patterns 
i s  one of the most d i f f icult observat ional problems in solar 
phys ics . Recently , several independent spectroscopic invest i­
gat ions have demonstrated a poleward mer id ional flow with a 
veloc ity of about 30 m/sec ; unfortunately , this result is very . 
s ens it ive to the spectral-l ine shifts that occur as observa­
t ions are made closer to the solar limb . 

It has so far proved extremely d i f f icult to f ind Doppler­
sh ift evidence for other global c i rculat ion ef fects , such as 
g iant cell patterns , because of obscurat ion by smaller-scale 
mot ions as well as instrumental and l imb-sh ift effects . The 
transverse mot ion of features assoc iated with magnet ic f ields 
has provided some evidence for the ex istence of g iant cells . 
Es t imates of the lat itudinal transport of angular momentum by 
presumed g iant-cell mot ions ind icate transport toward the equa­
tor in  the sense requ ired to maintain different ial rotat ion . 
In spite of the diff icu lty of the observat ions , recent instru-
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FIGURE 1 . 4  Properties o f  coherent , global 5-min osci llations 
o f  the Sun as a function of k and w ,  in which k is the 
wavenumber of the osci llating element and w is the frequency . 
(Courtesy of J .  Harvey , E .  Rhodes , and T .  Duvall . )  

mental advances suggest that a major observat ional effort 
should be d irected toward this important problem. 

Large-scale mot ions are expected to be accompanied by small 
var iations in radiative flux . These flux-intens ity patterns 
m ight therefore contr ibute to changes in solar luminos ity .  
Spatially resolved measurements o f  br ightness fluctuations have 
not yet shown any evidence for the ex istence of radiat ive flux 
patterns assoc iated with large-scale motions . Pull-Sun measure­
menta have suggested a l ight changes in the apparent spectro­
scopic temperature of the Sun that could be assoc iated with 
large-scale motions . It is important to pursue these measure­
menta , s ince they could y ield information about temperature 
structure with depth in g iant cells and provide another measure 
of subsurface rotation . 
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Theoretical modeling of differential rotat ion and circu­
lat ion has interacted well with observat ional advances .  For 
example , the observed surface poleward mer idional circulation 
is in accord with the pred ict ions of one model but is contrary 
to that of another .  A polar vor tex was pred icted by one model 
but not observed, this result led to an increase in the depth 
of the model convection zone as required by evidence from 
osc illat ion probing of the convection-zone depth . Future 
modeling efforts should focus on more realist ic phys ical 
r epresentat ions of the Sun , espec ially by incorporat ing 
compress ibility and through coupl ing of rotat ion , c irculat ion , 
and convect ion . 

3 .  The Solar Activity Cycl e  

A broad var iety o f  phenomena--solar , heliosphe r ic ,  and ter res­
tr ial--show quas i-per iod ic var iat ions correlated with the 
var iat ion of the mean sunspot number . The essent ial charac­
ter istics of the act ivity cyc le are the var iat ion of the 
s unspot number and the migrat ion of sunspots f rom h igher to 
lowe r lat itude (as shown in Figure 1 . 3 ) , wh ich have an 11-yea r 
per iod , and the magnet ic polar ity of sunspot groups and of the 
polar fields of the Sun , wh ich reverse after each cyc le . The 
per iod of the cycle is therefore more correctly 22 years , and 
it is in fact a magnet ic cycle .  The other phenomena assoc iated 
with the act ivity cycle--the wax ing and waning of the corona 
(and solar EUV and x-ray flux )  and of the solar wind , and the 
changes in the structure of the hel iosphere , wh ich in turn 
modulate the transport of Galactic cosmic rays--are all a 
consequence of the var iat ion of the solar magnetic f ield ,  as 
are the character ist ics of the sunspots themselves . 

No two solar cycles have been observed to be ident ical in 
the past few hundred years . Furthermore , recent histor ica l 
r esearch has shown that solar act ivity can be depressed for 
per iods of decades . Figure 1 . 5  illustrates thi s  phenomenon , 
showing the abnormally low sunspot numbers observed in the late 
seventeenth century and documented by Maunder through the 
examinat ion of contemporary records . Because the Maunder 
Minimum occurred shortly after systemat ic records of sunspot 
counts were begun , the importance of this phenomenon has only 
recently been apprec iated . We now know that solar act ivity has 
been e i ther abnormally h igh or abnormally low about 1 percent 
of the t ime dur ing the last 70 centur ies . The mean annua l  
temperature in the Northern Temperate zone has tended t o  follow 
levels of solar activity ,  we will return to th is connection 
between solar act ivity and climate in a later sect ion . 

A prog ram for the study of the solar activity cycle shoul� 
h ave two aspects . F irst , the man ifestat ions of the cyc le 
should be carefully stud ied with much greater prec is ion tha n 
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ANNUAL MEAN SUNSPOT NUMBERS FROM 1610  TO THE PR ESENT 
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FIGURE 1 . 5  The Maunder Minimum in solar activity , as measured 
by sunspot number , dur ing the approximate per iod 1635-1 70 5  
(courtesy o f  J .  Eddy ) . 

has been poss ible in the pas t .  Wh i le we know that the solar 
f lux shor tward of about 4000-A wavelength shows cons iderable 
var iat ions over a solar cycle , the magnitude of this var iat ion 
and its t ime var iation are not well known . Whether the 
i ntegrated solar luminos ity var ies s ignificantly with the level 
of solar act ivity is also not well known at present . The 
var iat ion of the large-scale structure of the corona and of the 
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s olar wind over the solar cycle is complex and not well under­
stood even for a s ingle solar cycle .  These are important and 
d if f icult observat ional quest ions . For example , it is esti .. t­
ed that a sustained reduct ion in solar luminos ity of only 0 . 5  
percent would dr ive the polar ice sheets and temperature climate 
zones over 160 km toward the Earth ' s  equator . However ,  the 
prec is ion of our measurements of the var iat ion in total solar 
luminos ity ( the so-called solar constant) over a whole solar 
cycle is still only about 1 percent' practically noth ing is 
known about var iations in the solar constant that might 
accompany fluctuat ions in solar act ivity occurr ing on t ime 
scales of 10 8 year s . 

The prec ise measurement of the solar irrad iance by an in­
strument on the Solar Maximum Miss ion ( SMM) has shown that 
luminos ity var iat ions in the range from 0 . 0 1-0 . 1 percent occur 
over per iods of days and are assoc iated with the growth and 
decay of large sunspot reg ions . But these results extend only 
over 1 year of the 2 2-year per iod of just one cycle . Obviously , 
the systemat ic and detai led sc ient i f ic study of the solar cycle 
has just begun . 

The second aspect of the invest igat ion of the act ivity 
cycle is the study of the var iat ion of the solar dynamo itself , 
wh ich underl ies the magnet ic conf igurat ion of the convect ion 
zone and atmosphere . We discuss this important topic next . 

4 .  The Solar Dynamo 

Two factors combine with the convect ive mot ions present beneath 
the surface of the Sun to dr ive the solar magnetic dynamo . 
Fi rst , the Sun is rotat ing , and the interaction between the 
c irculat ion in the convect ive zone and th is overall rotat ion 
produces a d ifferent ial rotat ion , in which the rotational per iod 
of the solar equator ial reg ions is shorter than that at h ighe r 
lat itudes . Second , the gas in the solar inter ior is h ighly 
electr ically conducting--a proper ty that • freezes• the magnetic 
f ield to a part icular parcel of mater ial as it moves about . 
Figure 1 . 6 indicates schemat ically how these mechanisms operate 
to cause the solar magnet ic f ield to alternate between poloidal 
and toroidal conf igurations . 

Theoret ical stud ies of the Sun ' s  hydromagnet ic structure 
have shown that a var iety of combinat ions of convection and 
nonun iform rotation within the spinn ing sun can produce mag­
net ic f ields whose surface behavior mimics the migrat ions and 
reversals of the f ields actually observed at the surface of the 
Sun . Further progress in the theory of stellar magnet ic cycles 
now awaits the development of the dynamical theory of convec­
t ion and c irculat ion in the strat if ied envelope of a spinn ing 
s tar , to show which of the many •plaus ible• f luid mot ions used 
to demonstrate the generat ion of stellar f ields is the .otion 
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(8 )  

FIGURE 1 . 6 Differential rotation stretches a n  init ially 
poloidal solar magnet ic f ield (A) to produce a toroidal f ield 
(B) J the twist of ris ing convect ive cells produces a small 
poloidal f ield component (C) . 

t hat actually occurs . Progress in this direction depends on 
continuing stud ies of the act ivity cycles in other stars to 
determine the range of var iation to be expected . More d irect­
ly , progress depends on observing the large-scale c irculation 
at the surface of the Sun (expected to be some 1-100 m{sec ) in 
add ition to the well-known nonuniform rotation of the Sun , so 
that theor ists will be able to check their  dynamical models as 
they are developed . An add itional and equally important obser­
vat ional study is the spl itt ing of the p and g modes of the 
solar oscillat ions at the surface of the Sun ,  from wh ich the 
r ate of change of angular veloc ity with depth may be deduced, 
it is essential to know the depth var iat ion of angular velocity 
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as a check on the dynamical theory , as this informat ion enter s 
d irectly into the dynamo equat ions that pred ict the form and 
behavior of the magnetic f ields . 

Beyond this immediate problem of the dynamical theory of 
stellar magnet ic cycles is the fasc inat ing and more difficult 
problem posed by the long-term changes in the level of solar 
activity .  The ex istence of these changes would imply that the 
convect ion and c irculat ion within the sun can vary so as to 
allow less or more of the f ield to escape through the surface 
of  the Sun . 

The study of the mechanisms by which the solar dynamo oper­
ates , and how it var ies with the solar cycle , can be begun by a 
Solar Inter ior Dynamics Mission . Th ree fundamental sc ient i f ic 
quest ions should be addressed : 

( a ) How does the solar dynamo operate to produce a s ingle 
magnet ic cycle? 

(b)  How does the structure of the convect ion zone change 
over a solar cyc le ,  and how does this change influence th e 
operat ion of the dynamo and the outputs of rad iat ion , plasma , 
and magnet ic f ields? 

(c )  How do the dynamical s tate of the convect ion zone and 
the operat ion of the dynamo change over per iods of hundreds t o  
thousands o f  years t o  br ing about phenomena such a s  the Maunde r  
Min imum? 

In order to address these quest ions , increased theoretical 
act ivity , together with cor relative data from many other source s  
( s uch a s  h istor ical records o f  solar act ivity , observat ions of 

coronal and hel iospher ic phenomena , and the study of stella r 
activity cycles ) will be requ ired . In add ition ,  observat ions 
must be continued on the Advanced Solar Observatory (ASO) , afte r 
a solar Inter ior Dynamics Miss ion , in order to determine the 
character ist ics of the solar dynamo over a full 2 2-year sola r 
cycle . 

5 .  Act ivity Cycles in Other Stars 

What 'we now know about act ivity cycles in stars other than th e 
S un is due ent irely to Olin Wilson ' s  monumental program of 
synoptic monitor ing of late-type main-sequence stars during th e 
1 1-year per iod 1966-1977 . Wilson observed some 50 stars of 
spectral types FB-MO with narrow-band f ilters centered on the 
c hromospher ic H and K l ines of Ca I I .  Despite the relat ively 
shor t t ime basel ine and inevitable data gaps , he observed 
cycles of 7-14 years ' durat ion in a number of stars cooler than 
spectral type G2 ( the spectral type of the Sun) . 

More recently , a program of daily monitor ing of the calc i um 
H and K lines in Sun-l ike stars has revealed var iat ions arising 
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from the g rowth and decay of act ive reg ions and thei r  rotation 
onto or away from the vis ible disk of the star , thus providing 
a technique to measure stellar rotat ion rates ( together with 
d ifferent ial rotat ion rates , if a solar-type lat itude depend­
ence of s tarspot locat ion on activity level also occurs in 
other s tars ) . 

As a result of these init ial invest igat ions , which ver if ied 
the feas ibil ity of stellar-activity stud ies , we believe that 
the following problems can be addressed in the 1980 ' s  and 1990 ' s  
with well-conce ived observing programs : 

( a )  Theoret ical understand ing of stellar dynamos will 
benefit greatly from a determinat ion of how the pe r iod and 
r e lative amplitude of act ivity cycles depend empir ically on 
such fundamental stellar parameter s  as luminos ity , effect ive 
temperature , gravity , mean magnet ic f ield ,  equator ial rotat ional 
veloc ity ,  age , and chemical compos ition . 

(b)  It is important to study the mani festations of stellar 
ac tiv i ty cycles at different levels of the atmosphere : chromo­
spheric phenomena at optical wavelengths from the ground and in 
the ultraviolet with the International Ultraviolet Explorer , 
Space Te lescope , and a far-ultraviolet spectrograph in space r 
coronal phenomena with future x-ray observator ies , such as the 
Advanced X-Ray As trophys ics Fac il ity r  and phenomena at many 
atmospher ic levels with Very Large Ar ray (VLA) radio 
observations . 

( c )  As previously mentioned , n ightly monitor ing of the H 
and K line emiss ion from stars can reveal individual active 
r eg ions rotat ing on and off the ir vis ible d isks as well as the 
growth and decay of act ive reg ions . It would be important to 
de termine whether activi ty cycles can be s imply described in 
terms of the changing fractional area of plages or whethe r 
plages and the chromospher ic network themselves change qual i­
tatively dur ing activity cycles . 

(d)  It is d i f f icult to s tudy long-term changes in the solar 
act ivity cycle , but a study of a large sample of stars s imi la r 
to the Sun might reveal equ ivalent information . For example , 
i t  might be feas ible to determine the statistical probabi l ity 
and typical durat ion of Maunder Minimum absences of act ivity . 

6 . Solar Var iabil ity and Terrestr ial Weather 

Cond itions on and near the Earth are determined f irst of all by 
the radiant energy from the Sun--sunlight--of some 0 . 14 W/cm2 . 
Th at rad i at ive flux has heretofore been assumed to remain con­
stant with t ime , except for a slow increase with the genera l  
ag ing and evolut ion o f  the Sun over its lifetime o f  about 1 o lO 
years on the main sequence . 
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SOLAR ACTIVITY AND CLIMATE? 
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FIGURE 1 . 7 The rate of product ion of l 4c in the uppe r 
atmosphere by the bombardment of Galactic cosmic rays var ies 
inversely with solar act ivity . The quant ity of l4c s e­
questered i n  three r ings ,  when corrected for such factors as 
the chang ing d ipole moment of the Earth and the rad ioactive 
decay of the isotope , y ields a measure of solar activi ty over 
the past 5000 years . Top panel : The Maunder ® and Sporer ® 
minimum established from optical observat ions of the Sun and 
auroral frequency provide a •modern• ver i f ication that the tech­
n ique reveals real changes in solar activity .  Because annual 
l4c production is s trongly buffered by the atmospher ic and 
ocean ic reservoirs , ind ividual sunspot cycles do not appear . 
The center panel represents the same temporal var iat ion of the 
l4c proxy of solar activity smoothed out by about 50 years . 
The bottom panel shows mean European climate as measured by the 
advance and retreat of g lac iers , by h istor ical inferences of 
mean annual temperature , (T) , and by the recorded seve r i ty of 
northern European winters (W) . 

The renewed interest in the connection between weather and 
cl imate , on the one hand , and the level of solar act ivity ,  on 
the other , is due to the str ik ing correlation between climate 
and the general leve l of solar activity demonstrated by the 
analysis of geolog ic and botanical records , as i llustrated by 
Figure 1 . 7 . Although no causal relation between the weathe r 
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and the solar luminos ity (or any other solar emiss ion tha t 
var ies with the activity cycle )  has yet been establ ished , the 
strong correlation observed must cause us to quest ion the 
assumpt ion that the solar luminos ity does not change over 
per iods of hundreds of years . A synoptic study of the tota l 
luminos ity of the Sun ( from infrared to ultraviolet wavelengths ) 
is of fundamental importance at this first level of the study 
of solar-terrestr ial relations . The problem is so bas ic to the 
phys ics of stars and stellar activity and to the understanding 
of c limate of the Ear th that it should be g iven h igh pr ior ity 
on a long-term basis . As we have pointed out previously , a 
complementary program to measure the relative br ightness of 
number s  of nearby main-sequence G stars is potent ially a very 
powe rful tool for s tudies of this type . 

The more traditional aspects of solar-terrestr ial relation s  
have t o  d o  with the well-known large fluctuations in the output 
of the Sun at EUV and x-ray wavelengths and in the corpuscular 
emiss ion from the Sun ( the solar wind and the solar •cosmic 
rays • ) . These violent fluctuations affect the terrestrial 
magnetosphere , ionosphere , and upper stratosphere , produc ing 
intense heating dur ing per iods of enhanced solar act ivity . 
Indeed , there is stat istical evidence that such effects may 
penetrate in subdued form into the lower atmosphere . SOlar­
w ind fluctuations--particular ly of magnet ic-f ield d irection-­
can induce substorms lasting a few hour s  that enhance energetic­
part icle depos ition , ionospher ic plasma product ion , and winds 
in the h igh-latitude thermosphere . 

The Earth ' s  atmosphere , ionosphere , and magnetosphere also 
respond to changes in large-scale solar-wind and magnet ic-sector 
s tructures that rotate with the Sun . The polar ity of the solar­
wind magnet ic field reverses abruptly across the magnet ic 
neutral sheet that l ies near the ecl iptic plane . Th is neutral 
sheet has a number of folds determined by the way in which the 
solar-w ind magnetic f ield happens to connect to the weak large­
scale solar f ield . Each t ime the folded neutral sheet passes 
over the Earth ,  the Earth f inds i tself in a sector of reversed 
polar ity .  Since sector structure persists for several sola r 
rotat ions , sector crossings tend to recur every 27 days ( the 
solar rotation period) , lead ing to a 27-day per iod ic ity i n  
var ious geomagnet ic act ivity ind ices . Recently , it  has also 
been proposed on the bas is of statistical stud ies that th e 
product of the vortic ity and area of stratospher ic wind systems 
increases after sector boundary cross ings . 

Var iations in the Earth ' s  magnetic f ield play a role on a 
still longer time scale . Every few hundred thousand years , the 
geomagnet ic f ield changes polar ity .  When the f ield i s  very 
small , the Earth ' s  magnetosphere has a rad ically different 
structure . S ince the area access ible to energetic part icle 
depos i t ion and auroral activity is then much larger , the 
effec ts of solar activity noticed dur ing the present epoch of a 
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normally large geomagnet ic f ield should be very pronounced 
dur ing geomagnetic f ield reversals . Finally , on the longest 
t ime scales , var iat ions in the solar wind over the age of the 
solar system must be cons idered . I t  was probably substantially 
more intense in the distant past , as suggested by observat ions 
of the dependence of the rotation rate upon age in other stars 
with convect ive outer layers and , presumably , stellar winds . 
S uch studies may eventually fur ther our understand ing of the 
evolution of the magnetosphere and atmosphere of the Ear th . 

c .  Nonthermal and Dynamical Phenomena i n  the Solar Atmosphere 

The occurrence of a temperature reversal in the solar chromo­
sphere , the million-degree temperatures character istic of the 
corona , and the expans ion of the corona into the solar wind a l l  
demonstrate that cond i tions i n  the solar atmosphere are far 
removed from local thermodynamic equilibr ium (LTE) . Nonther­
mal phenomena , which inc lude the propagation and d iss ipation of  
waves , the presence of macroscopic flows (e . g . , coronal cur ren t 
systems ) , and the conf inement of the plasma by magnetic forces , 
have a major influence on the structure , dynamics , and energy 
balance of the atmosphere . 

A ser ies of observational programs , most notably the 1973 
Skylab miss ion , have greatly expanded our understand ing of 
nonthermal and dynamical phenomena i n  the solar atmosphere and 
have enormously sharpened the focus of an observational prog r am 
for the 1980 ' s .  The central i ssues that must be addressed are  
summarized below : 

• Because the structure of the chromosphere is dominated 
by the conf igurat ion of the magnet ic f ield , which we now know 
to cons ist of bas ic elements of very small s ize ( less than a 
few hundred k ilometers) , observations with very h igh spat ial 
resolution are needed to guide and to test models of energy 
t ransport in the chromosphere . 

• Newly emerg ing magnetic flux i s  accompanied by h ighly 
var iable emiss ion of EUV and soft x-ray rad iat ion from small 
loops (with structures on a scale of 1000 km or less ) called 
br ight points . These structures , f irst detected by instruments 
on Skylab , may play a s ignif icant role in the magnet ic evolution 
of the atmosphere and in mass transport into the solar wind but 
are too small to be fully resolved by present x-ray and EUV 
observat ions . 

• Observat ions carr ied out by oso-a and SMM have shown 
that acoust ic waves carry insuff ic ient energy to heat x-ray­
emitting coronal loops r in order to test alternative mechanisms 
i nvolving the d iss ipation of energy i n  Alfven waves or coronal 
current systems , we need improved models of the conf igurat ion 
of coronal f ields and of the thermal structure of the coronal 
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loops themselves . These obj ectives require observations with 
very h igh resolut ion ( about 100 km) of the vector conf iguration 
of the photospher ic magnetic f ield at optical wavelengths and 
o f chromospher ic and coronal structures at EUV and soft x-ray 
wavelengths . 

o Most current models of chromospher ic and coronal 
s truc ture are stat ic . We know, however ,  that mass transport 
within the chromosphere , current systems in the corona , and 
mass exchange between the chromosphere and corona and between 
the corona and solar wind may play a dominant role in the 
e nergy balance of the atmosphere . Observations with very h igh 
spectral resolution for determination of spectral-line prof iles 
in small structures ( 100  to 500 km) are necessary to guide the 
development of dynamical theor ies . 

o It is generally accepted that the energy released from 
f lare processes is stored in force- free magnetic f ields in the 
corona and impuls ively transformed into the kinetic energy of 
nonthermal part icles . (The relative importance of electrons 
and nuclei is unclear , but electrons are thought to predomi­
nate . ) The currents assoc iated with the preflare conf igura­
t ion , and the reconnection process assoc iated with part icle 
acceleration , evidently occur on a very small scale ( about 100 
km) and will require observations with very h igh spat ial and 
t emporal resolution at soft x-ray and hard x-ray energ ies and 
a t  radio frequenc ies to gu ide and test theory . In order to 
e luc idate the role of the accelerat ion of atomic nuclei in 
f lares , gamma-ray observat ions of h igh spec tral resolution are 
a lso required .  

o Wh ile the general features o f  the large-scale structure 
of the corona (such as coronal loops and coronal holes ) are now 
understood , the detai led dynamical behavior of the corona ( such 
a s  the mechanisms respons ible for the accelerat ion and compos i­
t ion of the solar wind and the cause and role of coronal 
t rans ients ) is not . TO address these questions , a combinat ion 
of in s itu observat ions as close to the Sun as poss ible , 
together with h igh-resolut ion observat ions of the global 
conf iguration of the corona , are required . 

The common element in this brief review of nonthermal and 
dynamical phenomena in the atmosphere is the need for h igher 
r esolut ion observations (a) to determine the f ine structure of 
the chromospher ic and coronal magnetic fields , (b) to determine 
the dynamical behavior and f ine struc ture of chromospher ic and 
coronal mater ial , and (c)  to determine the nature of the recon­
nect ion and par ticle-accelerat ion processes operat ing in flares . 
I t  is clear that the necessary observations mus t cover a wide 
r ange of energ ies , from the rad io to the gamma-ray spectral 
reg ion , and must be made s imultaneously because of the dynamica l 
nature of the phenomena to be stud ied . These requirements can 
be largely met by two k inds of observational programs : ( a )  
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high-resolution observations of solar magnet ic structure with 
g round-based opt ical aagnetograpbs and with the VLA and (b )  a 
long-durat ion ASO in space , capable of the very h ighest 
resolut ion attainable fro. Earth orbit (ultimately approaching 
0 . 1  arcsec--7 0 ka on the Sun--at most wavelengths ) over the 
full spectral range from infrared wavelengths to g...a- r ays , 
operating in concert with the VLA as appropr iate , to study 
nonthermal and dynamical phenomena in the solar atmosphere . 
However , even instruments on the ASO will not be able fully to 
r esolve some important solar phenomena, a unique opportunity to 
attain an order-of-magnitude improvement in resolution ( about 7 
km--equivalent to 0 . 0 1  arcsec from Earth orbit)  and to make in 
s itu measurements directly in the corona is presented by the 
encounter of the Star Probe miss ion , which will approach within 
3 solar rad i i  of the photosphere . 

Finally , the study of chromospheres , coronas , and flares in 
other stars having a var iety of such fundamental parameter s a s 
age , temperature , mass , composition , sur face gravity , and 
internal conf igurations should help eluc idate bow coronas and 
chromospheres are heated and evolve . 

1 .  Chromospher ic Structure and Dynamics 

Al though the photosphere and chromosphere are layers of almost 
neg l ig ible geometr ical thickness compared to the radius of the 
Sun (often be ing .compared to the outer skin of an onion) , they 
are of fundamental importance to the energy , mass transport , 
and heating of the ent ire outer solar atmosphere , inc luding the 
solar wind . The energy and mass flux that ultimately produce 
the corona and solar wind move through these lower atmospher ic 
reg ions , leaving their s ignatures there ' the energy diss ipated 
i n  the photosphere and chromosphere is roughly 10 t imes greater 
than that requ ired to beat the entire corona and solar wind . 

The structure of the photosphere is dominated by the 
granulat ion and aupergranulat ion cells already discussed i n  
connection with convect ive processes . The magnet ic f ield is  
strongest in the cell boundar ies (wh ich presumably represent 
upflowing mater ial ) , and the •br ight chromospber ic network• 
overlies these reg ions of strong field . The networ k is visibl e 
i n  l inea emitted by material rang ing in temperature from the 
low chromosphere (about 6000 K) up to 5 x 10 5 K, ind icating 
that the conf igurat ion of the magnet ic f ield already dominates 
the structure of the atmosphere in the low chromosphere and 
that spher ically symmetr ic models are not appropr iate for any 
portion of the atmosphere . 
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2.  Bnergy and Mass Transpor t in the Photosphere and 

Ch romosphere 

Al though acoust ic waves have been r uled out as the pr inc ipal 
agent respons ible for heat ing the corona , they may still play 

an important role in the chromosphere. 'l'he photospher ic 
granulat ion seems to describe a turbulent veloc ity fieldr 

theory pred icts a spectrum of sound waves that are in a fre­

quency range that produces roughly the r ight acoustic d iss ipa­

t ion as a funct ion of height in the lower atmosphere. That is , 
computed diss ipation and computed net rad iat ive losses are ap­
prox imately equal , according to the best ava i lable atmospher ic 
models. Furthermore , wave propagat ion is now thought to be 
r espons ible for the magnitude and height dependence in the 
chromosphere of the •microturbulent • veloc ity ,  calcu lated by 
c a.par ing observed l inewidths with computed widths and attr ibut­

ing the d if ference to a nonthermal veloc ity f ield. Determina­
t ion of the spectral characteristics of acoustic waves in the 
chromosphere will require determinat ion of the g ranulation 
s pectrum at h igh wavenumber& and f requenc ies , wh ich will in 
turn requ ire spat ial resolution in the subarcsecond range . 
Knowledge of the h igh-frequency components of the granulat ion 
spectrum is required for accurate estimates of the energy f lux 
i n  sound waves generated by this turbulence. In add it ion ,  
observations o f  photospher ic and chromospher ic l ines are neede d 
a t  subarcsecond resolut ion with high sens i t ivity to obta in 
rel iable power spectra y ield ing unambiguous evidence for the 
propagat ion of waves in these reg ions. A proper study of the 

propagation and diss ipation of waves in the photosphere and 
chrcaosphere requ ires a self-cons istent treataent of non-� 
rad iative transfer r this tas k aay require the nex t generation 
o f  computers. Finally , the effect of a magnet ic f ield on wave 

propagat ion in a realistic mode l chromosphere must be deter­

m ined. 
A second aspect of chromospher ic heating is the shock d is­

s ipation of acoustic waves. At present , only ind irect ev idence 

for shock d iss ipat ion is avai lable (e.g. , the apparent presence 
of sound waves with the • r ight •  d iss ipat ion length , a smal l  
d ens i ty scale height ) . From th is evidence and support ing 

theoret ical calculat ions , many ( though not all ) solar phys i­
c ists now feel that the shock d iss ipat ion of init ially s inu­
soidal acoustic waves generated by photospher ic turbu lenc e 
provides s u f f ic ient energy to produce the initial chromospher ic 

te�rature r ise , as well as to balance the cons iderable rad i a­
t ive d iss ipation in the photosphere . HOwever , it appears that 
the d iss ipation of acoustic waves cannot heat the ent ire uppe r 
c hromosphere , where the so-called Ly.an-alpha temperature 
p lateau at about 2 x 104 K occurs , and furthermore may not be 
able to account for the energy diss ipated in the reg ion whe r e  
the Lyman-alpha wings and the resonance l ines of C a  I I  and 
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Mg I I  are  formed at about 6 . 5  x 10 3 K.  The high-resolution 
observat ions of the Solar Optical Telescope will provide theory 
with empir ical gu idance in assess ing the role of magnet ic 
heat ing (via current-sheet d issipat ion) and of energy transport 
from the hotter corona into the upper chromosphere . 

It is c lear that mass transport plays an important role in 
the energy balance of the chromosphere . Above the temperature 
minimum, much of the emission assoc iated with the chromosphere 
comes from spicules--outwardly moving structures observed on 
the solar l imb ,  which are thought to compr ise the chroaospher ic 
networ k on the disk . When observed at the limb ,  the spicule s 
typically r ise at veloc it ies of about 3 0  km/sec for t imes of 5 
min or so , then seem to disappear or even occas ionally fall 
back . However , the net flux of unresolved spicules is outward , 
so much so that one of the long-standing and unsolved problems 
of solar phys ics is that the integrated efflux of mass est imated 
from spicules is an order of magnitude larger than the efflux 
of aass from the Sun in the solar wind measured at the Ear th ' s  
orbit . Where does the •upward• flowing mass go? Recent obser­
vat ions show rapidly r is ing gas j ets (superspicules ) with 
veloc ities up to 400 km/sec and , more numerous and in d ifferen t 
locat ions , falling mater ial with smaller but still impress ive 
veloc ities up to 100 km/sec . These speeds are h ighly superson i c  
i n  the upper chromosphere . Future research should focus on at 
least two questions concerning spicules and these gas j ets : 

( a )  What character izes the f lows in the chromosphere that 
preserve mass balance in the corona , while provid ing for the 
leakage due to the solar wind? 

(b )  What physical processes cause the r is ing and surge-l ike 
behavior of spicules and gas jets? 

A number of other problems of chromospher ic structure and 
dynamics , which we cannot discuss in depth here , will be ad­
d ressed by the observat ions of the Solar Shuttle Observatory 
and the ASOJ examples include the following : 

( a )  The interpretation of the rad iation from ionized 
helium,  to determine the helium abundance and the ionizat ion 
s tructure of the upper chromosphere' 

(b )  Development of an improved model of the minimum­
temperature reg ion in the lower solar chromosphere, and 

(c )  Development of a full non-LTE model of radiation 
t r anspor t in the chromosphere that includes the effects of 
atmospher ic f ine structure , different ial veloc ity f ields , and 
multidimens ional rad iat ive transfer . 
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3 .  Coronal Structure and Dynamics 

In the past decade , observat ions made with rocket and satell ite 
instruments operating at uv, EUV, and x-ray wavelengths have 
demonstrated more clearly the fundamental role that magnetic 
f ields play in def ining the structure and the mass and energy 
f low in the chromosphere and corona , resulting in the identi f i­
cation of coronal holes as the source of h igh-speed solar -wind 
s treams . Differences in the phys ical cond itions in the chromo­
spher ic and coronal layer s  over different reg ions of the solar 
surface appear to be int imately related to the conf igurat ion 
and strength of the magnet ic fields in these areas . The coron a 
i s  d ivided into three c lasses of reg ions : (a )  act ive reg ions 
and coronal br ight points , character ized by strong coronal 
magnetic f ields with closed conf igurations (coronal loops ) J (b )  
quiet reg ions , wh ich have weak coronal magnetic fields that 
appear to be c losed on a large scale; and (c) coronal holes , 
which are assoc iated with weak coronal magnet ic fields having a 
d iverg ing open conf igurat ion . Reg ions with strong f ields are 
characte r ized by enhanced chromospher ic and coronal radiat ive 
output , moderately h igh coronal densities , and character ist ic 
coronal temperatures of 2 . 5  x 10 6 K .  Qu iet reg ions are charac­
ter ized by average chromospher ic rad iat ive output , intermed iate 
coronal rad iative output and dens it ies , and character ist ic 
coronal temperatures of 1 . 5  x 10 6 K. Coronal holes ar e 
character ized by average chromospher ic radiat ive output , low 
coronal radiat ive output and dens it ies , and character istic 
coronal temperatures of 1 x 10 6 K .  The differences in th e 
phys ical cond it ions in these reg ions must be due in part to the 
abi l ity of magnetic fields to channel the f low of mass and 
energy in the corona and possibly to the d irect d iss ipat ion of 
magnetic energy stored in the f ield . 

High-resolut ion observat ions of active reg ions made in the 
past decade have demonstrated that the coronal layers of active 
reg ions (within 1 to 2 solar rad i i  of the surface) cons ist of 
elemental structures in the form of magnetic flux tubes or 
loops in c losed conf igurat ions ( i . e . , with both footpoints 
rooted in the chromosphere) . One of the surpr ises of the 
1970 ' s was the d iscovery of cool loops , f illed with plasma at 
temperatures below 106 K ,  which appear to be dynamically and 
thermally unstable , with mate r ial flowing downward into the 
chromosphere . Sunspots , in particular , are often located at 
one footpoint of these cool loops . 

Empir ical and theoretical stud ies of these loops have 
demonstrated that the dynamics of the plasma contained in thes e 
loop structures is fundamental to their nature and that future 
observat ional and theoretical programs must take this factor 
into account . The exchange of mass and energy between the 
chromospher ic and coronal levels in these structures appears to 
play a major role in determining the temperature-dens ity struc­
ture of the coronal layers of act ive reg ions . 
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Among the more intr iguing discover ies aade by high-reso l u­
t ion rocket and satellite exper i .. nts in the past decade are 
the coronal br ight points , small reg ions of  intense x-ray and 
EUV emission d istr ibuted more or less uniformly over the solar 
disk . These reg ions , with characteristic d imens ions of 2 0 , 00 0  
km ( 3 0  arcsec ) , appear to be miniature act ive reg ions with l ife­
t imes measured in hours J they often exhibit flarelike act ivity 
i n  which the EUV and x-ray br ightness increases by one or  more 
orders of magnitude over a period of a few minutes . Studies of 
the rate of emergence of br ight points from observations made 
at different t imes in the last decade suggest that the numbe r 
of br ight points on the Sun is anticorrelated with the sunspot 
number and that the magnet ic f lux associated with these feature s  
i s  a major contr ibutor to the total aaount of magnetic flux 
being brought to the sur face throughout the solar sunspot cycle . 

Another important feature of br ight points is thei r  asso­
c iation with polar plumes , wh ich contr ibute a s ignif icant 
f r action of the mass in polar coronal holes . It appears that 
br ight points may provide an important contr ibution to the 
outward mass f lux that is observed in h igh-speed solar-wind 
streams or ig inating in coronal holes . I f  so , invest igat ions 
i nto the phys ics of the br ight points located in coronal holes 
may have a s ignif icant iapact on our understanding of the 
phys ical processes by which the solar wind is generated there . 

Although it is now known that high-speed solar -wind streams 
or ig inate in coronal holes ( reg ions of rapidly d iverg ing open 
magnet ic f ield conf igurat ions ) ,  the source of the low-speed 
component of the solar wind , the mechanisms responsible for 
solar-wind acceleration , and the large var iations in the chemi­
cal compos ition of the wind are not understood .  

Th e  study of the chemical coapos itions of the chromosphere , 
corona , and solar wind can provide ins ights into the dynamical 
processes occurr ing in the atmosphere . Although theoret ical 
d iffus ion models have predicted compos ition d ifferences in the 
chromosphere-corona trans ition reg ion and in the corona , no 
substantial evidence for such differences has yet been found . 
This suggests that suffic ient mixing of the atmosphere takes 
place because of dynamical processes that lead to the inter­
change of mass between the chromosphere and lower corona , so 
that d ifferences in chemical compos iton between these layers 
are eliminated . 

The delineat ion of the accelerat ion and escape mechanisms 
for solar mass loss and the ir relationship to the mean solar 
abundance d istr ibut ion in the solar wind and in solar cosmic 
r ays are important new areas of solar research . 

The chemical compos ition of the solar wind is of interest 
in the broader context of solar abundances and enr ichment of 
t he interstellar medium .  The solar-wind observat ions made to 
date have shown that the abundance of helium in the solar wind 
i s  30 to 50 percent smaller than the normal solar abundance and 
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t hat it  var ies widely on a var iety of t ime scales . The largest 
var iations ( as much as an order of magnitude ) occur on a scale 
o f  hours and appear to be related to solar-flare act ivity , 
whi le var iations by nearly a factor of 2 may occur on the time 
scale of the solar cycle . Although observations of other 
i sotopes and elements (3Be ,  Ne , o, Ar , and Fe) have been made 
only occas ionally , s imilar degrees of fluctuation are clearly 
present . 

4 .  Energy and Mass Transport in the Transit ion Reg ion and 
Corona 

Th e  source of coronal heat ing provides a c lassic example of a 
central problem in astrophys ics whose solution bas proven to be 
e lus ive but whose pursuit bas been extraordinar i ly productive .  
Cur rent models o f  coronal heat ing emphas ize mechanisms that 
i nvolve the release of energy s tored in the coronal magnet ic 
f ield either by the dissipation of Alfven waves , by the d iss ipa­
t ion of f ield energy represented by coronal cur rents , or in 
some type of slow reconnect ion process .  

FO r  example , a co.par ison of calculated coronal-f ield 
conf igurations (based on measure .. nts of photospher ic fields ) 
w i th coronal loop structures impl ies that coronal f ields are 
force-free and that large currents must flow in the corona . 
Th e  d iss ipation of these currents by class ical ohmic beat ing 
cannot provide suffic ient energy to beat a coronal loop, 
however , turbulent res istivity can g ive r ise to s ignif icant 
heating . 

Ac tive-reg ion loops may exist in a quasi-s teAdy s tate in 
which new current generated by twisting of magnet ic f ields 
through photospher ic motions is  d iss ipated by turbulent res is­
tivity in the corona , providing the energy necessary to balance 
the energy lost through conduct ion and rad iat ion . S imilar 
mechanisms may be at work in x-ray br ight points , wh ich d iffe r 
from active reg ions ( and perhaps all large-scale c losed coronal 
structures ) only in that they are compact and probably conf ined 
by h ighly twisted f ields . 

Fi eld reconnection provides a somewhat d ifferent mechanism 
for magnet ic diss ipation . If the twist of a magnet ic flux tube 
exceeds a modest amount , it  becomes unstable and rapidly forma 
enhanced current sheets in which oppos itely directed field ele­
ments are brought together . Th is process thus leads to rapid 
field reconnection and energy release across the neutral sheet . 
Such behavior could be the cause of br ight-point flares , which 
are observed to exhibit many characteristics of act ive-reg ion 
f lares . If such a process occurs cont inuously , it could also 
produce the quas i-static beating required to sustain br ight 
points and coronal loops . 
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Both current d iss ipat ion and magnet ic reconnect ion may play 
a role in the convers ion of magnet ic energy into heat in the 
corona , the former produc ing quas i-s table heat ing and the lat­
ter be ing assoc iated with more dynamic f ield instabilities on 
a ll scales , from br ight points up to major f lares . 

High-resolut ion observat ions acqu ired over the pas t  decade 
h ave led to renewed interest in problems of mass transport in 
the chromosphere and corona and have shown that mass transpor t 
processes play a critical role in controlling the phys ical state 
of the outer solar atmosphere . It is now clear that the outward 
f low of the solar wind represents a major coronal energy loss 
from open-f ield reg ions such as coronal holes and is d i rectly 
r elated to the low coronal temperatures and dens it ies found in 
the inner coronal layers of these reg ions . High-resolution 
observat ions of active and quiet reg ions have shown that there 
is a continual interchange of mass and energy between the 
chromosphere and corona , often occurr ing in f ine-scale (subarc­
second) structures associated with reg ions of strong magnetic 
f ields or somewhat larger ( few-arcsecond) structures in active 
reg ion loops and sunspots . The role of dynamic phenomena such 
as  spicules , • s uperspicules , •  and surges in coronal mass 
depos ition is unknown . There is strong c ircumstant ial evidence 
that chromospher ic evaporation dr iven by thermal conduction 
plays a pr imary role in determining the temperature-dens ity 
s tructure of coronal loops in quiet reg ions , active reg ions , 
and br ight points , but d irect empir ical confirmation of thi s  
process needs t o  be obtained . In general , when the chromo­
sphere and corona are observed with h igh spatial resolut ion 
( approximately 1 arcsec ) , it is found that dynamical mot ions 

and mass f lows appear to be critical e lements in the physical 
s tate of the plasma . What appears as microturbulence or 
nonthermal broadening of l ine prof i les in measurements mad e 
w ith low spat ial resolut ion seems to be caused by macroturbu­
lence and mass f lows in observat ions of h igher resolut ion . 
What was once j udged to be a quas i-s tat ic atmosphere in hydro­
stat ic equilibr ium is  gradually coming to be recognized as a 
dynamic atmosphere , with cont inual interchange of mass and 
energy between the chromosphere and corona . 

5 .  Chromospheres and Coronas i n  Other Stars 

The study of stellar chromospheres and coronas has been a 
part icularly exc iting and rapidly advanc ing subject , and it has 
produced surpr ises with far-reaching consequences . The ex­
i stence of chromospheres in a wide range of stars was c learly 
demonstrated before 1978 by ground-based observat ions of the H 
and K emiss ion l ines of Ca I I  and by observat ions of the Mg I I 
resonance lines in emiss ion with OAQ-2 , Copernicus , and balloon 
exper iments . These data impl ied that chromospheres exist in 
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most o r  all stars cooler than about spectral type PS ( 7 500 K) , 
although some stars as hot as spectral type PO show evidence 
for chromospheres . 

The Internat ional Ultraviolet Explorer ( IUB) satell ite , 
launched in January 197 8 ,  has greatly expanded our knowledge o f  
the outer atmospher ic layers o f  stars through observations of 
emiss ion l ines formed at temperatures of 4 , 000-2 5 0 , 000 K. So 
f ar ,  IUB observations ind icate that only dwarf stars cooler 
than spectral type FO, together with P- and G-type g iants and 
some superg iants , show emiss ion l ines character istic of trans i­
t ion reg ions (and presumably coronas , if the solar analogy i s  
valid ) .  The apparent absence of transit ion reg ions (and pre­
sumably also coronas ) in K-M g iants and in most superg iants may 
i nd icate that winds , rather than rad iat ion from hot coronas , 
are the dominant cool ing mechanism to balance nonrad iative 
heat ing . 

Ea rly x-ray exper iments on rockets and satellites 
( Nether lands Astronomy Satell ite , Small Astronomical 
Satellite- 3 )  detected coronal emiss ion from Capella , several 
dMe stars dur ing flares , and , unexpectedly , from Vega and 
S ir ius . The most exc it ing result from HBAo-1 was the d iscovery 
that the RS cvn-type binary systems , in which one or both 
c omponents are sl ightly evolved off the main sequence and 
s imilar to or s lightly cooler than the Sun , are �r ful x-ray 
emitters with coronal emiss ion measures up to 10 t imes tha t 
o f  the quiet solar corona . 

Results from the E instein x-ray observatory (HBAQ- 2 )  have 
produced major surpr ises . In add ition to stars of types 
previously known to have coronas , Einstein observat ions revealed 
coronas in young 0 stars , Of stars , Nolf-Rayet stars , and B-type 
s uperg iants . These data show that coronas exist in a much wider 
r ange of stars than previously thought and suggest that coronas 
may be heated by different mechanisms in d ifferent reg ions of 
the H-R d iagram . 

Dur ing the next decade , observat ional programs carr ied out 
with Space Telescope , the Extreme Ultraviolet Explorer ,  a 
f ar-u ltraviolet spectrograph in space , and an Advanced X-Ray 
Astrophys ics Fac i l ity will provide a much more coherent pictur e 
of coronal emiss ion and stellar winds in stars over the ent ire 
H-R d iagram . Comparative stud ies of parameters assoc iated with 
the solar corona and wind and those assoc iated with stellar 
coronas and winds should provide cr itical tests for models of 
coronal heat ing . 

6 .  The Flare Phenomenon 

The solar flare represents the most conspicuous aspect of the 
activity of the Sun and is the central and f inal link in the 
shedd ing of the solar magnet ic f ield ,  which leads to the decay 
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of the Sun ' s  activity cyc le .  Flares are s ign i f icant , not only 
for the ir geophys ical effects and the many secondary solar  
phenomena that they generate but also for the opportunity that 
they offer to study processes important to astrophys ics and 
plasma phys ics generally . 

Despite its complex ity , a conceptual flare model (based on 
high-resolution observations from the ground and from the 
Or bit ing Solar Observatory , Skylab , and SMM spacecraft) has 
recently ga ined wide acceptance . The bas ic elements of thi s 
model are as follows a pr ior to flare onset ,  energy i s  stored 
in a current-carrying magnetic f ield that is in a metastable 
s tate . The sudden reconnection of this f ield releases i ts free 
energy , wh ich appears in the form of energetic part icles (mainly 
e lectrons , according to most models ) . These particles subse­
quently interact with the atmosphere to produce in s itu  heating 
and bursts of microwave r ad iation and hard x-rays . The energy 
flux in this beam is h igh and leads to explosive evaporation of 
the chromosphere , producing a dense , hot (10 7 K or more ) 
plasma . Th is pr imary energy deposition in turn aaaounts for 
many subsequently observed f lare phenaaena , including sof t 
x-r ays , chromospher ic rad iation ,  far-rang ing coronal mass 
trans ients and radio emission ,  and solar cosmic-ray aaaeler a­
t ion . Finally , the coronal reg ion surrounding the initial 
event is left filled with a magnetically conf ined hot plasma , 
which maintains the decay phase of the flare for hours . 

Impor tant quest ions do remain, of course . Some observa­
t ions suggest that there is a preheating phase before the 
explosive energy release , as revealed by br ighten ing of corona l 
loops , but the real ity of this pheomenon has not yet been 
f irmly established . In add ition ,  the relationship of flare 
init iat ion to apparently preliminary coronal trans ients has not 
been made clear . Both of these poss ible precursors seem to be 
evidence of a very-large-scale ag itat ion of the active-reg ion 
magnetic f ield before a flare . The critical physical processes 
occur on a small scale ( 100 km or less ) and , in some cases , are 
observable only at rad io,  far-ultraviolet , or x-ray wave­
lengths . Detailed d iagnost ic study of these c r i t ical phenomena 
through coord inat ion of the h igh-resolution observations is now 
necessary to determine the prec ise physical nature of each 
phenomenon . 

Magnetic reconnect ion is the central process (both in the 
laboratory and in astrophys ics ) for the catastrophic release of 
the energy stored in a magnetically conf ined or s tressed 
plasma , in our discuss ion of bas ic phys ical processes , i t  
therefore deserves a conspicuous place and s ome  explanation .  
Under a wide var iety of cond itions , plasma tends t o  b e  frozen 
to magnetic f ield lines . Th is constraint is , however , not 
absolute , if it were , then perfect plasma confinement would be 
possible in the laboratory , the Barth ' s  magnetosphere would be 
isolated from the solar wind ,  matter would be less likely to 
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escape froa evolving stellar systems , and convection would not 
occur in magnetized star s .  Qu ite generally ,  the constra int 
breaks down locally in the vicinity of s ingular layers ( some­
t imes called neutral sheets) where the magnet ic f ield is 
locally orthogonal to an (unstable) e igenperturbation of the 
g lobal plasma structure . In the vic inity of these s ingular 
r eg ions , the f ield is freed from the plasma and its inertia and 
c an rapidly reconnect into a topology that permits the 
spontaneous relaxation of stresses . Th is reconnection , also 
c alled magnetic tear ing , aay occur e ither gradually or explo­
s ively . When it occurs explosively , it can lead to auroral 
s ubstorms and solar f lares or to d isrupt ions of the d ischarge 
channe l in laboratory exper iments with tokamak& J when it occurs 
g radually in interstellar space , s tellar convect ive layers ,  or 
stellar sur faces , the results include the quas i-static but 
g reatly enhanced d iss ipat ion of magnetic energy and the rear­
r angement of the f ield topology . The pr imary direct energy 
output of dynamic magnet ic reconnection is  accelerated 
electrons . These electrons , through collis ional and collec­
t ive-aode heat ing and bremsstrahlung , provide the observed 
low-energy and hard-radiation s ignatures of the class ical sola r 
f lare . 

· A fairly c lear morpholog ical picture (and a part ially re­
solved quant itative descr iption) of the preflare state and of 
the quas i-thermal decay phase of a flare have been obtained 
from extensive analyses of soft x-ray and EUV observat ions . 
However , coord inated full-spectrum diagnostic invest igat ions 
have been rare , and the present observations do not have suff i­
c ient spat ial d iscriminat ion to resolve the thermal structure 
of coronal loops . The magnet ic geometry has been documented in 
a number of cases , and the discovery of s ingle-loop f lares has 
clar if ied the instabil ity potential of an elemental sheared 
f ield (opening up new gener ic connections with toroidal-pinch 
laboratory exper iments ) .  The dens ity increase resulting from a 
f lare has shown the importance of the chromospher ic evaporat ion 
response to the pr imary energy release . The rough temporal and 
s patial var iability of flare hard x rays has been determined , 
ind icating that a major iapulsive-phase output is a flux (about 
1 0 29 ergs/sec in a major flare) of 1-100 keV electrons . Such 
electrons , together with the plasma waves ( leading to Type-I I I  
r ad io bursts ) they generate in traveling through the corona , 
have been observed in interplanetary space . Dur ing the las t 
few years , gamma-ray detectors and rad io interferometers have 
begun to produce data on the init ial flare output , demonstrat­
i ng the ex istence of MeV nucleons and very localized 100 keV 
gyrating-e lectron populat ions . 

A major d iscovery of the past decade was that coronal 
trans ients are a much more frequent phenomenon than previous ly 
r ea l ized and that these events are often assoc iated with a 
restructur ing of the outer corona . Coronal trans ients are mas s 
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ejections seen in the outer corona with veloc it ies that typ i­
c ally l ie between a few hundred and a thousand k i la.eters/ 
second . These eject ions are generally assoc iated with eruptive 
prominences ,  f lares , or other types of impulsive coronal 
events . Because of their large energ ies ( typically lo29-l o3 0 
e rgs , comparable with the energy l iberated in other manifesta­
tions of flares ) , and frequent assoc iation with flares , it is 
apparent that coronal transients play an important role in the 
flare process . The s i zes and trajector ies of flar e-assoc iated 
t rans ients ind icate that large volumes of the corona above the 
flare s ite are affected by passage of a trans ient . These 
events are also a s igni f icant source of solar mass loss . 

The impress ive observat ional progress of the last decad e 
h as permitted a new level of phys ical inquiry into the dynamics 
of the solar atmosphere . In a sense , the qual ity of the 
measurements has· brought solar phys ics into an era in which 
deta i led diagnost ic measurements (on the plasma-phys ics model )  
may be made and detailed theoret ical compar isons attempted . 
This is not to say that new phenomena will not be discovered , 
but we are clearly at the threshold of an integrated invest i­
gat ion--unit ing theory and exper iment--of energet ic solar­
phys ics processes . 

We have already described the k inds of observations neces­
sary to further ref ine our knowledge of preflare and postflare 
energy depos it ion and decay processes . We do wish , however ,  to 
emphas ize again the importance of the high-energy instrumenta­
t ion for the observat ion of hard x rays and gamma rays that must 
be incorporated into the ASO before the next solar maximum and 
of collaborative observations between the ASO and the VLA . 

7 . Flares in other Stars 

Tr ans ient x-ray and xuv emiss ion dur ing f lares has now been 
detected from several dMe flare stars , includ ing UV Cet i , Y Z  
CM i ,  Prox ima Centaur ! ,  and from several RS C V n  systems . These 
f lares have temperatures , x-ray l ight curves , and radio emis­
s ions s imilar to those of solar f lares , but x-ray luminos it ies 
and coronal emiss ion measures up to four orders of magnitude 
larger than is typical for large solar flares . FOr some 
flares , the opt ical emiss ion is much greater than the x-ray 
emiss ion , indicat ing that , as in solar flares , the stellar 
flares are cooled ma inly by conduction to the chromosphere . 
However ,  some observed f lares in the dMe stars have much more 
intense x-ray emiss ion than opt ical emiss ion , indicative of 
d irect rad iat ive cool ing . Thus , the large geometr ic scale or 
high dens ities implied by the large emiss ion measures in 
s tellar f lares may lead to cooling-phase behavior d ifferent 
from that of typical solar flares . 
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Dur ing the next decade , the study of flares in dMe and 
other s tars in the context of solar-flare concepts and models 
should i ncorporate a number of research thrusts . Coord inated 
observi ng programs involving s imultaneous gamma-ray ,  x-ray ,  uv, 
opt ic a l , and radio observat ions are needed to determine what 
types o f  stars ( in add it ion to the dMe stars and the RS cvn 
systems ) actually do flare and whether the phys ical propertie s 
of solar and stellar f lares are s imilar . High-resolut ion 
spect roscopy in the x-ray and XUV reg ions of the spectrum ar e 
needed for accurate determinat ions of temperatures , dens it ies , 
volumes , and other flare propert ies . With such data , one can 
beg i n  to learn whether the flare mechanisms are s imi lar to or 
d i f ferent from those operat ing on the Sun . In part icular , i t  
i s  c r i t ical to know why f lares in dMe stars and RS cvn systems 
are orde r s  of magn itude more energet ic than solar flares . 
Fi nally , we would like to know the extent of nonthermal 
processes in stellar flares , and why the ratio of x-ray to 
optic a l  emiss ion is so  h ighly var iable . 

D .  Th e  Dynamics o f  the Heliospher e 

Th e interplanetary med ium cons ists of four pr inc ipal com­
ponents : ( 1 )  a thermal plasma ( the solar wind ) , wh ich is an 
extens ion of the solar corona f lowing supersonically away from 
the Sun r ( 2 ) a magnetic f ield ,  wh ich is  that part of the solar 
magnet ic f ield carr ied into interplanetary space by the solar 
windr ( 3 ) energet ic part icles , wh ich have been accelerated to 
h igh energ ies in the solar atmosphere (solar cosmic rays ) , 
beyond interplanetary space ( Galac t ic cosmic rays ) , with i n  
i nterplanetary space,  o r  with in planetary magnetospheres r and 
( 4 )  a neutral gas , which flows into interplanetary space from 
the interstellar med ium.  It is clear that the interplanetary 
med ium i s  appropr iately viewed as the outermost solar atmo­
s phere (sometimes referred to as the heliosphere) and that its 
study represents an integral par t  of solar phys ics . 

The key element in our improved understand ing of helio­
spher ic structure and dynamics and its relat ionship to corona l 
s tructure and dynamics has been a collaborat ive program of 
coronal observat ions--most notably on Skylab--and of in  situ 
plasma , magnet ic-f ield , and energet ic-part icle observat ions in 
interplanetary space . Dur ing the past decade , the reg ion 
observed has been extended to within the orbit of Mercury and 
beyond the orbit of Saturn , but always in or near the ecl ipt ic 
plane . 

Dur ing the next decade this process of explorat ion should 
be greatly accelerated through the f i rs t  in s itu observat ions 
out of the eclipt ic plane by the Internat ional Solar POlar 
Miss ion ( I SPM) and through intrumentat ion on a Solar Coronal 
Explorer ( SCE) , which will , for the f irst t ime , provide global 
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measurements of the solar-w ind flow. In the early 1990 ' s ,  this 
program of exploration may be extended d irectly into the corona 
i tself , where the solar wind is accelerated , by a c lose-encoun­
ter apace miss ion--the Star Probe--and by h igh-resolution 
observations of coronal trans ients , solar wind flow, and 
coronal magnetic structure with an ASO . 

1 .  The Solar Wind and the Interplanetary Magnetic Pield 

In the past decade , two of the most s ignif icant advances in our 
understand ing of the solar wind have resulted from stud ies of 
the spatial and temporal evolut ion of large-scale solar -wind 
s tructures ( e . g . , h igh-speed streams , interplanetary magnetic 
sectors ,  flare-produced interplanetary shocks ) and from studies 
o f  the relat ionship of coronal holes to h igh-speed solar-wind 
streams and interplanetary magnetic sectors . The former stud­
ies have g iven us a good understanding of the basic physical 
processes important for the evolution of large-scale structure s 
i n  the ecl iptic plane and have developed a foundat ion for 
three-d imens ional magnetohydrodynamic modeling of the evolution 
of  such large-scale structures throughout the heliosphere . The 
latter stud ies have served both to resolve old problema and to 
present new ones . 

Co ronal holes have now been identi f ied unambiguously as the 
long-sought solar sources of recurrent high-speed solar-wind 
s treams , and this identif icat ion has led to new inferences 
( based on coronal observations ) of the three-d imens iona l 
structure of the solar wind and interplanetary magnet ic f ield, 
at least dur ing the years surrounding the minimum in the solar­
activity cycle . However , this ident if ication has also led to 
the conc lus ion that the nonradiat ive energy flux (enter ing the 
corona from lower atmospher ic layers ) requ ired to supply the 
energy carr ied away by the solar wind is nearly an order of 
magnitude larger ( for h igh-speed streams from coronal holes ) 
than has previously been aaaumed r hence , the solar wind 
dominates energy balance in coronal holes . Th is conclus ion , of 
course , adds a new dimens ion to the class ical coronal heat ing 
problem.  The problem is further compl icated by the rapidly 
diverging magnetic-field geometry (and flow geometry) that must  
be  cons idered in d iscussions of the coronal expans ion in  
coronal holes . 

Clearly , one of the problema r ipe for attack dur ing the 
next decade is the determination of the three-d imens iona l 
s tructure of the heliosphere and the relat ionsh ip of that 
structure to the large-scale structure , energy balance , and 
dynamical behavior of the corona . On the bas is of recent , 
complementary observations of coronal holes and the solar wind , 
i t  appears that , near the t ime of solar-act ivity minimum, the 
interplanetary medium may be well ordered on a large scale , 
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with the interplanetary magnetic f ield exhibit ing predominantly 
o ne polar ity in the northern hemisphere and the oppos ite polar­
i ty in the southern hemisphere and the solar-wind speed 
i ncreas ing with lat itude from generally moderate values near 
the ecl ipt ic plane to broad , relatively uniform h igh-speed 
s treams at h igh solar lat itudes . By contras t ,  it seems that , 
nearer solar max imum, this order ing of the interplanetary 
med ium on the largest scale d isappears together with the 
correspond ing order ing of br ightness structure in the sola r 
corona ( large coronal holes at h igh lat itudes and br ight , 
magnetically closed reg ions at low lat itudes ) . The observa­
t ional programs to be carr ied out by the ISPM , the Interplane­
tary Laboratory ( IPL) of OPEN , and the SCE are indispens ible to 
this sc ient ific program.  

Toward the end of  the 198 0 ' s  and in the early 1990 ' s ,  it 
should be poss ible to init iate an intens ive program to ad­
d ress a second major problem relating to the heliosphere--the 
location of the reg ion of , and the delineation of the mechan­
i sms respons ible for , the accelerat ion of the solar wind , as 
well as the explanat ions of related phenomena , such as the 
large var iat ions observed in the solar-wind compos it ion . In 
order to address these problems properly ,  the direct,  in situ 
observat ions of the Star Probe , together with the h igh spat ial 
and spectral resolution and h igh sens itivity of the ASO , will 
be requ ired . 

2 .  Th e  Propagation o f  Energet ic Particles i n  the He liospbere 

The existence of large-scale order ing of the interplanetary 
magnet ic f ield bas important implicat ions for the interplane­
tary modulation of Galactic cosmic rays . In the presence of a 
well-ordered magnetic f ield , grad ient and curvature dr i fts 
(whose effects are not generally included in modulation theory ) 
could be s igni f icant . This ent ire problem--the three-d imen­
s ional structure of the solar wind and the interplanetary 
magnetic f ield , and its influence on the modulat ion of Galactic 
cosmic rays--can be addressed in the next decade by ISPM and by 
the IPL of OPEN , which will provide in s itu observat ions of the 
solar-wind plasma , the interplanetary magnet ic f ield ,  and 
Ga lactic cosmic rays both in and out of the ecl ipt ic plane . 
These d irect observations need to be supplemented by observa­
t ional and theoretical stud ies of the interplanetary accelera­
t ion of energetic par t icles (which mod i f ies the cosmic-ray 
energy spectrum) and of the d iffus ion and scattering of cosmic 
rays through interaction with interplanetary fluctuations . 
Th is could be accomplished in part by an Advanced Interplane­
tary Explorer satell ite , which could study the propagat ion of 
solar and Ga lact ic cosmic rays in the interplanetary med ium.  
In part icular , it is important to determine whether the 
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anomalous component of the cosmic-ray spectrum is accelerated 
in interplanetary space ( from s ing ly ionized atoms or ig inat ing 
in the interstellar neutral gas) ; if  not , the bas ic theory of 
i nterplanetary modulat ion of Galact ic cosmic rays may face 
fundament a l  problems . 

3 .  Th e  Neutral Component of the Interplanetary Med ium 

In conj unc t ion with stud ies of the interplanetary med ium i n  
three d imens ions , it  is important t o  emphas ize stud ies o f  the 
penetrat ion of the neutral interstellar gas into the inter­
p lanetary med ium .  Observat ions with spacecraft UV photometers , 
together w ith steady-state theoretical models , have brought us 
to a good understand ing of the bas ic phys ical processes involv­
ed in this aspec t  of the interact ion of the heliosphere with 
the interstellar med ium .  However , it will be necessary in the 
next several years to develop t ime-dependent theoretical model s  
(because of the several-year res idence t ime o f  a n  interstellar 

hydrogen atom in the interact ion reg ion of the heliosphere ) and 
to obtain h igher resolut ion UV sky-background maps , in order to 
improve the accuracy of the deduced values of local interste l­
lar gas parameters and to obta in the three-d imens ional struc­
ture of the solar-wind mass f lux from such maps . The Extreme 
Ultraviolet Explorer ,  Space Telescope , and a far-u ltraviolet 
spectrograph in space should all contr ibute important 
observat ional data relevant to this quest ion . 

4 .  The Loss of Solar Angular Momentum 

Another problem that should be addressed in the next decade is 
the quest ion of solar spindown , or the transport of angular 
momentum by the solar wind , which cannot at present be pursued 
without further observat ions to test current theor ies . Suc h  
observat ions can be carr ied out i n  and out o f  the eclipt ic 
plane by plasma instruments on properly placed interplaneta r y  
probes , such as ISPM and the I P L  of OPEN . In add it ion , i f  the 
wh ite-light coronagraph on ISPM can measure the curvature o f  
coronal structures out to some 20 solar rad i i ,  current theor ies 
can be  put  to a solid test . The var iat ion of the angular­
momentum transport over a s ign ificant fract ion of the Sun ' s  
lifet ime can be addressed indirectly by stud ies of lunar 
mater ial and thei r  record of the anc ient solar wind .  

VI . PROGRAMMATIC OPPORTUNITIES FOR THE 198 0 ' S 

The preced ing sec tion has presented the sc ient i f ic goals that 
the WOrk ing Group believes should be pursued dur ing the 
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1980 ' s .  Because the sc ienti f ic programs required to pursue 
these goals depend so heavily on coord inated observat ions us ing 
a var iety of techniques , a d iscussion of programmat ic oppor­
t unit ies in solar phys ics for the 1980 ' s  must necessarily 
emphas ize the coherence of these programs . We wish also to 
emphas ize the importance to solar phys ics of ongoing programs 
at NSF and NASA 7 of approved programs , such as the Solar Optica l 
Te lescope ( SOT) and the Internat ional Solar Polar Miss ion 
( I SPM) J and of related prog rams , such as Star Probe and OPEN , 
which are normally reviewed by establ ished committees of the 
Nat ional Research Counc il ' s  Space Sc ience Board . 

We f irst present a summary of the major theoret ical act iv­
it ies and observat ional programs that we believe will be needed 
during the coming decade and then d iscuss each program in some 
detai l .  

A .  Summary 

1 .  Theory and Modeling , and Laboratory Astrophysic s 

Theory must play an increas ingly central role in the planned 
development of solar phys ics . Moreover , theory and quantita­
t ive modeling should guide the entire informat ion cha in--data 
acquisition , reduct ion , dissemination , correlat ion , storage , 
and retr ieval--in order to assure the availabi l ity of coord i­
nated data from d iverse or ig i ns . The carefully planned Apollo 
Te lescope Mount (ATM) observat ional and data-analys is programs , 
wh ich made extensive use of workshops , furnish an excellent 
model . In this connect ion , we support the full exploitat ion of 
Solar Maximum Mission ( SMM) observations through an extended 
program of data analys is and assoc iated theoretical activity 
that includes broad community part ic ipation . 

The Colgate Committee of the National Research Counc il ' s  
Space Sc ience Board (Space Plasma Phys ics : The Study of 
Solar-System Plasmas , volume 1 ,  Reports of the Study Committee 
and Advocacy Panels , National Academy of Sc iences , washington , 
D . C . , 197 8 ) recommended that the level of theoretical effort in  
space plasma phys ics be increased . Th is recommendat ion has 
already been put into effect by NASA for solar-terrestr ial 
phys ics , we applaud this init iat ive , urge that it be cont inued , 
and hope that it will be followed by a s imilar NSF initiative . 

We also endorse expanded support for laboratory measure­
ments of those atomic , molecular , and nuclear properties that 
a re relevant to astrophys ics , without such data , the major 
instrumental programs discussed here cannot achieve thei r  ful l 
potent ial . 
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2 . Ground-Based Facilities 

Th e  role of apace observations in solar physics should reach 
full maturity aa an equal partner with ground-based techniques 
dur ing the 1980 ' B J consequently , the major ity of the major new 
initiatives that we have identif ied involve space observations . 
Nevertheless ,  g round-based solar astronomy remains sc ient ifi­
cally vital and technolog ically innovative .  Collaborat ive 
observat ional programs between spacecraft instruments and 
ground-based instruments such as the Very Large Array (VLA) and 
vector magnetographa , together with innovative ground-baaed 
programs such as the study of the solar osc illations , neutr ino 
observat ions , and the study of stellar chromospheres and 
act ivity cycles , are central to the sc ienti f ic strategy that we 

have developed . We summar i ze the major new ground-based 
initiatives that we have identif ied below : 

( a )  We strongly support the 7 1Qa solar-neutr ino exper i­
ment and urge that it be implemented as soon as poss ible . We 
f urther urge that 7 Li and l lS xn exper iments be implemented 
dur ing the coming decade . 

(b )  We strongly support a vigorous program of solar research 
at the National Astronomy Centers . The Centers at which solar 
research is carr ied out--Sacramento Peak Observatory ( SPO) , 
Kitt Peak National Observatory ( KPNO) , and the High Alt itude 
Observatory (BAO) --a ll enjoy strong and active support and 
part ic ipation by the solar-phys ics community. Although there 
are no staff members at NRAO who are currently act ive in solar 
research , a strong visitors ' program of solar research 
u t i l i z ing the VLA has developed . 

We also wish to stress the importance of university-operated 
solar rad io and opt ical observator ies and of independent obser­
vator ies such as Mount Wilson to solar-phys ics research dur ing 
the next decade . The research carr ied out at these observa­
tor ies is innovat ive and frequently of a pioneer ing nature , and 
such institutions play a unique role in the training of young 
sc ientists . ' 

We believe that the major development programs that we have 
identif ied can be accomplished within the continuing Nationa l 
As tronomy Centers and Grants Programs of the NSF J however , we 
are concerned that the present levels of support for instr u­
mentat ion and detectors development and for technical support 
of observatory operat ions are inadequate in both the Center s 
and Grants Programs . 

Among the major development programs for solar instrumenta­
t ion discussed by the Wor k ing Group, we wish spec i f ically to 
e ndorse the following , which are l isted in order of pr ior i ty :  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

C h a l l e n g e s  t o  A s t r o n o m y  a n d  A s t r o p h y s i c s :   W o r k i n g  D o c u m e n t s  o f  t h e  A s t r o n o m y  S u r v e y  C o m m i t t e e
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( i )  Ultra-high-resolution tachometers for observations o f  
t he veloc ity f ield o f  the Sun , with applications t o  studies of 
large-scale circulation , differential rotation , and the var ious 
solar osc illation modes . 

( i i ) Instrumentat ion that utilizes active optical ele .. nts 
and image-restoration techniques to obtain diffraction-l imited 
r esolution for studies of solar structure and motions . 

( i i i )  One or more vector magnetographs for the study of the 
e lectr ic-current patterns associated with solar activity . 

( iv) Improvements in the VLA to enhance its capabil ities 
for solar observations . 

(v)  An extreme-l imb photometer to study large-scale photo­
spher ic br ightness var iations and their  influence on measure­
ments of the shape of the Sun , as well as to study solar 
osci llations . 

(v i )  Development of a capabi l ity to make full spat ially 
resolved polar ization measurements at radio wavelengths at a 
s u itable fac ility .  

( v i i )  Instrumentation that can achieve improved sens itivity 
for the study of stellar magnetic fields . 

(vi i i )  The development of instrumentat ion for d irect 
measurements of solar electr ic f ields through observations o f  
the Stark effect . 

( c ) Ground-based observations have been in the vanguard of 
the expanded interest of astronomers in stellar activity and 
s tellar cycles r however , the unique requirements of long-term 
observational programs that this type of study imposes have 
made it d ifficult to accommodate such programs within the 
exist ing resources of the astronomical community .  We believe 
that two measures should be taken to alleviate this problem s 

( i )  The construction of a ded icated stellar telescope of  
moderate aperture (about 2 . 5  m) for synoptic observat ions of 
stars , to be operated in conj unction with the solar programs o f  
the Nat ional As tronomy Centers . 

( i i )  Observations with the Mount Wilson 1 . 5-m telescope 
have provided much of our present results on stellar chromo­
spheres and stellar activity . The continu�d operat ion of thi s  
f ac i lity is n ow  in doubt because o f  f inanc ial pressures on the 
pr ivate foundation that operates the Mount Wilson Observatory . 
We urge the relevant fund ing agenc ies to weigh carefully the 
var ious alternat ives by wh ich they could help assure the 
continued operation of this unique and important fac i lity .  

3 . Space Facil ities 

(a) The Working Group concludes that the space program of 
highest pr ior ity for solar phys ics in the coming decade is the 
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evolutionary development o f  a n  ensemble o f  Shuttleborne instru­
ments in both the facility and Pr incipal Invest igator classes 
that may be operated together to form a Solar Shuttle Observa­
tory , and that will be capable of s imultaneous , h igh-resolut ion 
observat ions cover ing the electromagnet ic spectrum from gamma­
r ay to near-i nfrared wavelengths . Once developed , this assembly 
should be placed on a free-fly ing satellite or space platform 
to for• an Advanced Solar Observatory for the long-term study 
of the phys ics of solar and stellar activity . 

(b)  We endorse the recommendation of the ssa • s  Committee on 
Solar and Space Phys ics for a solar encounter and interplanetary 
cruise miss ion , the Star Probe , to penetrate as deeply as pos­
s ible into the accelerat ion reg ion of the solar wind . The 
major sc ient ific object ives of the Star Probe of interest in 
the present context are the following : 

• TO obtain ultra-h igh-resolut ion ( 7-10 km) 
observat ions of the corona , chromosphere , and photosphere at 
solar encounter ,  

• TO study the interplanetary med ium and solar 
corona in s itu , includ ing the accelerat ion reg ion of the solar 
wind , 

• TO obtain a direct measurement of the solar 
quadrupole moment, and 

• To obtain extended stereoscopic observat ions of 
the corona , chromosphere , and photosphere at soft x-ray , xuv, 
and visible wavelengths , in conj unction with the observational 
program of the Advanced Solar Observatory . 

(c )  We endorse a strong program for the study of th e 
c onvect ion zone and of the solar cycle , together with the 
effects of the cycle on the solar spectral irradiance and 
luminos ity and on the hel iosphere . We call attent ion to the 
need for two space miss ions to carry out this program: 

• A Solar Internal Dynamics Miss ion for study of the 
solar convection zone and 

• A Solar Coronal Explorer for study of the 
heliosphere . 

To extend the systematic measurements of solar irrad iance 
and luminos ity initiated by the Solar Maximum Mission ( SMM) , we 
f urthermore urge NASA to undertake the following : 

• A well-coord inated program of synoptic observa­
t ions of the solar spectral irrad iance and luminos ity extend ing 
over at least two solar act ivity cycles ( i . e . , the complete 
magnet ic cycle) . 

( d )  We support observat ional programs in other d isc ipl ines 
that will permit solar and hel iospher ic observations : the 
I SPM , OPEN , and Gamma Ray Observatory (GRO) miss ions , an 
Advanced Interplanetary Explorer , and the Solar Terrestr ia l 
Observatory . 

( e )  We regard the observat ion of chromospher ic and coronal 
phenomena in other stars as an important par t  of the sc ien-
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t i f ic program developed by the present WOrk ing Group .  Th e  
programs o f  interest include Space Te lescope , the Advanced 
X-Ray Astrophys ics Facility ,  the Extreme Ultraviolet Explore r 
m iss ion , a far-u ltraviolet spectrograph in space , and future 
Explorer satell ites . 

B .  Theory , Model ing , and Laboratory Astrophys ics 

Solar and heliospher ic phys ics provide a unique opportun ity for 
the theor ist , s ince models of the bas ic phys ical phenomena 
occu r r ing in an astrophys ical sett ing can be compared with 
deta i led h igh-resolut ion or in s itu observations of fundamental 
plasma properties . The interplay beween detailed theoret ica l 
models and observations is therefore especially important for 
these d i sc ipl ines and , in the univers ity setting , for the 
train ing of astrophys ics researchers . 

We wish here to discuss br iefly several areas of sola r 
hel iospher ic theory that will be espec ially relevant to the 
sc ient i f ic problems that we have identif ied for emphas is in the 
1 9 80 ' s .  

1 .  Th e  Phys ics of Solar Plasmas 

In the last decade , advances in plasma theory have flowed 
largely from studies mot ivated either by solar appl icat ions or 
by the controlled-fus ion program .  Among the more important 
developments assoc iated with solar problems are the following : 

The development of improved force-free corona l-f ield algo­
rithms , 

Th e  development of magnetohydromagnet ic models of coronal 
loops J 

Th e  study of energy release and part icle accelerat ion by 
magnet ic-reconnect ion processes , such as the static Petsche k 
processes and the magnet ic-tear ing instability, 

The descr ipt ion of reverse cur rents induced by electron 
beams and the ir role in heat ing , and 

The role of electron beams in the generat ion of Type I I I  
r ad io bursts and postflare chromospher ic evaporat ion . 

Dur ing the next 10 years , the major challenge to sola r 
plasma theor ists w i ll be the successful development of these 
seminal ideas in the context of the d iffer ing phys ical cond i­
t ions and irregular geometry of the Sun , with the aim of 
pred ict ing and interpreting observations . For example , th e 
solut ion of the problem of the flow stabil ity of solar magnetic 
struc tures (whether chromospber ic f lux tubes or coronal loops ) 
w ill requ ire a departure from the s imple symmetr ies and stat ic 
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models often used . New dynamic techniques will have to be 
developed for this task and for the equally d ifficult radiative 
thermal instability problem . The form of the magnetic f ie ld in 
the solar atmosphere is the dominant influence on conf inement 
and thermal conduction , and the relevant details of the magnet­
ic-f ield arch itecture , such as the shear , are not at present 
well known in the solar atmosphere . 

We antic ipate that new high-r esolution observations--in the 
coming decade with the Solar Optical Telescope and with the 
other major Shuttle facilities and in the ear ly 1990 ' s  with the 
Star Probe--will provide important empir ical gu idance for the 
refinement of our understand ing of the basic plasma processes 
that operate in the solar atmosphere . 

2 .  Flares 

The theory of magnetic reconnection in solar flares is still in 
its infancy , the cons iderable progress of the last f ive year s 
notwithstand ing . The actual t ime development of the Petschek 
process , for example , and the influence of real ist ic external 
boundar ies are yet to be determined . There is not at present 
available any treatment of reconnect ion processes that includes 
a self-consistent calculat ion of the relationship of the r is ing 
current dens ity to the turbulent resistivity . Plasma-fusion 
computat ions do not usually incorporate var iable resist ivity 
and have only recently incorporated three-dimensional geometry 
and such secondary instability determinants as current den­
s ities . Fully nonlinear calculations are needed to determine 
the spat ial and temporal development of the plasma heat ing and 
acceleration in these f lare models . 

The study of the accelerated-particle output of a realistic 
flare model should receive h igh pr ior ity in the next decade , 
s ince it can provide answers to a number of subs idiary questions 
( e . g . , What is the charged-particle energy spectrum? Are the 
cond itions for the generat ion of a reverse current sat isf ied? ) 
and pred ictions of observable consequences . The detailed 
analys is of SMM observations will result in s ignif icant progress 
here , but the resolving power of the Advanced Solar Observatory 
( ASO) will be requ ired to provide detailed empir ical gu idance. 

3. Coronal Heating 

The mechan isms for chromospher ic and coronal heat ing are funda­
mental problema that have st imulated cons iderable work on the 
bas ic phys ics of acoust ic-gravity-hydromagnet ic waves . The 
generat ion , propagation , and diss ipat ion of such waves have 
been explored at length and an extens ive body of bas ic phys ics 
established . More work remains to be done on var ious spec ial 
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forms of the waves and on the ir non-local-thermodynamic­
equ i l ibr i um radiat ive properties , so that the forthcoming 
observations of atmospher ic fluctuations in the chromospher e  
and corona can be interpreted and employed to answer cruc ial 
quest ions on heat ing . The problem is to determine from observa­
t ions j ust  which modes are involved in coronal and chromospher ic 
heat ing . In add ition to the d iss ipat ion of waves from the 
photosphere , there may be s ignif icant or even dominant heating 
from the diss ipation of nonpotential magnet ic f ields . In thi s  
connect ion ,  a more complete g lobal weak-f ield treatment o f  the 
cond i tions for (and results of) the generat ion of turbulence i s  
needed . Th e  existence o f  anomalous res istivity ( 10 5 t ime s 
larger than the classical value) would have a great effect on 
the potent ial ity and rates of coronal energy-release processes 
and has been postulated as an explanat ion for rapid f ield 
reconnect ion and quiescent coronal heating . The avai labi lity 
of h igh-resolut ion observat ions of coronal structure at x-ray 
and EUV wavelengths from the Shuttle and from the Advanced 
Solar Observatory (ASO) is critical to theoretical stud ies of 
coronal heating . 

4 .  La rge-Scale Ci rculat ion 

As noted earlier , the general hydrodynamic theory of convection 
and c irculation in the outer envelope of the Sun is a difficul t 
and fundamental problem. I t  has been demonstrated that a 
var iety of motions in the convect ive core can generate the 
magnet ic f ield of the Sun with the t ime-dependent d istribut ions 
observed at the surface , however , observations are requ ired to 
identi fy the modes that actually occur . Further progress in 
under stand ing c irculation and other processes in the convection 
zone i s  thus closely l inked to the Solar Inter ior Dynamics 
Program. 

5.  Magnetohydrodynamics of the Solar Atmosphere 

Much remains to be learned about the dynamical properties o f  
magnet ic f ields i n  conducting gases . Magnetohydrodynamics 
(MBD) represents a vast theoretical terrain that we have only 
begun to explore . Such unexplained phenomena as the general 
self-concentration of weak photopher ic f ields into separate 
intense individual flux tubes of 1500 gauss , and the occas ional 
mutual gathering of those tubes into a tight cluster to form a 
sunspot (not to ment ion prominences of var ious k inds , spicules 
and surges , for example ) continually remind us of the incomplete 
s tate of our knowledge of the dynamical propert ies of magnetic 
fields . A concerted MHD theoret ical effort is needed to d is­
cover and work out new facets of the dynamical behavior of 
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f ields , hydromagnetic waves , neutral-point reconnect ion , mag­
netic buoyancy , the mutual hydrodynamic attraction of separate 
tubes , turbulent diffus ion of magnetic f ields , hydromagnetic 
dynamos , and topolog ical d iss ipation . The init ial f l ights of 
SOT may revolutionize the techniques used in magnetohydro­
dynamic models of the solar atmosphere . 

6 . Computer Modeling and Simulation of Coronal and 
He l iospher ic Phenomena 

We foresee a growing need for numer ical studies of three­
dimensional models of the magnetic f ields of active reg ions , of 
three-d imens ional models of the winds , f ields , and cosmic-ray 
par t icle propagation in the heliosphere (part icularly in connec­
t ion with the International Solar Polar Miss ion) , and of plasmas 
turbulence , heat transpor t ,  and rapid reconnection in models of 
magnetic loops , arches , and strongly sheared f ields . At 
present , computer modeling is l imited to modest Reynolds and 
magnet ic Reynolds numbers , so it  cannot explore the fully 
turbulent and disordered states that often occur in stellar 
activity .  We therefore suggest that the further maturation of 
analytical solutions must provide the impetus for such model­
i ng .  Adequate support for modeling is needed , but at least for 
the present there should be no fac i l i t ies created s imply to 
handle numer ical modeling whenever the request ar ises . 

7 .  The Theory of Solar and Stellar Pulsations 

The general theory of stellar pulsations is well developed, 
however , the application of this theory to the Sun is rathe r 
recent . The identification of the well-known 5-min osc illa­
t ions as global p-mode osc illations of the Sun has opened up a 
new subd isc ipline of solar physics . The general theory of 
pulsations in a spher ically symmetr ic star has already been 
modif ied to allow the detect ion of the effects of the solar 
rotation and some inferences about the rotational profi le of  
the convection zone to be  drawn . As the observations of the 
solar osc i llations become more prec ise , improved calculations 
of p-mode and g-mode osc i llat ions will be required to test 
models of the internal structure of the Sun . 

8 .  Solar and Stellar Evolution 

As more prec ise results from neutr ino spectroscopy , measurements 
of the solar quadrupole moment , and interpretations of the 
long-per iod solar osc illat ions become ava i lable , it will be 
necessary to cons ider more sophist icated models of solar evo-
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lut ion . These should include the effects o f  inhomogeneous 
i nitial-abundance models , of mixing , and of var ious rotat ional 
profiles and magnetic conf igurations . There will be a very 
active interaction between empir ical results and theoretical 
modeling in this subd isc ipl ine dur ing the 1980 ' s .  

9 .  Laboratory S imulat ion and Laboratory As trophys ics 

Renewed emphasis should be placed on laboratory plasma-physic s  
exper iments d irectly relevant to solar-activity problems . In 
par t icular , exper iments in toroidal geometry pertinent to 
c oronal-loop phenomena should be pursued' these would include 
quiescent stability ,  end effects , turbulent heating , magnetic 
r econnection , and electron acceleration .  Computer s imulat ion 
by part icle-push ing codes falls in this same promis ing category 
s ince i t  provides a method of analog exper imentation . However ,  
more effor t i s  needed to model the complicated geometr ies and 
nonuniformities--espec ially that of magnetic shear--relevant to 
solar appl ications . The quality ( and complexity )  of the recent 
l aboratory data on solar act ivity furnishes a powerful motiva­
tion to theoretical developments . 

We also wish to emphasi ze that the ava i lability of accurate 
atomic and nuclear rate parameters , together with thermal and 
nonthermal plasma models , has a profound impact on solar and 
heliospher ic phys ics , because these disc iplines deal directly 
w ith the fundamental phys ical processes that underlie astro­
phys ical phenomena . We therefore urge expanded support for 
laboratory astrophysics . 

c .  Ground-Based Observations 

The resources needed in the next decade for ground-based obser­
vat ions can be grouped into three categor ies z support for 
exist ing fac ilit ies , mod i f icat ions to existing fac i l i t ies , and 
new fac i lities . We discuss these in turn . 

1 .  Support for Existing Fac ilities 

a .  Univers ity Observator ies 

Un iversity involvement in solar and solar/stellar research 
is essent ial for continued progress in the f ield . A few 
univers ities operate radio or optical solar observator ies , 
pr imar i ly with federal funds ' these are a v ital component of 
the solar-physics establishment ,  s ince they serve to train new 
researchers and contr ibute directly (and in innovative direc­
t ions )  to the mainstream of research . Al though not str ictly a 
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univers ity observatory , the Mount Wilson Observatory , operated 
by a pr ivate foundation , furnishes important resources to the 
solar and solar/stellar communities , and we shall therefore 
include Mt . Wilson (both the solar tower and the 1 . 5-m te le­
scope) in the subsequent d iscuss ion . 

Funding for university observator ies has failed to keep 
pace with the rapid inflat ion rate of recent years . As a 
result , development of new instruments has suffered and sc ien­
t if ic staff levels have become inadequate . Th i s  trend must be 
reversed in the 1980 ' s .  Several observator ies (e . g . , McMath­
Hu lbert ,  San Fernando , Lockheed , Stanford Radio) have been 
closed for lack of support ,  while others (e . g . , Clark Lake ) 
have never obtained funds suffic ient to reach a fully effective 
operational leve l .  Th e  pl ight o f  solar radio observator ies i s  
part icularly acute . Only a handful remain,  and several of 
these ( e . g . , For t Davis and the University of California , San 
D iego fac i lity)  are in j eopardy . We recommend increased 
support for univers ity observator ies based on the qual ity o f  
their  work and the strength o f  the ir sc ienti f ic proposals to 
fund ing agencies . In this connection ,  we wish specif ically to 
mention the 1 . 5-m telescope at Mt . Wilson , which is carrying 
out an important program of research on stellar activity and 
wh ich is in imminent danger of being closed . 

b .  National Astronomy Center s 

Th ree National As tronomy Centers [ the High Alt itude 
Observatory (HAO) of the Nat ional Center for Atmospher ic 
Research , Kitt Peak National Observatory (KPNO) and Sacramento 
Peak Observatory ( SAO) ] provide research fac i l ities to the 
solar community and also conduct extens ive internal research 
programs . It is essential to the continued progress of solar 
phys ics that these centers rece ive support adequate to carry 
out the ir miss ions . While no new major telescopes are required , 
there is a continuing need to improve focal-plane instrumenta­
t ion and data-reduction fac i l i t ies . Spec if ically , the continued 
implementat ion of d iode-array detectors and array-process ing 
comput ing facilities will be major elements of future improve­
ments . 

Long-term visitor programs have been important to all the 
National Astronomy Centers but these programs have now come 
under strong budget pressure . Th is trend should be reversed . 

So far , suffic ient time has been made available on the VLA 
for centimeter-wave solar observations , and this t ime has been 
effectively used to obtain two-d imensional synthes ized maps of 
solar reg ions (both quiet and active ) with a spat ial resolution 
of 1 arcsec or less . However , we be lieve that the effectiveness 
of the VLA for solar observations would be greatly enhanced by 
the establ ishment of an internal solar program at the Nat ional 
Rad io As tronomy Observatory . Th is could be accomplished through 
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the add it ion of  one or  two solar radio astronomers to the staff . 
Adequate t ime should also be provided on the VLA for observa­
t ions of solar-type stars . 

c .  The Bomestake Mine Neutr ino Exper imen t 

Th is exper iment , based on chlor ine , should be operated 
concurrently with a second exper iment , now under development ,  
that will utilize substantial quantitites of gallium .  Th is 
approach will permit two populations of neutr inos ( from d i f­
f erent branches of the proton-proton chain) to be sampled 
concurrently . 

d .  Image-Reconstruction Technique Development 

Postobservational reconstruction of optical images degraded 
by atmospher ic seeing has great potential for solar phys ics . 
Several institutions are explor ing alternative methods . I f  any 
o f  these becomes pract ical , resolutions of 110 km and 40 km 
could be achieved with existing telescopes at SPO and KPNO , 
respectively . 'l!lus , ground-based telescopes could compete in 
performance with space telescopes for certain l imited obj ec­
t ives , at cons iderable cost savings . 'l!le Work ing Group urges 
continued support for these developments . 

2 .  Modif icat ions to Exist ing Fac i l i t ies 

a .  The Very Large Array 

Coord inated observations between the ASO and the VLA for 
the study of the coronal magnetic f ield ,  the acceleration and 
propagation of electrons dur ing the impuls ive phase of flares , 
and coronal trans ients will be an important par t  of solar­
phys ics research dur ing the 1980 ' s .  The VLA should therefore 
be better adapted to the needs of solar observat ions . In 
part icular , the VLA capability to measure c ircular polar i zat ion 
should be improved to an accuracy of better than 1 percent , and 
the technical problems related to dynamic range and calibration 
of total solar-flux measurements should be solved . It is 
encourag ing that some of these mod i f ications are currently 
under way and that others are planned . 

b .  Solar Radio Observator ies 

Although the VLA provides important and unique capabilitie s  
for solar radio observations , many solar problems requ ire a 
dedicated fac i l i ty capable of undertaking long-term stud ies o f  
coronal magnetic f ields and o f  trans ient and cycl ic phenomena 
in the corona and chromosphere in collaborat ion with ground-
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based and space observations . Aaong the phenomena that can be 
s tud ied are particle acceleration in f lares ( through observa­
t ions of Type I I I  bursts ) , wideband spectroscopic observat ions 
( s uch as are poss ible at Fort Davis and owens Valley ) , and 

polar i zation studies of phenomena in the outer corona (such a s  
a r e  poss ible a t  Clark La k e )  t o  determine the conf iguration o f  
the coronal f ield .  I t  is important that improvements b e  made 
i n  these fac ilities to make them more effective and more 
access ible to vis itors , which will require an augmentation o f  
f unding for instrumentation . Among the projects d iscussed by 
the Work ing Group, we wish to mention in part icular the use o f  
array processors for interferometr ic fac il ities , improved 
comput ing facilities , and add itional antennas for improved 
polar ization measurements . 

c .  South Pole Solar Observation s 

Solar observations made from the South Pole station in the 
Antarct ic summer of 1978 showed great promise for this s ite a s  
a cost-effective means o f  study ing solar phenomena that require 
long per iods of uninterrupted observation . The use of the 
South Pole for long-term observations of the solar osc illat ions 
is an integral and key component of the program for the study 
of the convect ion zone and of the activity cycle outlined 
earl ier . This international observing station should be 
improved by providing a modest telescope capable of support ing 
a wide var iety of instrumentation . A program of guest invest i­
g at ions should be established to make maximum use of the unique 
opportunities offered by the site . 

d .  Stellar Magnet ic Fields 

In view of the central role played by magnetic f ields i n  
active phenomena in the solar atmosphere , a program of greatly 
improved observations of stellar magnetic fields is important 
i n  order to improve our understand ing of active stellar pheno­
mena in general . Recent instrumental advances suggest that 
major improvements in both magnet ic and veloc ity-f ield detec­
t ion can now be appl ied to stellar observations relevant to 
improving our understanding of extended stellar atmospheres and 
of activity cycles in star s . 

e .  Nat ional As tronomy Centers 

Improvements at the Nat ional Astronomy Centers in telescop e  
performance and efficiency ( for example , through the use of 
array detectors) , data-reduct ion equipment , and computing 
facilities should be adequately supported dur ing the 1980 ' s .  
Examples are the planned improvements in guid ing for the McMat h  
telescope a t  KPNO and the Big Dome instrumentation a t  SAO . 
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Such improvements are fundamental to the achievement of the 
i mproved performance necessary to take full advantage of the 
sophist icated focal-plane instrumentation discussed below . 

3 .  New Equipment and Programs 

In order of pr ior ity , these are as follows : 

a .  Neutr ino Exper iments 

The gallium neutr ino exper iment currently under development 
promises fundamental new information on the rates of thermo­
n uc lear reactions in the Sun .  We cannot think of an exper iment 
that is more likely to influence the course of stellar phys ics 
in the 1980 ' s .  We also hope that the l ithium and ind ium exper­
iments discussed earlier can be initiated in the 1980 ' s .  

b .  Veloc ity-Detector Development 

A new generation of sens itive , stable detectors for the 
measurement of small veloc ity shifts is be ing developed for 
s tud ies of global c i rculat ion , long-per iod osc illations , and 
convection . Among these are the Four ier tachometer , resonance 
absorption cella , a heterodyne spectrograph , stabilized spec­
t rographs , and narrow-band f ilters and inter ferometers .  The 
funds required are modest in compar ison with the value of the 
a n t ic ipated sc ient ific benefits . These developments are a key 
component of a long-range program for the study of the convec­
t ion zone and the solar act ivity cycle and will provide the 
prototypes for instrumentation on a Solar Inter ior Dynamic s 
M iss ion . 

c .  Stellar Telescope 

A stellar telescope--ded icated to synoptic stud ies of 
stellar activity analogous to solar activity and preferably 
located at a Nat ional As tronomy Center--is needed immed iat ... 
ly .  A moderate aperture (about 2 . 5  m) is suff ic ient , but a 
modern h igh-resolution spectrograph , d ig i tal two-channel 
photometer , and fast accurate pointing under computer contro l 
a re essential . A proposal to build such fac i lity at SPO with 
s ignificant Air Force funding is at present under study by the 
As soc iation of Un ivers it ies for Research in As tronomy and NSF . 
We hope that this proj ect will go forward . 

d .  Real-Time Image Restorat ion 

The development of active-optics devices for real-time imag e 
r es toration is proceed ing rapidly . We antic ipate that these 
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devices will  shortly become available for solar applicat ion s 
that require d iffrac t ion-l imited performance at solar tele­
scopes . We urge that KPNO and SPO be granted additional fund s 
to purchase these expensive devices as they become ava ilable , 
for the benefit of their visiting sc ientists . 

e .  Vector Magnetograph 

Nearly all of our observational knowledge of solar magnetic 
fields has been der ived from measurements of the l ine-of-s ight 
component of the f ield in the photosphere . With a vector mag­
netograph , this scalar view can be extended to a more complete 
vector picture that will  also allow electr ical current systems 
to be determined . Recent instrumental and interpretational 
advances , together with the poss ibility of compar ing h igh-reso­
lution SOT measurements from space with synoptic ground-based 
measurements of lower resolution , offer exc it ing prospects for 
constructing a vector magnetograph capable of greatly furthe r ­
i ng our understand ing o f  solar magnet ic f ields . Because the 
construction cost will be substantial , this instrument should 
be installed at a Nat ional As tronomy Center in order to serve 
the largest number of visiting sc ientists . 

f .  Measurements of the Solar Diameter 

Prec ise measurements of the solar d iameter can provid e  
i nformat ion o n  a number o f  fundamental propert ies of the Sun , 
includ ing the solar oblateness (hence internal rotation )  and 
long-per iod osc illations . We suggest that more sens it ive 
instrumental approaches should be sought and supported to 
f urnish a better understand ing of the solar inter ior . 

g .  Solar Electrograph 

There are several poss ibilit ies for determinat ing trans ient 
e lectr ic f ields in the solar atmosphere through observations of 
t he Stark effect in hydrogen and helium.  Among these opt ions 
is a new instrument des igned to measure the asymmetr ic linear 
polar ization produced across a Balmer l ine prof ile .  Advances 
in opt ics , detectors ,  and electronics offer the poss ibility o f  
constructing a n  electrograph that would allow measurement o f  a 
phys ical parameter of critical importance in flare studies and 
o ther aspects of activity .  

4 .  Solar Monitor ing 

Several of the major problems of solar phys ics requ ire regular 
observations over long per iods of t ime for effective progress . 
Fac ilit ies for conduct ing some of these observations from space 
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may n o t  b e  avai lable unti l  the 1990 ' s .  Even then i t  may prove 
to be more cost-e ffective to conduct synoptic or monitor ing­
type observations from the ground . The need for continuous 
moni tor ing of certain solar phenomena is i llustrated by the 
•discovery • of the nearly r ig id rotation of coronal holes 
through analysis of space observat ions acquired dur ing 
197 2 -19 7 3 .  Continued monitor ing of coronal holes from the 
g round f rom 1974 onward , however , showed that this apparent 
r ig id rotation was actually an anomaly assoc iated with that 
phase of the solar cyc le .  A second example is the d iscovery of 
tors ional waves in the lat itude dependence of the different ia l 
rotation from data obtained over a s ignif icant fract ion of the 
act iv ity cycle at Mt . Wilson . Numerous other examples of the 
i nadequacy of too-b r ief or snapshot investigat ions of solar 
phenomena can be c ited .  A careful program of monitor ing of 
selected solar phenomena must be continued to prevent any bias 
in our v iew of the Sun introduced by a restr iction in the range 
of observations . Both univers ity observator ies and the Nat ional 
Astronomy Centers must play an important role in this activity . 

D .  Suborbital Programs 

Rocket and balloon flights can be espec ially valuable for sola r 
phys ics a the Sun is suffic iently br ight to allow extremely 
product ive observations in a short time ,  and many solar obser ­
vat ions require the development of h ighly spec ialized observa­
tional instrumentation for t ime-l imited but important obser­
vational programs . 

These low-cost vehicles thus serve a dual purpose for solar 
phys ics , allowing s ignif icant and t imely sc ienti f ic programs to 
be c arr ied out at modest cost and allowing the development of 
sophisticated new instruments in a cost-effect ive way . We 
bel ieve that rockets and balloons will continue to furnish 
�rtant observational opportunities for solar phys ics into 
the indef inite future and will become even more effect ive with 
the development of the Exper iments of Opportunity Program (EOP) 
to place rocket payloads in temporary orbits from the Shuttle 
and the development of long-duration balloon fl ights . We regar d 
the continuation of a strong rocket and balloon program ,  includ­
ing the development of the capabi l ity for the extended observa­
t ions j ust ment ioned , as part of the foundat ion of solar-phys ics 
research from space . 

E .  The Space Shuttle 

The effect ive use of the Space Shuttle is the core of the 
sc ient i f ic program developed by the Work ing Group because it 
will allow effective sc ient ific programs to be car r ied ou t 

Copyright © National Academy of Sciences. All rights reserved.

Challenges to Astronomy and Astrophysics:  Working Documents of the Astronomy Survey Committee
http://www.nap.edu/catalog.php?record_id=19437

http://www.nap.edu/catalog.php?record_id=19437


82 

expeditiously on the Shuttle itself , while s imultaneously 
permitting the evolutionary development of instrumentation that 
can be adapted for long-term miss ions with a minimum of modif i­
c ations . Observations from the Shuttle , even with the initial 
l imitation of 7 days in orbit and the further constraints 
imposed by a multipurpose flight , will be extraord inar ily 
productive for solar phys ics . Therefore , instrumentat ion for 
uit imate placement on three of the most important solar space 
miss ions--the Advanced Solar Observatory (ASO) , the Solar 
Co ronal Explorer (SCE) , and the Solar Inter ior Dynamics Mission 
SIDM) --can be initially developed and used to carry out a 
s igni f icant sc ientific program within the framework of early 
Shuttle sortie miss ions , permitting an evolutionary program of 
h igh productivity and cost-effectiveness .  

We here divide our discuss ion of Shuttle instrumentation 
i nto three sections : the development of fac ility-class in­
struments to form eventually a Shuttle Solar Observatory , the 
prototype for an ASOr a program of observat ions of the solar 
osc illations from a polar-orbiting Shuttle miss ion as a part of 
the Solar Cycle and Dynamics Programr and the development of PI 
instruments for spec ial ized observational programs and as 
prototypes for those on ASO and SCE . 

1 .  A Solar Shuttle Observatory 

The Work ing Group supports the evolutionary development of a 
Solar Shuttle Observatory ( SSO) , composed of several advanced 
fac i l i ty-c lass instruments , to be used in a coord inated group 
on the Space Shuttle . (The term, •shuttle Solar Observatory , •  
i s  used here to denote the ensemble of solar fac i l i ty-c lass 
instruments that will eventually form the ASOr it does not 
imply a program d istinct from the programs to develop the 
individual component fac i l ities , such as SOT and the Solar 
x-Ray and EUV Fac ilities) The development of these instruments 
should proceed as par t  of the ongoing Spacelab program, with 
the SOT be ing the f irst instrument to be developed . The solar­
phys ics community has ident if ied a Solar Soft X-Ray Telescope 
Fac ility ( SSXTF) and a Pinhole/Occulter Fac ility ( for hard 
x-ray imag ing and for the study of the corona at h igh angula r 
resolut ion) as add itional major components of the sso . Other 
major SSO instruments that have been identif ied by the Solar 
Shuttle Fac ility Def inition Teams include fac ilities for EUV 
and gamma-ray observations , a wide-field optical facility for 
the s tudy of solar osc illations , and rad io spec trographs and 
polar imeter& to observe plasma processes in the corona and the 
solar wind .  It i s  poss ible that some fac ilities c an be 
developed initially as PI instruments r the SSO might also 
include spec ialized PI instruments to carry out a var iety of 
coordinated observing programs . The European Space Agency 
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(ESA) is currently studying a Graz ing Inc idence Solar Telescope 
( GRIST) for XUV observations . Should ESA dec ide to develop 

this instrument , it also could become part of the sso . 
The SSO will form the nucleus of an Advanced Solar Observa­

tory (ASO) , which can be established by refurbishing the sso 
i nstruments and plac ing them on a space platform. The instru­
ments that appear to have the greatest sc ienti f ic promise i n  
s uch a role a r e  d iscussed below. 

a .  The Solar Optical Telescope 

Th e  SOT is a Gregor ian telescope with an aperture of 125 
em, which will be des igned to provide a resolution of 0 . 1 arcsec 
at 5500 A ( 7 2  km on the Sun) and 0 . 0 2  arcsec (with image 
restorat ion) at 1100 A SOT will operate from 1100 A into 
the infrared and can thus observe solar phenomena from the 
photosphere up through the chromosphere and transit ion reg ion 
to the base of the corona . The telescope will accommodate a 
number of PI-class focal-plane instruments to be chosen by peer 
evaluation but that are likely to include narrow-band filter 
magnetographs , very-h igh-resolution vis ible and ultraviolet 
spectrographs , and a Stokes polar imeter ,  with poss ibilities for 
s imultaneous operation of two or more of these instruments . 
The bas ic structure (canniste r )  of the telescope can accommo­
d ate several additional PI- or fac ility-c lass instruments that 
provide their  own collecting opt ics in a s ingle cluster and 
that can therefore form the nucleus of the Shuttle Observatory . 

The bas ic sc ienti f ic requirement for SOT is the need (dis­
c ussed elsewhere in this chapter)  to ach ieve the very h igh 
spatial resolution required to determine the density , temper a­
t ure , magnet ic f ield ,  and nonthermal velocity f ield in a large 
number of solar features on the small scales characteristic of 
t he bas ic phys ical processes involved . These processes include 
c hanges in the strengths of h ighly local ized magnetic f ields , 
small-scale turbulent veloc ity f ields , hydromagnetic waves and 
pulses , and systematic mass flows--all important for an under­
s tand ing of the overall structure , dynamics ,  and energetics of 
the solar atmosphere . � study such processes , it is necessary 
to resolve reg ions over which s igni f icant gradients exist in 
the local magnetic and veloc ity f ields , as well as in local 
d ens ities and temperatures . Observations must be made on the 
scale at which the mater ial •clumps . •  Recent observations 
s uggest that the plasma in the solar chromosphere and lower 
trans ition reg ion often var ies s ignif icantly on a scale of a 
few tenths of an arcsecond . In addition , 0 . 1 arcsec is approxi­
mately the mean free path of a typical photon in many of these 
s truc tures , so a natural l imit to remote sens ing of the solar 
atmosphere will be achieved by this telescope .  
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b.  Solar Soft X-ray Telescope Fac ility ( SSXTF ) 

The SSXTF is a 0 . 8-m nested Wolter Type I telescope 
conf igured to provide eff ic ient imag ing of x rays from abou t 
1 . 7 A ( the wavelength of the important lines of Fe XXV and 
Fe XXVI )  to 300 A .  An effective collecting area of some 1200 
cm2 over most of the wavelength range , together with an 
angular resolution of 0 . 3  arcsec are des ign goals . Detailed 
s tud ies of cand idate focal-plane instruments for SSXTF are 
currently under way and indicate that the use of graz ing­
inc idence focal-plane opt ics and s tigmatic spectrometer 
conf igurations will provide performance charateristics tha t 
w ill allow this instrument to achieve a tenfold gain in h igh 
spatial and temporal resolution spectrohelioscopy and in the 
s tudy of l ine prof iles , by compar ison w ith any previous solar 
soft x-ray instrument . As pointed out earl ier , the therma l 
g radients in coronal-loop structures , poss ible thermal enhance­
ments in the corona assoc iated with coronal current sheets , the 
f ine structure of coronal br ight points , and the iapuls ive 
energy release and transformation that accompany a flare all  
occur on a scale smaller than the 2-3  arcsec resolution 
achieved with broadband f iltergrams in previous long-duration 
observat ions (one or two rocket observations have recorded 
phenomena at the 1 arcsec level with l imited sens itivity) . 
SSXTF will be able to obtain h igh spectral resolution and to 
study l ine prof iles at a resolving power that should allow the 
detailed phys ical processes operat ing in the corona to be stud­
ied . SSXTF would init ially be deployed on Spacelab in the SOT 
c annister descr ibed above and would later form part of an ASO 
as discussed below . A detailed eng ineer ing def inition study 
for the SSXTF has already been carr ied out . No major technical 
problems in its development are foreseen , although the mirror 
fabr ication will const itute a s ignif icant challenge because of 
the requirement for high angular resolution . 

c .  Graz ing Inc idence Solar Telescope (GRI ST) 

The GRIST is an XVV fac i lity currently be ing cons idered for 
d evelopment by ESA .  It will be capable of obtaining EVV and 
XVV spectra between 100 and 1500 A through use of graz ing­
inc idence and normal-i nc idence spectrographs fed by a Wolter 
Type II graz ing-inc idence mirror . The spatial resolution will 
be 1 arcsec and the spectral resolution in the range 1 x 10 4 

to 3 x 104 • It is a powerful instrument that could n icely 
complement SOT and SSXTF if it can be conf igured to be flown on 
the Shuttle or on a platform s imultaneously with SSO and/or 
with an ASO . Definition wor k already per formed ind icates tha t 
development of this fac i lity is feas ible r at the t ime of this 
repor t ,  however , ESA has not dec ided whether this fac i l ity will 
be funded for development . 
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d .  EUV 1elescope Pac il ity (EOYTP ) 

The EUV will cons ist of a normal-incidence telescope 
feed ing stigmatic EUV spectroheliographs operating between 40 0 
and 1500 A .  1he design objective for spatial resolut ion is 
0.1 ar!sec , and that for spectral resolution l ies between 10 3 
a nd 10 • 1h is instrument will complement the SOT by extending 
ultr a-high-resolution observation� to radiation characteristic 
of temperatures as h igh as 2 x 10 K. It is intended to 
achieve a tenfold improvement in angular resolut ion and spectral 
resolution by compar ison with any currently approved instrument 
that i s  capable of observing material on the solar surface 
hotter than some 2 x 10 5 K .  

S tudy of the f ine structure of mater ial at temperatures 
between those of the chromosphere (about 10 4 K) and the coro­
na (greater than 106 K) will certainly require resolut ion on 
the order of 0 . 1  arcsec . Such f ine structure includes the 
chromospher ic network ,  which is known to extend to material at 
5 x 105 K , coronal br ight points , the thermal gradients in 
coronal loops , and the structures respons ible for the prompt 
EUV bursts accompany ing the impuls ive phase of a f lare . 

A preliminary des ign study for a solar EUVTP has already 
been completed by the Solar Shuttle Pac ility Def inition Team. 
1he EUVTP could be accommodated within the SOT cannister 
s imultaneously with the SSXTP . 

e .  The Pinhole/Occulter 

Th e  Pinhole/Occulter is a unique observing fac ility that 
wil l  make use of a remote occulting mask to obtain h igh-resolu­
t ion images . In princ iple , there is no l imit to the angular 
resolution that can be obtained in x radiation , s ince the 
resolut ion is a function only of the separation of the detector 
and mask . Coded-aperture systems such as the Pinhole are mos t 
effective at hard x-ray energ ies (above 5 keV) . The remote 
mask will also s imultaneously be used as an external occulting 
d isk for large-aperture coronographic telescopes to permit the 
first h igh-resolution stud ies of coronal structure that is close 
to the solar l imb and in the reg ion of solar-wind acceleration . 
Observations of EUV emiss ion lines and soft x rad iation should 
be poss ible in the far corona with the large-aperture optics 
made poss ible by the remote occult ing mask .  

A preliminary study of a Pinhole/Occulter Pac ility is  
currently in progress at NASA. An initial Pinhole/Occulte r 
system for Spacelab might have a basel ine separation of 50 m 
with a mask mounted on an arm extended from the Shuttle orbiter J 
i t  would achieve resolving power of a few tenths of an arcsecond 
at 10 keV. Higher resolution can be ach ieved by plac ing the 
mask and detector on separate veh icles . Por example , the 
aperture mask might be carr ied on the orbiter ( togethe r with 
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the SSO) and the detector car r ied on a separate subsatellite 
placed in temporary orbit by the Shuttle . 

The Pinhole/Occulter concept is at the core of the flar e­
o r iented aspects of the scientific program of the SSO/ASO , 
because details of the reconnection and acceleration processes 
can only be stud ied d irectly with h igh-resolution ( 0 . 1 arcsec 
or less)  hard x-ray observations also yielding good time 
r esolut ion . 

f .  Solar GaiiiiiUl Ray Telescope ( SGR'l') 

The acceleration of nuclear particles to h igh energies and 
their propagation from the acceleration reg ion to the inter­
planetary medium is one of the least well understood flar e 
phenomena . It has long been thought that this acceleration 
occurs in two stages , with initial acceleration to perhaps a 
few hundred keV to 1 MeV occurr ing s imultaneously with the 
impulsive acceleration of electrons and acceleration of part of 
the population of h igh-energy nuclei to ultra-h igh energ ies (up 
to GeV per nucleus or more )  occurr ing later . Data from SMM 
have apparently confirmed that protons are accelerated in the 
initial phase of the flare . In order to study these processes , 
s imultaneous hard x-ray and gamma-ray observations are requir­
ed ,  s ince arcsecond gamma-ray observations are not feasible 
even with the Pinhole/Occulter . 

A Solar Gamma-Ray Telescope for flare observations mus t 
c over the energy range from 100 keV to 10 MeV, in order to 
observe both the bremmsstrahlung assoc iated with the impulsive 
acceleration and the nuclear gamma-ray lines assoc iated with 
both acceleration processes . The SGR'l' must have h igh resolu­
t ion at MeV energies to resolve l ines and detect Doppler shifts 
and so must utilize cooled-germanium-detector technology . An 
instrument having the general character istics of the HEAo-3 
gamma-ray spectrometer would be ideal . Although we support the 
development of the SGR'l' for initial Shuttle use , its main solar 
observational program can only be car r ied out on a long-dur a­
t ion ASO. 

g .  P I  Instruments 

'l'h e development of PI instruments is an important component 
of the sso Program for two reasons . Pirst , the sequent ial pro­
c edure that must be used to develop the var ious SSO component 
fac i l ities makes it highly des irable to use PI soft x-ray , xuv, 
and coronal intruments to accompany the early flights of the 
S0'1' unt il the SSXR'l' , EOV'l'P , and Pinhole/Occulter Pac ilities 
become available . Second , several instruments that will form 
an integral part of SSO and ASO are small enough to allow thei r  
development as P I  instruments rather than as facilities . 
Certainly , in these cases , the P I  approach is the preferable 
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one . Among the instruments that fall into th is category ar e  
white-l ight and ultraviolet coronagraphs ( for use with the 
Pinhole/Occulter) , radio spectrographs and polar imeter& , and 
w ide- f ield optical instruments for studies of the solar osc il­
lat ions . We later discuss the individual P I  instruments 
r eviewed by the Work ing Group in more detail.  

2 .  The Study of Solar Inter ior Dynamics from the Shuttle 

A sequential program for the s tudy of the internal dynamics of 
the convection zone has been discussed earl ier . This program 
envisages the development of instrumentation for the observa­
t ion of the solar veloci ty and magnet ic f ields and for prec i­
s ion d ifferential rad iometry of photospher ic and chromospher ic 
structures , observations would begin on the ground at the South 
Pole of the Earth and be followed by Space Shuttle observations 
empl� ing PI-class instruments from a fully sunlit polar retro­
g r ade orbit .  Th e  t iming o f  this observat ional program i s  a 
c r i t ical step in the development of a Solar Inter ior Dynamics 
M isson1 we urge NASA to share with NSP the development costs of 
Four ier tachometers and prec ise d ifferent ial radiometers and to 
i n i t iate the development of instruments intended for Shuttle 
use as soon as poss ible . 

3 .  The Shuttle-Attached Solar Terrestr ial Observatory ( STO) 

The STO is a Shuttle facility intended for the study of the 
Ear th ' s  atmosphere and ionosphere and of the solar radiat ive 
and particulate f luxes that influence it . STO is currently 
u nder study at NASA and would be operated init ially as a 
Shuttle-attached fac i l ity .  STO will observe the solar spectra l 
i rradiance,  the solar total rad iat ive flux , and the solar wind 
through observat ions of the large-scale corona , as well as 
s tudy the terrestr ial atmosphere and ionospheres . The 
observing program of STO is thus highly complementary to the 
Solar Inter ior Dynamics ( SID) program, STO will emphas ize the 
coupling of the solar radiat ive flux and the solar wind (via 
t he heliosphere) to the Earth ' s  atmosphere , whereas the SID 
program will emphasize the coupling between the solar radiative 
f lux and the solar wind and the structure and dynamical behavior 
of the Sun ' s  convection zone and the corona . 

4 .  P I  Instruments 

S everal PI instruments that will be an integral part of the 
observational program that we have developed have already bee n 
ident if ied through the f irst Shuttle instrument selection and 
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var ious def inition stud ies . We br iefly review these instr u­
ments below : 

( a )  The High Resolution Telescope and Spectrograph (HRTS) , 
wh ich operates between 1100 and 1800 A with 1-arcsec 
resolution and h igh spectral resolution , is under development 
for Spacelab I I . I t  is a powerful diagnostic instrument for 
the study of the chromosphere and trans it ion reg ion . 

(b)  Wh ite-l ight and Lyman-alpha coronagraphs . This pair o {  
exper iments , successfully flown o n  a rocket , has provided for 
the first time a technique to measure coronal temperatures and 
mass- f low veloc it ies between 1 . 5  and 4 solar rad i i .  Th e  tech­
nique uses measurements of the intens ity and prof ile of the 
r esonantly scattered hydrogen Lyman-alpha line and the intensi ty 
and polar ization of the electron-scattered wh ite-light corona . 
It is a powerful exper iment package that could g reatly expand 
our empir ical knowledge of the phys ical state of the coronal 
p lasma beyond 1 . 5  solar rad i i  in the reg ion where the solar 
wind is accelerated . 

(c )  Soft x-ray telescopes . Several d ifferent imag ing soft 
x-ray telescopes and spectrometers have been or could be 
developed to provide high-spat ial-resolution imag ing ( 1 arcsec ) 
with broadband f i lters , or moderate-spatial-resolut ion imag ing 
(10  arcsec ) with a spectral resolut ion of about 10 3 . Suc h 
instruments could provide a nice complement to SOT pr ior to the 
development of the SSXTF as well as per form important studies 
o f  solar activity , coronal holes , flares , and coronal br ights 
points , for example .  

( d )  EUV/XUV telescopes . A var iety of d ifferent types of 
EUV and/or XUV telescopes and assoc iated spectrographs have 
been or could be developed to provide EUV and XUV spectra and 
spectrohel iograms with good spatial resolution ( 1-3 arcsec ) and 
a spectral resolution in the range 10 3-10 4 with moderate 
t emporal resolution . Al though smaller than EUV/XUV facilities , 
such PI instruments can still carry out highly valuable sc ien­
t if ic programs and provide cost-effective methods for attacking 
selected sc ient ific problems operated either alone , in conjunc­
t ion with other PI instruments , or with SOT and/or the SSXTF . 

( e )  Low-frequency radio spectroscopy and polar imetry .  
Dynamical processes occurr ing in the corona and in the solar 
wind can be studied through low-frequency (decametr ic to k i lo­
metr ic ) observat ions from space . Both spectroscopic and 
polar imetr ic observations are needed . This observat ional 
program can eluc idate the interact ion of nonthermal plasma 
reams in the corona , collis ionless shockwave& , and shock­
i nduced part icle accelerat ion , it will fur thermore be highly 
complementary to in s itu observat ions from I SPM, the 
In terplanetary Laboratory , and Star Probe . 
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F .  Explorer Miss ions 

The sc ient i f ic program def ined by the work ing Group includes 
two sc ienti f ic objectives that can be achieved by Explorer­
c lass spacecraft . A SCE could carry out high-resolut ion , 
i n-ecliptic observat ions of the corona at x-ray , xuv, and 
vis ible wavelengths , a Sun-synchronous SIDM could study the 
structure of the convection zone through observat ion �f the 
g lobal oscillations of the sun for extended per iods . 

1 .  Solar Coronal Explorer ( SCE )  

An essential element i n  understand ing both the short- and 
long-term effects of solar activity on the interplanetary 
medium is the documentat ion of the three-d imens ional structure , 
dynamics , and evolution of the corona and interplanetary med ium 
and the or igin of the solar wind . Both in s itu observations of 
the interplanetary plasma , such as will be provided by the 
International Solar Polar Miss ion ( I SPM) and the Interplanetary 
Phys ics Laboratory ( IPL) , and synopt ic observations of the 
g lobal conf iguration of the coronal magnet ic f ield ,  coronal 
dens ity structure ,  coronal temperature distr ibution , and sola r 
w ind flow veloc ity distr ibut ion will be requ ired . The neces­
sary diagnost ic studies of the temperature dens ity and flow 
veloc it ies of the trans it ion reg ion and very low corona are 
most accurately carr ied out by a h igh-resolution EUV spectro­
g raph , whi le the conf igurat ion of the magnet ic f ields , tempera­
tures , and dens ities in the low corona are most reliably 
e s tablished by soft x-ray images . In the intermed iate and 
outer corona , the dens ity ,  temperature , and veloc ity may be 
e stabl ished by observat ions of the continuum corona (wh ich 
y ields the distr ibution of dens ity )  and by observations of the 
i ntens ities and prof iles of resonance l ines scattered in the 
corona (which reflect the temperature and expans ion veloc ity) . 

We believe that a SCE should be implemented as soon as 
poss ible . NASA has established a Sc ience WOrk ing Group to 
i nvest igate in detail  how the objectives of SCE might be met,  
what instruments should be carr ied aboard such a miss ion , and 
how they might be accomplished within the constraints of 
Explorer-class miss ions . 

Al though each miss ion has a coherent individual sc ientific 
program, SCE , ISPM, and IPL will , if flown s imultaneously , 
g reatly enhance the sc ient i f ic y ield of the program that we 
have outlined . Observat ions from SCE and I SPM can be combine d 
to y ield stereoscopic observations of the corona , from which 
its three-d imens ional dens ity structure can be inferred , and 
observat ions from ISPM and IPL can be combined to y ield 
s imultaneous in s itu observations from two locat ions in th e 
i nterplanetary med ium widely separated in latitude . These 
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three miss ions should operate together for at least a yea r  
bracket ing the polar passage o f  I SPM . 

2 .  Solar Inter ior Dynamics Miss ion (SIDM) 

our program requ i res the use of observat ions of photospheric 
osc illations , large-scale c irculation , and global radiative­
f lux variat ions to establ ish fundamental parameters and 
boundary cond itions for theor ies of the solar cycle . SIDM wi l l  
provide both the f irst opportunity for h igh-frequency-resolution 
observations of solar osc illations and the first • look• deep 
i nto the convection zone of the Sun . 

Several instruments carr ied aboard a full-sunlight , orb i t­
i ng SIDM are required to meet these object ives . As described 
ear l ier , s imultaneous , low-spat ial-resolut ion observat ions of 
photospher ic veloc ity and magnet ic f ields will provide the 
bas is for study of solar osc illat ions and large-scale c i rcula­
t ion patterns , together with the ir .relat ion to magnetic f ields . 
Likewise , precision d ifferent ial rad iometry will reveal the 
temperature s ignature of large-scale c irculat ion cells . 
Prec is ion total-rad iative-flux measurements are required to 
invest igate the poss ible feedback between solar magnet ic 
activity and solar flux and the poss ible consequence of 
long-term flux var iations on terrestr ial climate . Pinally ,  
spectral-irradiance measures will provide ins ight into changes 
in the s tructure of the solar atmosphere and the consequences 
of spectral-irrad iance var iations in the terrestrial atmosphere . 

G .  Major Space Miss ions 

We have identif ied two major missions that will require e i the r 
a spec ial ized spacecraft or a space platform. 1he first , an 
ASO ,  may be developed by plac ing the SSO on a long-duration 
Space Platform. 1he second , the Star Probe , can place an 
instrumented package into orbit that will allow a clos e 
encounter (within about 3 solar rad i i )  with the sun . We also 
discuss a closely related solar-terrestr ial miss ion , the STO ,  
which will have a major impact on solar and heliospher ic 
phys ics .  

1 .  Advanced Solar Observatory 

The SSO can effectively address those sc ientific problems that 
can be attacked with measurements obtained over per iods of 
hours to days with selected instruments . However , other 
classes of problems require observat ions made over longe r 
per iods of t ime--weeks to months--because of ( a )  the 
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infrequency of  the phenomena ( e . g . , large flares , eruptive 
prominences ) J  (b)  the evolutionary nature of the phenomena 
(e . g . , active reg ions , coronal holes , large-scale coronal 
s truc t ures , etc . ) J and (c)  the need for synoptic data to 
address the problem proper ly ( e . g . , a detai led probing of th e 
three-d imensional structure of the corona beyond 1 . 5  solar 
rad i i  through measurements of opt ically thin rad iation with 
coronagraphs ) .  

Por example , flares are a complex phenomenon reflecting 
numerous interrelated processes that produce rad iation across 
the e lectromagnet ic spectrum from radio to gamma-r ay wave­
lengths . All of these rad iations must be used to probe the 
phys ical processes respons ible for the f lare phenomenon , which 
involve plasmas having temperatures rang ing from 4 x 103 to 
10 8 K and dens ities from 10 4 to 10 21 part icles/cm3 . 
The necessary observat ional programs can be per formed most 
effec tively on a free-flying platform serviced by the Shuttle 
because of i ts versat ility ,  capabil ity for instrument mod ifica­
tion , and long operational l i fetime . A platform also provides 
s uper ior thermal control , a contamination-free environment ,  and 
a more stable base for high-resolution observations than the 
Shuttle can provide . A Shuttle-serviced platform can also pro­
vide the flexibility of per iodic retr ieval , refurbishment ,  or 
r eplacement of major components of ASO. 

a .  Scientific Objectives 

An Advanced Solar Observatory will provide an opportunity 
for a broad frontal attack on nearly all the major problems 
ident ified by the work ing Group.  The f irst ASO miss ion could 
make use of a battery of instruments to investigate s imultane­
ously the thermal energy structure and dynamics of the photo­
sphere , chromosphere , and corona . Of particular interest is  
the phys ical s tate of the solar atmosphere from the photosphere 
through the corona to beyond S solar rad i i  from the Sun ' s  
center , which i s  critical to an understanding of the phys ical 
nature of the solar atmosphere . A later miss ion of the ASO , 
centered on the 1991 solar max imum, could observe flares and 
other phenomena that require very high spat ial resolution ( 0 . 1 
arcsec ) at opt ical and x-ray wavelengths and h igh-spectral­
resolution gamma-ray measurements . 

Recent observations have begun to ind icate that small-scale 
struc tures , such as magnet ic-flux bundles , pinched currents , 
and f i lamentary emiss ion reg ions , form the basic components of 
act ive phenomena in the Sun . Such observations are cons istent 
with the pred ict ions of certain theor ies--for example , those 
that postulate microinstabilities lead ing to •anomalous res is­
t ivity• in current inter rupt ion or f i lamentat ion models of 
flares . We wi ll , therefore , require observat ions with h ighe r 
spat ial and temporal resolut ion ( espec ially at x-ray and gamma-

Copyright © National Academy of Sciences. All rights reserved.

Challenges to Astronomy and Astrophysics:  Working Documents of the Astronomy Survey Committee
http://www.nap.edu/catalog.php?record_id=19437

http://www.nap.edu/catalog.php?record_id=19437


9 2  

ray wavelengths ) to clar ify mechan isms and seek ultimate cause s 
o f active phenomena . ASO is the only fac i l ity capable of such 
an observational program .  

ASO w i l l  also provide the means to cont inue the s tud ies of 
the dynamics of the convection zone and the structure and 
dynamics of the corona to be begun with S IDM and SCE . These 
stud ies mus t cover the full 2 2-year solar magnetic cycle , i f  
the relationship between the dynamical behavior o f  the con­
vect ion zone and the magnetic and activity cycles is to be 
understood . Collaborative observat ions between ASO , the Star 
Probe , and the VLA will furthermore be important to each of the 
sc ientific problems that we have discussed . 

b .  Development Plan 

The evolut ionary development of Shuttle-attached instrumen­
tation to form a SSO offers the chance to procure and test 
instrumentat ion suitable for ASO in a cost-e ffect ive and 
sc ientif ically productive manner . The broad range of sola r 
observat ions poss ible with most of the necessary instrumentation 
will ensure its effective , coord inated use on br ief , ear ly 
Spacelab miss ions . ASO should take its f inal form by 1988 at 
the latest ,  imply ing a formal •new start•  by 198 3 ,  with refur­
b ishment in 1990 to take advantage of the solar max imum for 
flare stud ies . 

c .  ASO Conf igurations 

The instrument complement envisaged for the first ASO 
flight would ideally include the SOT , the Soft X-Ray , and EUV 
f acilities , and a scaled-down vers ion of the Pinhole/Occulter . 
We bel ieve it imperative , however , to initiate ASO as soon as 
poss ible J therefore , i f  the development of Shuttle fac i l i ty­
class instruments must proceed s lowly , the initial fl ight of 
ASO should use PI-c lass instruments rather than be delayed . 
For example , we can envisage a first ASO flight conta ining SOT , 
SSXTF , and EUV, xuv, and coronagraph instruments in the PI 
class . Depend ing on how the development of a space platform 
proceeds , init ial ASO fl ights might be as br ief as 6 months J 
however , we bel ieve that , following full operat ion , at leas t 
3 0-month flights w ith 6-month intervals for refurbishment 
should be the goal . The ASO miss ion that occurs dur ing the 
next solar max imum should include the Pinhole/Occulter , the 
Gamma Ray Telescope , and radio instrumentation in add ition to 
the nucleus of instruments described above . 

2 .  The Star Probe 

The Star Probe is a proposed miss ion that would penetrate to 
within 4 solar rad i i  of Sun-center ,  passing over the poles of 
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the Sun dur ing the decl ining phase of a solar cycle . Th i s  
spacecraft would make i n  s itu observations o f  the interplanetary 
medium, remote observations of the solar atmosphere , and an 
i nference of the solar mass and angular-momentum d istribut ion 
from prec ise (drag-free )  orbit determinations . The pr imary 
sc ient ific obj ectives of the Star Probe miss ion include an 
improved understand ing of (a )  the energy balance of the sola r 
corona and accelerat ion of the solar wind; (b)  the distr ibut ion 
of mass and angular momentum in the solar inter ior ; (c )  the 
t hree-d imens ional f ine structure of solar magnet ic elements and 
coronal loops ;  and (d)  the phys ical processes governing the 
evolut ion of the solar magnetic f ield and the acceleration , 
storage , and release of solar energet ic particles . Th i s  
m iss ion would b e  truly exploratory in i t s  in s itu investigat ion 
of the innermost heliosphere and its ultr a-high-resolution 
( 7 -10-km) images of the structure of the solar atmospher e .  It  

would be expected to reveal phenomena not yet cons idered in 
s tud ies of the Sun and its atmosphere . A polar orbit is 
preferred for the Star Probe trajectory to permit sampling of 
the latitude dependence of cond it ions in the solar-w ind 
acceleration reg ion . The t iming of the Star Probe miss ion i s  
c r itical , s ince solar encounters should occur a t  solar minimum 
to maximize the probability of traversing polar coronal holes . 

The Star Probe , while a very demanding mission ,  will allow 
unique observations that directly address major scienti f ic 
quest ions of stellar phys ics , together with a tenfold improve­
ment in resolving power over most of the electromagnetic 
spectrum compared with the resolut ion that can be ach ieved in 
Ear th orbit , even with ASO . The Star Probe would also allow 
unique stereoscopic observat ions of coronal structures in 
collaboration with the ASO , both dur ing its cruise phase and 
dur ing encounter . 

3 .  Th e  Solar Te r restr ial Observatory ( STO) 

The Shuttle-attached STO described earlier should evolve into a 
space platfor�s upported miss ion for investigat ion of the 
mechanisms that couple solar activity to the terrestrial 
system . Such a fac ility would incorporate solar , magneto­
spher ic ,  and atmospher ic instruments to observe solar structur e 
and variability ,  together with the influence of th is var iabil­
ity on the terrestrial magnetosphere and atmosphere , in a 
s imultaneous , coord iated manner over extended per iods of t ime . 
It is planned that the platform operation of STO would be 
accompanied by the operat ion of an interplanetary space 
mission , such as the Interplanetary Laboratory of OPEN or th e 
Advanced Interplanetary Explorer (AIE) mission ,  both of which 
are discussed below . The major � objectives of STO are to 
establ ish the intr insic var iability of the rad iative and 
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part icle fluxes from the Sun , the phys ical character ist ics of 
the solar phenomena respons ible for these var iat ions , and the 
relationsh ips between these solar phenomena and the resulting 
var iations in photon flux , part icle flux , and magnetic f ield in 
the vic inity of the Earth . 

These object ives of the STO d ictate an instru.ent ensemble 
that is fundamentally d ifferent from that envisaged for the sso 
and its platfor�supported successor , the ABO .  The S TO  instru­
ments will all be low-resolut ion instruments with full-Sun 
coverage , rather than the h igh-resolut ion instruments with 
limited f ield of view appropr iate to the SSO/ASO scient i f ic 
object ives . A strawman STO payload has been def ined for two 
conf igurations . The solar part of the bas ic STO conf iguration 
includes solar-constant and -irradiance monitors ( at uv and EOV 
wavelengths ) ,  a full-Sun , soft x-ray telescope , and both white­
l ight and resonance-l ine coronagraphs . FOr the advanced con­
f igurat ion , a full-Sun XUV Doppler spectrohelioqraph and a 
full-Sun hard x-r ay spectrometer are to be added to the basic­
configurat ion instruments . This ensemble of instruments will 
determine the propert ies of solar events that lead to ter­
restr ial consequences and are aimed at providing a solar/ter ­
restr ial predictive capability through a n  understanding of the 
mechanisms that play a role in the Sun and in the solar corona . 

4 .  I n  S itu Observations o f  Hel iospher ic Phenomena 

We wish to emphasize , in the strongest poss ible way , that i n  
s itu observations o f  the propert ies o f  the interplanetary 
medium constitute an integral part of the sc ient ific program of 
solar/hel iospher ic phys ics . We therefore d iscuss here the in 
s itu miss ions most closely connected with the scientific pro­
gram outl ined earl ier . 

a .  The Internat ional Solar Polar Mission ( ISPM) 

ISPM represents the first exploration of the three-dimen­
s ional structure of the hel iosphere outs ide the ecliptic plane. 
The or ig inally approved I SPM miss ion profi le provided for two 
spacecraft , aided by a Jupiter gravity ass ist , to enter s� 
metr ical polar orbits around the Sun with a per ihelion d is­
tance of approximately 1 AU, with each spacecraft to measure 
particle fluxes and magnetic f ields , and observations of coro­
nal structure in x rays , xuv, and white l ight , of hard x-ray 
bursts , and of dust to be made by at least one spacecraft . As 
noted near the beg inning of th is chapter ,  the working Group 
believes that the implementation of ISPM as a dual-spacecraft 
m iss ion with imag ing capability is essential to an orderly and 
effective program of solar and heliospher ic studies J s imultane­
ous observations in the northern and southern hemispheres of 
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the heliosphere is a unique and basic feature of the I SPM 
c oncept and is critical to achieving an understand ing of the 
g lobal structure of the heliosphere . The imag ing exper iments 
on I SPM will also provide new ins ights into the structure of 
coronal holes , the structure of coronal streamers , and the prop­
e r t ies of coronal transients . 

b .  The Interplanetary Laboratory ( IPL) of OPEN 

IPL will provide a platform for s tudies of the interplane­
tary med ium ,  solar-wind plasma energetic part icles , and the 
heliospher ic magnetic f ield in the eclipt ic plane, it will also 
provide the collaborative observat ions requi red to understand 
the dynamical behavior of the Earth ' s  magnetosphere , which will 
be observed by the three add itional OPEN spacecraft within the 
magnetopause . In collaborat ion with I SPM and SCE , IPL will 
prov ide a unique opportunity to study the dynamical behavior of 
the hel iosphere . 

c • An Advanced Interplanetary Explorer (AlE) 

The objective of the AlE miss ion is to study the flux , iso­
t opic composi tion , and propagation of solar and Galact ic cosmic 
rays from hydrogen up to i ron , both ins ide and outs ide the 
hel iosphere . An understand ing of the acceleration and propaga­
t ion of solar cosmic rays is a fundamental obj ective of solar 
a nd heliospher ic phys ics . AlE could operate s imultaneously 
with Star Probe and with ASO , so that a coordinated attack on 
t he problems of the acceleration and transport of cosmic rays 
in the corona , and the influence of the three-d imens ional 
s tructure of the hel iosphere on the i r  subsequent propagation , 
could be undertaken . 

s .  Th e  Study of Active Stellar Phenomena 

The study of stellar activity ,  like the study of solar activity , 
w ill require a coord inated program that permits the s imultaneous 
observation of stellar emiss ion from opt ical to x-ray wave­
leng ths for investigat ions of the interrelat ionsh ip of stellar 
magnet ic f ields , •star spots , •  and chromospher ic and corona l 
phenomena .  Space Telescope , an Advanced x-Ray As trophys ics 
Fac i l ity , and a far-ultraviolet spectrograph in space will al l 
have substantial capabilities for the s tudy of act ive s tellar 
phenomena and should play s ignificant roles in th is area .  
S ince the Ear th appears to be i n  a reg ion o f  relatively low 
interstellar-med ium dens ity ,  a substantial number of stellar 
sources can also be s tud ied at EUV wavelengths , an orbit ing 
soft x-ray/EUV observatory would be an enormously powerful 
instrument for such work . 
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VI I .  TH E  SOLAR-PHYSICS COMMUNITY 

Al though solar phys ics has maintained its vitality during the 
past decade , as the preced ing sections of this chapter demon­
s trate , the community of solar phys ic ists faces a number of 
major problems , not all of which can be solved by the realloca­
t ion of resources with in the d isc ipl ine . These have already 
been cons idered by other groups , and the Solar Phys ics Division 
o f  the Amer ican As tronomical Soc iety has establ ished a committee 
to develop spec i f ic recommendations . The present WOrk ing Group 
h as reached four major , unanimous conclus ions with regard to 
these problems . 

First,  the Work ing Group is greatly alarmed by the rar i ty 
of solar-research programs at u . s .  univers ities . This c i rcum­
s tance is due in par t ,  we bel ieve , to the miss ion orientation 
of the funding agenc ies that supported solar physics from the 
1950 ' s  to the ear ly 1970 ' s .  Th is fund ing pattern has now 
changed to some extent , with a larger por tion of fund ing at  
present coming from agenc ies that support bas ic research , how­
ever , the established inst itutional pattern of solar research , 
which de-emphas ized univers i ty-scale efforts , has not been s ig­
nif icantly altered . The present imbalance in the d istr ibution 
of solar-phys ics research groups should be corrected , and we 
believe that pos itive steps on the par t  of the fund ing agenc ie s 
( NASA and NSF) will be necessary to achieve a new balance . 

1 .  We strongly support a temporary program of competitive 
awards to young astronomers to encour age plac ing the best young 
researchers in tenure-track  pos itions at univers it ies . We 
bel ieve that add it ional steps , spec if ically a imed at address ing 
the present imbalance ar is ing from lack of representation of 
solar astronomers on univers i ty faculties , are also warranted, 
however , a program benefit ing astronomy as a whole is certainlY 
a pos itive f irst step, from which solar phys ics should itself 
benef it . 

2 .  The number , s i ze ,  and quality of univers ity solar 
observator ies (both optical and r ad io) has suffered severe 
attr ition in the past f ive years , and we urge that this 
essential component of the fac i l ities available for solar 
r esearch rece ive adequate fund ing in the 1980 ' s .  An expanded 
program for instrumentation , detector development , and cor e 
support for university observator ies within the NSF grants 
program for astronomy generally should have a pos itive effec t 
on solar-phys ics research in par ticular . 

3 .  The continued vitality of the National AstronOmy 
Centers is essent ial for progress in solar phys ics . We are 
particularly concerned about the failure to implement fully the 
s taff ing and budget recommendat ions of the NSF Spec ial Committee 
for SPO , and the attr ition in the solar exper imental staff at 
KPNO . The Centers must rece ive suf f ic ient funds and must have 
sc ient ific staff adequate to carry out the ir miss ions . 
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Despite the un ique perspective that rad io observations o f  
t he Sun can provide , a s  demonstrated by their impact o n  a wide 
range of solar problems , solar rad io astronomy in the Un ited 
S tates bas been neglected for more than 20 years . It  will be 
important to increase the amount of grant funds available for 
the support of existing solar rad io fac i l it ies , such as Clark 
Lake , For t Davis , and the Sagamore Hill Observatory , and to 
s uppor t  solar research at more general fac i lities such as OWens 
Valley . We also encourage NASA to be alert to opportunities to 
develop spacecraft rad io instrumentation , which can make unique 
contr ibutions to solar and bel iospber ic phys ics , through the 
Shuttle-sc ience program .  

4 .  We are concerned with the pers istently l ow  level o f  
support that solar rad io astronomy bas received in the last 1 0  
years and urge the following steps : 

( a )  The National Radio Astronomy Observatory should 
i ni t iate a modest solar program by add ing one or two solar 
r ad io astronomers to its staf f 1  and 

(b)  Increased grant support for university-based 
research in solar radio astronomy should be made ava ilable . 
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Planetary Science 

I .  INTRODUCTION AND SUMMARY 

The study of planets , wh ich has been a basic par t  of astron� 
s ince antiqu ity ,  has undergone a s ignif icant transformation as 
a result of modern technology . Unshackled in the 1960 ' s  from 
the limitat ions of purely Earth-based observations , planetary 
astronomy is now part of a new alignment of sc ient i f ic interests 
called planetary science . 

In this chapter we attempt to trace the successes and weak­
nesses of this new f ield dur ing its growth through the 1970 ' s 
and to outline the requ irements that we bel ieve need to be aet 
for substantial progress in the coming decade . In report ing to 
the As tronomy Survey COmmittee , we were not asked to evaluate 
opportunities for ind ividual planetary deep-space miss ions , and 
this has led to some d if f iculty in outlining programmatic op­
portunities . Such miss ions , and their careful coordination 
w ith parallel efforts in the subd isc ipl ines of ground-based and 
Earth-orbital planetary astronomy , meteor itics , cosmochemistry , 
planetology , and exobiology , are , we bel ieve , at the heart of 
future progress in planetary science and must be carefully 
integrated into any program of the h ighest pr ior ity . As a 
� vivend i ,  this chapter incorporates not only our view of  
the ground-based and Earth-orbital needs of  planetary sc ience 
but also the recently developed strategy (Report on Space 
Sc ience 1975 ( Space Sc ience Board , Nat ional Academy of Sciences , 
Washington , D . c .  1976 ) J StrategY for Explorat ion of the Inner 
Planets : 1977-1978 (COMPLEX, Space Sc ience Board , Nat ional 
Academy of Sc iences , Washington , D .c . , 197 8 ) J StrategY for the 
Explorat ion of Primitive Solar-System Bodies--As teroids , 
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Comets , and Meteoroids 1 1980-1990 (COMPLBX , Space Scienc e 
Boar d ,  1980 ) for in s itu exploration of solar -system obj ect s  
formu1ated by the eom.ittee on Planetary and Lunar Exploration 
(COMP� ) of the Space Science Board . I f  a comprehens ive 
scheme of pr ior ities is to be obtained , we believe that the 
separate development of a spec i f ic program for planetary 
s c ience--one that fully integrates the pract ical potent ials of 
ground , Earth-orbital , and spec i f ic planetary miss ions through 
t he year 2000--will be requ ired .  

Th i s  chapter was generated as a result of iterat ive review 
by the Working Group members through the mail  and by means of a 
s ing le publ ic d iscuss ion at the 11th annual (1979)  meeting of 
the D i v i s ion for Planetary Sc iences of the Amer ican As tronomi­
cal Soc i ety in St . Louis , Missour i ,  which was des igned to 
provide a measure of direct community involvement . 

Ou r repor t highlights what seems to us to be the remarkable 
n umber of unexpected d iscover ies made through g round-based re­
sear c h  as well as from planetary miss ions . In fact , we believe 
that contr ibut ions made by ground-based research expose a cur­
rent v itality in this f ield that bas not been widely apprec ia t­
ed even in the planetary-sc ience community itself . A second 
theme that we emphasize is the future potential of Barth-orbi­
tal spectroscopy in planetary sc ience , and we conclude that a 
more detai led cons ideration should be g iven to the concept of a 
d ed ic a ted Barth-orbital telescope for solar-system invest i­
gat ions . 

We identify the two most c learly recognizable goals in 
planetary sc ience as being a strong dr ive to establish a broad 
emp i r ical bas is for dec ipher ing the cosmogony of the solar sys­
� and a cont inuation of ongoing efforts to attain a balanced 
and more complete explorat ion and theoretical interpretation of 
the current state of the planets and the ir satellites . 

We envisage the f irst of these goals to be accomplished by 
a combinat ion of research efforts that inc lude in s itu obser­
vat ions of spec i f ic cometary nuclei and asteroids from rendez­
vous spacecraft, laboratory cosmochemistry of meteor ites and 
interplanetary dustJ  ground-based and Barth-orbital telescopic 
observat ions of outer-planet satell ite systems , cometary nu­
cle i , asteroids , and other minor planets J the search for , and 
the establ ishment of stat istics for , extrasolar planets , theo­
retical and computer model ing , and astrophys ical stud ies of 
phys ical cond it ions in dense interstellar c louds , cloud 
fragmentation , and protostellar objects . 

The second goal requ ires the continued and aggress ive 
appl icat ion of all the research techniques that are current ly 
used in planetary sc ience , espec ially planetary deep-space 
miss ions . Spec i f ic requirements that we s ingle out as be ing 
essent ial are new starts on planetary miss ions , increased 
support to individual research proj ects that are not necessar ­
i ly d i rectly assoc iated with space miss ions , access to ex isting 
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and planned ground-based and Earth-orbital fac i lities ( includ­
ing the Very Large Array rad io telescope , cur rent radar 
systems , large optical astronomical telescopes of all types , 
Space Telescope , and orbiting infrared telescopes ) r  inc reased 
emphas is on laboratory astrophys ics , includ ing molecular and 
atomic spectroscopy , reflectance spectroscopy , and adequate 
parameterizat ion of phys ical and chemical processes important 
to planetary sc iencer  access to advanced computers J a new em­
phas is on a search for extrasolar planetary systems r considera­
tion of an Earth-orbital telescope essentially dedicated to 
solar-system work r  and f inally , the establishment of an in­
formal occultation networ k .  

I I .  THE NATURE OF PLANETARY SCIENCE I N  1980 

A .  The Planetary-Sc ience Community and I ts Goals 

The planetary-science community is a phenomenon that has 
developed over the past two decades mostly as a result of major 
u . s .  and Soviet Government programs to explore the solar system 
by spacecraft . It is a loosely organized , interdisc iplinary 
community of sc ient ists whose backgrounds , training , and inter­
ests are drawn from such d iverse but more f irmly establ ished 
f ields as aeronomy , astronomy , cosmochemistry , geology , geo­
phys ics , meteor itics , meteorology , phys ics ,  and space phys ics . 
We est imate that there are more than 700 sc ient ists act ive in 
planetary sc ience in the United States at  present . 

The pr imary sc ienti f ic goals of th is community may be most 
s imply expressed as these : 

1 .  The acquisition of knowledge about the current phys ical ,  
dynamical , and chemical state o f  phenomena that occur i n  the 
solar system (other than the Sun itself ) r 

2 .  The establishment of knowledge and understanding 
r egard ing the or ig in and subsequent evolut ion of the solar 
system and of its individual components r and 

3. The achievement of sound explanat ions of phenomena that 
naturally occur in the solar system in terms of bas ic phys ical 
and chemical pr inc iples . 

Underly ing these broad goals are two fur ther interests that 
deserve ment ion : the or ig in of life and a deeper under­
stand ing of natural processes that occur in the Earth , its 
atmosphere,  and its oceans . With respect to the first of 
these , post-Vi k ing interests appear to be centered on the 
chemistry c •prebiot ic • )  of carbon in the pr imitive solar system 
as exemplif ied by small bod ies (comets , asteroids , and 
meteor ites ) and perhaps also by the atmospheres of Titan and 
Jupiter .  With respect to the second topic , the concept of 
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•compa r at i ve planetology• has been p u t  forward . In this concept 

the solar system is v iewed as a g iant laboratory in wh ich many 
of the natural phenomena that occur on Ear th are recognized to 
occu r  in other planetary sett ings but under d iver s e  phys ica l 

cond i t ions and often at d i f ferent evolut ionary s tages . I t  i s  

ant ic ipated , but only beg inning t o  b e  demonstr ated , that broad­
e n i ng our exper ience to such a d ivergent r ange of cond it ions 
wi l l  lead to a better unde r s tand ing of the behavior of 
t e r r es t r ial phenomena . 

B .  Research Techn iques i n  Planetary Sc ience 

Wh i le it seems c lear to us that a major s t imu lus for the r ap i d  

g rowth o f  planetary sc ience in the past dec ade has been the 
highly s uccessful and agg ress ive program of in s itu and remot e 
observat ions from planetary spacecraft and probes , the advances 
in knowledge that have been ach ieved are , in fac t , due to the 
appl ication of a much broader range of research techn iques . 

Thes e  techn iques inc lude observations f rom planetary spacecraf t 
and probe s , analy s i s  of mater ial samples returned f rom the 
Moon J  all types of ground-based telescopic and radar observa­
t ions ( inc lud ing observat ions from aircraft , ba l loons , and 
sound i ng rockets ) J e lemental , i sotopic , and mineralog ica l  
analys is of meteor i t ic mater ial in cosmochemica l  laborator ies , 
Ear th-orb i tal spectroscopy , laboratory spec t roscopy and 

parameter i zat ion of phys ical processes , and computer and 
theo r e t ical model ing of complex phys ical scenar ios . 

Wh i le we do not expec t any major add i t ions or delet ions to 
th i s  l i s t  i n  the coming decade , we do expec t cons iderable 

c hanges of emphas i s . In par t icular , we expect that planetary 
sc ient i s ts will become cons iderably more ac t ive in remote sens­

i ng f rom Ear th-orb i t  as a result of the power f u l  instrumental 

poten t i a l  of Space Te lescope ( ST ) , Infrared As tronomy Sate l­

l ite ( IRAS) , and Shu t t le Inf rared Te lescope Fac i l i ty ( SI RTF ) J 

we also ant ic ipate an i ncreas ing emphas is on cosmochemi s try as 
a result of new meteor ite f inds and newly deve loped methods for 

the acqu i s i t ion , hand l i ng ,  and chem ica l  ana ly s i s  of exceed ing l y  

minute interplanetary d u s t  samples .  Computer and theo r e t ical 

mode l ing and interpret ive data analy s i s  are expected to receive 
more emphas i s  in the 1980 ' s  par t ly because more c apable 

mach ines are expected to become more access ible to planetar y 
s c ien t is t s  and par t ly because of the large and g rowing data 

base on solar -sys tem phenomena that i s  becomi ng ava i lable . 

c. Fund ing in Planetary Sc ience 

The pr imary source of fund ing suppor t for the plane tary 

sc iences is the O f f ice of Space Sc ience of the u . s .  Nat ional 
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Ae ronautics and Space Administration (NASA) . Further s upport, 
e ither provided d irectly to planetary research programs (rough­
ly $0 . 5  mill ion/year) ,  or .ore often and substantially to 
projects in closely related f ields such as astronomy and earth 
sc iences , is furnished by the Nat ional Science FOundat ion 
(NSF) . Dur ing the past decade , the annual expend itures in the 
planetary program at NASA have been dominated by the require­
ments of the Vik ing Mars Mission and ranged from a h igh of 
$6 6 5  million/year in 1974 to a low of $170 million/year in 
197 8 .  This large var iat ion in yearly fund ing is a reflection 
of the fact that most of these funds were d irectly assoc iated 
with the hardware phases of spec i f ic missions that tended to be 
w idely spaced in t ime . However , a base level of approximately 
$25 million/year has been regularly invested in data analys is , 
s upport ing researc h ,  instrumentation development , and advanced 
miss ion planning . 

FOr the 1980 ' s , only the sense of the pressures on funding 
levels seem clear to us . Strong advocacy seems assured for 
many of the increasing ly complex and extended planetary-sc ience 
miss ions now be ing contemplated in the NASA planetary prograa, 
and the recent pauc ity of new starts can be expected to amplify 
this advocacy . The substantial base of high-quality data on 
solar-system phenomena that has been der ived (and not yet fully 
utilized) as a result of Apollo Lunar-Orbiter , Mar iner , 
Vi king ,  Pioneer , and Voyager miss ions , and as a result of a 
strong program of ground-based and Earth-orbital observations , 
c an be expected to cont inue to expand rapidly and become in­
creas ingly access ible . This growth seems assured not only as a 
result of the already approved encounters with satur n ,  uranus , 
and Jupite r that will occur in the 1980 ' s  but also because of 
the prospects for major improvements in ground-based and Earth­
orbital capabilities and techniques . we antic ipate that these 
f actors will lead to s trong pressure for increased and wider 
fund ing of spec ific theoretical , interpretive , and observation­
a l  research programs to ind ividuals , as well as for a stronger 
program of advanced instrument development .  

D .  Plann ing i n  Planetary SC ience 

The respons ibil ity for planning--both for identifying researc h 
d irections and for establ ishing a national strategy and 
pr ior ities for solar-system exploration--has been largely 
shared by the Space Science Board of the Nat ional Research 
Counc il and NASA ' s  Off ice of Space SCience . Much of the 
r at ionale for the program in planetary sc ience dur ing the past 
decade can be traced to efforts of the Space SC ience Board in 
the late 1960 ' s and ear ly 1970 ' s  (Planetary A8tronomy1 An 
Appra isal of Ground-Based Opportunities , 196 8 J  Planetary 
Exploration l968-1975 J The Outer Solar system, A Program fo r 
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Explora t ion , 1969 J Opportunit ies and Choices in Space Sc ience,  
19 7 4 }  • More recently , a general strategy for the near futu r e  
has been formulated by COMPLEX in Report on Space Sc ience 1975 
(197 6 } r Strategy for Exploration of the Inner Planets : 
1977-1 9 8 7  ( 1978} J and Strategy for the Explorat ion of Pr imit ive 
Solar System Bod ies--As teroids , Comets , and Meteoroids : 
1 9 8 0 -1 99 0  ( 1980) . 

I n  parallel with these efforts , NASA has played a major 
role in h ighl ighting spec ific research topics and miss ion 
oppor tunit ies through the encouragement of wide communi ty 
i nvolvement in � �  sc ience work ing groups or advisory groups 
a nd a number of h ighly successful sc ient i f ic workshops . These 
have provided an important stimulus to research through 
p ublicat ion of transcr ipts or groups of research papers . 

Planetary miss ion opportun ities for the 1980 ' s  that , in ou r 
opinion , are well understood in terms of planning include venus 
Orbit ing Imag ing Radar (VOIR) r an International Comet Miss ion 
t hat takes advantage of the 1986 appar i t ion of Comet Halleyr 
Lunar Polar Orbiter (LPO) r and a Saturn Orbiter/Probe miss ion 
( SOP2 ) .  Gal i leo , a combined orbiter and probe miss ion to 

Jupiter , is already approved and be ing developed for a 198 4  
l aunch. We antic ipate that future planning will be concen­
t rated in two areas : 

1 .  Establ ishing pr ior i t ies and prepar ing for spec i f ic 
miss ion opportunit ies in the ear ly 1990 ' s ,  when a number of 
e xcellent Jupiter swingby opportunities to the outer planets 
occur . We also ant ic ipate cons iderable commun ity stress on th e 
further geophys ical exploration of Mars and the Moon as a 
result of the absence of any new miss ion starts s ince the 
Apollo and Vi king land ings and the ex istence of f irm obj ect ives 
and an act ive commun ity interest .  Finally , preparat ion for 
e xtended miss ions to comets and asteroids will command a h igh 
pr ior ity .  

2 .  As a result of a growing apprec iation of the potent ial 
for remote sens ing of planetary phenomena , both from Ear th 
o r b i t  and from the ground , we also ant ic ipate that future 
planning will emphas ize a full integration of these potent ial s 
i nto the overall assessment of pr ior ities . As we wi ll d iscuss 
be low , it is already . poss ible to see a substant ial r ationale 
for an Earth-orbital telescope that is essent ially ded icated to 
planetary-sc ience objectives . However , in spite of its rela­
t ively low cost ( as compared with that for planetary miss ions } , 
we bel ieve it is essent ial that the pr ior ity of such a proj ec t  
be e stabl ished i n  the context o f  a complete program of 
planetary sc ience that includes planetary miss ions . 
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1 0 4  

E .  Research Ac t i v i ty and Repor t ing in Planetary Sc ienc e 

In order to i l lu s t r ate ( at least approx imately )  the trends i n 

research act ivity ove r the last decade , we have compi led 

s ta t i s t ics on the produc t ion of research papers in the fol low­

ing ma jor areas : lunar sc ience , inner planets , outer planets , 
s at e l l i tes and r ings , and the s tudy of pr imit ive ob j ec t s  
(pr inc ipally comets , asteroids , and meteor i tes ) .  Thes e 
s ta t i s t ic s , wh ich are based on c i ta t ions in As tronomy and 
As trophys ics Abst r ac t s  and on entr ies in the 1979 Hawa i i 
B ibl iography on Planetary Sate l l i tes and Rings ( Inst itute for 
As tronomy , Un ive r s i ty of Hawa i i ) , are i l lustrated i n  F igure s 

2 . 1- 2 . 3 J they demons trate a s trong g rowth of research in 

planetary topics and a mar ked leve l ing off of act i v i ty in luna r 
s c ience after the conc lus ion of the Apollo prog r am .  Th e  

sens i t i v i ty of t h e  year ly product ion of research pape r s  to t h e  
s ucces s f u l  conc lus ion of a planetary miss ion i s  a l s o  apparent , 
par t icular ly in the cases of luna r sc ience and of research 

r e lat ing to the inner planets . 

In the case of the outer planets , the impac t of the P i onee r 
f lybys of Jup i te r  is not iceable , but the decade-long growth o f  
r esearch ac t iv i ty i n  t h i s  f ield i s  pr imar i ly a result of 
g round-based research . The impact of the 1 9 7 9  Voyager f lyby s 

of Jupi ter is not inc l uded in Figure 2 . 2  but w i l l  presumably be 
substant ial . The research area that ref lects the mos t frenet i c  

a c t ivity dur ing the 1 9 7 0 ' s  concerns sate l l i te and r ing sys tems , 

wh ich aga i n  i llus trates the v i ta l i ty that has been present i n  
g round-based research . I t  is surpr i s ing that the growth of 

th i s  subject does not seem to have been d i r ec t ly r e lated to t h e  
t wo  major unexpec ted d i scove r ies ( the Io sod ium torus and 

uranus ' r ings )  in the f ield . 
There is an ind icat ion in F igures 2 . 1  and 2 . 2  of a 

s ign i f icant growth in the populat ion of the planetary-sc ienc e 
c ommun i ty throughout the decade . In Figure 2 . 1 ,  for example , 
the year ly total of abstracts is seen to increase by 

approx imatey 60 percent over the decade , wh ile the number of 
authors par t ic ipat ing in the annual meet ing of the Divis ion fo r 
P l anetary Sc i ences of the Amer ican As tronomical Soc iety ( F igure 
2 . 2 )  has doubled in the pas t  5 year s . A fur ther interest ing 
f ac t  i s  the r elat ively even d is t r ibut ion of r esearch product ion 
among the four major areas . 

We offer the following interpretat ion of the t rends 
i l lustr ated in F igures 2 . 1- 2 . 3  as a prognos i s  for development s 
i n  the coming decade : the planetary-sc ience commun i ty is 

g row ing and can be expected to continue to g row for some t ime . 

Th is c an be expected to produce both increased pressure on 
fund ing sources and inc reased compet i t ion for research 

f und ing . The demons trated c apab i l i t ies of g round-based and 

Earth-or b i tal research techn iques , wh ich have been respons i b l e  

for mos t of the ac t i v i ty seen in r esearch o n  obj ec ts i n  the 
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PIGURE 2 . 1  Number of research papers per year dur ing the 
1 9 70 ' s  in the f ields of planetary and lunar sc ience . 

outer solar system and on pr imitive bod ies , will cont inue to be 
an essential part of planetary research for the foreseeable 
f uture . And , f inally , if substantial further progress is to be 
made on sc ienti f ic problems relat ing to the inner planets and 
Moon ,  then planetary space miss ions to them will be essential . 

F .  Educat ion in Planetary Sc ience 

As a result of the interdisc iplinary nature of planetary 
sc ience , tbe training of planetary scientists takes place in 
many k inds of academic departments . In one planetary-sc ience 
g roup for instance ( at tbe Univers ity of Hawai i ) , tbe four 
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FIGURE 2 . 2  Number of research papers per year dur ing the 
1970 ' s  on the inner planets , the outer planets , and pr imit ive 
solar-system obj ects , together with the number s  of author s 
par t ic ipat ing in the annual meeting of the Divis ion for 
Planetary Sc iences (DPS)  of the Amer ican Astronomical Soc iety 
(AAS) . 

faculty members hold Ph . D . degrees in physics , astronomy , 
geology , and chemistry . One of the strengths of the f ield lie s  
i n  the var iety of d isc iplines that can b e  brought t o  bear on 
research problems ; however , a cor respond ing penalty is felt i n  
the absence o f  a common background o r  even a generally accepted 
def init ion of planetary sc ience . In general , the planetary 
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sc ient ist is a minor ity member of a traditional academic 
d epar tment , such as astronomy , phys ics , or geology . In very 
few univers ities is the training of planetary scient ists in the 
banda o f  a faculty spec ifically devoted to the d isc ipline . 

Cons ider three spec ific examples of universities that have 
r ecently granted a number of Ph . D . ' s  to planetary sc ient ists . 
At Corne l l ,  graduate training takes place formally within the 
Depar tment of Astronomy , but in recent exper ience the major ity 
of s t udents have been in geology and , after completing the i r  
nonthesis requirements i n  the Department o f  Geology , these 
students have carr ied out their  research with astronomy faculty 
as d issertat ion advisors .  At the California Institute of 
Technology , planetary students are trained in the Divis ion o f  
Geolog ical and Planetary Sc iences , which i s  ent irely d ist inct 
from the astronomy faculty, however , it is poss ible for plane­
tary students to carry out observational work under certain 
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c ircumstances with the Mt . Palomar facilities . A third mode of 
graduate education is represented by the Univers ity of Ar i zona , 
which has pioneered the establ ishment of an independent Depart­
ment of Planetary Sc ience , with faculty from a var iety of d i s­
c iplines including astronomy , meteor itics , geology , geoec ience , 
and space phys ics . Observing facilities at Ar izona are oper a t­
ed jointly by the As tronomy and Planetary Science Departments . 

No accurate stat istics exist on the number of Ph . D .  deg r ees 
being granted each year in planetary sc ience , but we est imate 
15 to 2 0 .  The major ity o f  these are i n  geology o r  related geo­
sc iences , not more than f ive of the rec ipients would be classed 
as planetary astronomers . Dur ing the past 5 years , most 
planetary-science theses have dealt pr imar ily with spacecraft 
data or with the analys is of lunar samples or of meteor ites . 

In undergraduate education ,  it is a matter of some concern 
that most planetary sc ience is taught by faculty with little or 
no training in this d isc ipl ine . A large number of students 
study the solar system as a part of introductory survey course s 
in astronomy , almost all taught by stellar or extragalact ic 
astronomers . The texts used rarely inc lude contr ibut ions by 
persons with training or research interests in planetary 
sc ience . As a result , there is a tendency to emphasi z e  
superf ic ial aspects of a purely descr ipt ive sort rather than to 
discuss the bas ic sc ient ific issues that dominate contemporary 
planetary research . We believe that as long as undergraduates 
cont inue to learn about planetary sc ience through astronomy 
courses an effort should be made to improve the presentat ion of 
this mater ial , perhaps by more act ive part ic ipat ion of 
planetary scientists in wr it ing texts , prepar ing curr iculu• 
mater ial , and present ing lectures in elementary astronomy 
courses . 

I I I . PROGRESS IN PLANETARY SCIENCE DURING THE 1970 1 S 

The character of research in planetary sc ience dur ing the pas t 
decade has been dominated by the acquisit ion of fundamental 
data , discovery , and exploration . Rationali zat ions , interpre­
tat ions , and explanations tend to be cautious and tentat ive . 
Quest ions proliferate . The solar syste• that is being revealed 
is one of contrast and ind ividuality .  Unexpected and strange 
phenomena abound . 

About the t ime of wr it ing of the Greenstein report 
( 1970-1971) , Mar iner 9 was enroute to orbit Mars ,  the f ina l 
sequence of Apollo Moon land ings was beg inning , Pioneer 10 was 
being prepared for launch toward Jupiter , and the Copernicus 
telescope was being read ied for launch . Research emphasis was 
on the inner planets and the Moon .  The Vik ing Mars project had 
begun , and there were caut ious expectat ions regard ing the 
presence of life on Mars J •arand TOur •  missions to the oute r 
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planets were being contemplated , and Jupiter was seen as the 
• Rosetta atone• of the solar system. In the intervening years , 
spacecraft have vis ited three planets (Mercury , Jupiter , and 
Saturn) and s ix satellites ( Io ,  Europa , Ganymede , Call isto , 
Phoboa , and Deimoa ) for the first time ,  successfully landed and 
operated on the surface of Mars and venus , directly probed 
( s imultaneously in five locat ions followed by a year or more i n  
orbit i n  one case ) the atmosphere o f  Venus , and returned 
mater ial samples from several locations on the Moon .  Important 
t rends that have developed inc lude the emergence of planetary 
satellite systems as a major area of study , a new emphas is on 
t he study of the so-called •pr imit ive• bodies (comets ,  aster­
oids , interplanetary dust , meteor ites , and r ing systems ) , and a 
g rowing awareness of the potent ial of Earth-orbit ing telescopes 
and the complementary nature of Earth- and space-baaed observa­
t ions . 

Underlying the growth of knowledge baa been the exploita­
t ion of new technology and the development of new research 
t echniques and fac ilit ies . For example , the successful exploi­
tat ion of Four ier-transform spectroscopy has tr ipled the number 
o f  molecules detected in the atmospheres of Jupiter and Saturn 
and has improved our knowledge of atmospher ic structures on 
Mara and Jupiter . Improvements in infrared detectors and 
spectrometers and their appl icat ion at airborne and large 
g round-baaed telescopes have opened up the d iscuss ion of 
satellite and planetary sur face chemistry and of planetary 
stratospheres . The introduct ion of GaAa photomult ipl ier tubes 
and a var iety of array detectors ( ret icona , microchannel 
p lates , photoreaiat ive str ips , intens if ied vid icons , charge­
injection devices , charge-coupled devices ) has had an enormous 
i nfluence on the performance of ultraviolet , opt ical , and 
near-infrared spectrometers for measur ing weak emiss ion o r  
absorption l inea i n  planetary atmospheres . The improvement of 
radar ayat .. a--includ ing the resurfac ing of the Arecibo antenna 
to work at S-band--has led to our f irst comprehens ive views of 
the surface of Venus , a clar ification of the nature of Saturn ' s  
r ings , and further puzzles about the Ga l i lean satellites of 
Jupiter . Heterodyne , Fabry-Perot , and very-high-d ispers ion 
g rat ing spectroscopy us ing new f ine-g rain photographic emuls ions 
is yielding detai led new informat ion about g lobal-scale mass 
motions in the stratosphere of venus with a prec is ion approach­
ing a few tens of meters/second . 

New techniques for handling and per forming elemental and 
isotopic analys is of meteor ites and microscopic samples o f 
i nterplanetary dust have revealed unexpected results that have 
profoundly influenced our concepts of the pr imit ive solar 
nebula . The 3-Meter Infrared Telescope Fac ility on Mauna Kea 
was completed by NASA in t ime to provide excellent 5-pm maps 
of Jupiter that are a vital complement to data on atmospher ic 
phenomena obtained by Voyager , and the telescope is now in ful l 
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operat ion . Interactive computer systems are be ing exploited i n  
the establishment of reg ional data centers that allow easy 
access and interpretive process ing of space miss ion data sets . 

The Very Large Ar ray (VLA) rad io telescope is beg inning to 
be applied to solar-system problems and has already provided a 
definitive result regard ing the temperature and radius of 
Titan ' s  surface . The VLA shows promise in its appl icat ion to 
the Jovian radiat ion belts , and we have great expectat ions for 
its future applications to deep atmospheres and the surface o f 
Venus . In space , the past decade has seen the introduction and 
successful deployment of the first u . s .  planetary landers and 
a tmospher ic probes . Improvement of deep-space communicat ion 
channels to incorporate both s- and X-band capability has 
increased the power of the rad io-occultat ion technique to probe 
the vertical structure of atmospheres and allows h igh-rate 
r eal-t ime data transmiss ion even for televis ion . 

There has been a steady increase in the s ize , we ight , and 
c apab ility of sc ient i f ic payloads , together with improved 
stability and point ing of remote-sens ing devices J f inally , 
successful implementat ion of the planetary •swingby• and of 
mult iple-encounter techniques has led to more frequent miss ion 
poss ibilit ies . 

Sc ientific highlights include the d iscovery of r ing systems 
around Uranus and Jupiter , wh ich suggests that rings may be a 
much more common by-product of satellite-system format ion than 
was previously thought . Further research into the dynamics and 
s tability of these systems is expected to provide ins ight into 
the processes that form and d iss ipate such disks and that 
presumably occur red dur ing solar-system format ion . Th ree more 
satell ites have been discovered , includ ing Pluto ' s  moon and the 
f irst member , Ch iron , of a new c lass of small planets beyond 
Satur n .  

The past decade has also seen the d iscovery o f  a multi­
plic ity of asteroid sur face compos itions and evidence of 
systemat ic trends with heliocentr ic d istance . The ref lect ion 
spectrum of the moat populous c lass of asteroids shows a 
s imi lar ity to that of carbonaceous chondrites , suggesting a 
gene r ic relationship. All of these discover ies are thought to 
contain important informat ion that will constrain our ideas of 
pr imitive condit ions and dynamical rearrangements in the earlY 
solar nebula . 

A part icular surpr ise was the discovery of exces s 2�g i n  
a lmost pure alumina crystals in the Allende meteor ite , ind icat­
i ng a h igh pr imord ial 26Al abundance and , hence , a large 
radioact ive heat depos it ion in early solar-system mater ials . 
Th is and the measurement of other isotopic patterns in mete­
or ites and samples of interplanetary dust are having a 
substant ial effect on our percept ions of the range of phys ical 
cond itions in the pr imitive solar nebula and the way the solar 
system could have been formed . 
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The detection and identificat ion of the first •parent • 
molecules in comets was one of the main results of a well-coor­
d inated , NASA-sponsored program to observe Comet Kohoutek in 
197 3 .  The detection of HCN , CH jCH ,  and a2o+ points t o  
intr igu ing s imilar it ies between cometary compos ition and the 
compos it ion of interstellar molecular c louds . Th is connect ion , 
i f  true , identif ies an important inter face with astrophys ics 
that clear ly needs developing if  we wish to understand the 
nature of poss ible presolar nebulae . 

The decade has seen the d iscovery of magnet ism on Mercury ,  
Saturn , and poss ibly Uranus and exceedingly low limits put on 
Martian and Venus ian f ields . With the exception of the f ield 
of Uranus , all the measurable f ields have been tentatively 
e xplored , but whi le many characteristics of the ir assoc iated 
magnetosphere& have been revealed , the details of the gener a­
t ion of these f ields remain a puzzle . Th is is part icularly so 
in the case of Saturn , whose f ield ax is is observed to be 
c losely aligned to the spin ax i s .  

A huge advance in our knowledge of the Jovian magnetospher e  
a nd its interact ions with the planet and satellites that are 
embedded in it  has occur red . Th i s  is a result of a combination 
of data from the Pioneer and Voyager miss ions together with 
ground-based and Earth-orbital observations of Io-related 
• torus• emiss ions and Jovian auroras . Jupiter ' s  magnetosphere 
i s  found to be dominated by heavy ions that are presumably 
der ived from gases ( includ ing at least S� ) observed to be 
r eleased by spectacular volcanic activity on Io .  Th e  phys ica l 
r elat ionships between magnetospher ic propert ies , Io volcanism, 
the latter ' s  dependence on t idal stress ing , decametr ic radio 
bursts , and planetary auroras have been part ially worked outJ a 
fasc inat ing picture of h ighly compl icated interact ions is 
emerg ing that is beg inning to explain many previously puzzl ing 
observat ions . 

Ae ronomy , l ike magnetospher ic sc ience , is not a major theme 
of this chapter because it is not h ighly suscept ible to remote 
s ens ing . Nevertheless ,  a few major accomplishments should be 
l isted . Both Mar s  and Venus have been directly probed by entry 
i nstruments , and Venus has been explored daily for more than a 
year . These atmospheres and ionospheres , wh ile mainly analo­
g ous to the Earth ' s ,  show some puzzling differences . Most 
s t r i k ing are the low exospher ic temperatures , nowhere above 
3 50 K and as cold as 100 K on the n ight s ide of Venus . The 
stratospheres of both planets , and even the near-surface atmo­
sphere of Mars , d isplay ozone chemistry closely analogous to 
what would be expected on a h ighly polluted Earth J no detect­
able ozone at all exists on Venus . Jupiter , probed only by 
radio occultat ions and ultraviolet spectroscopy , shows an 
oppos ite behavior , with very h igh exospher ic temperature and 
other phenomena suggestive of a strong influence of magneto­
s pher ic plasma . In fac t ,  the whole Jovian plasma torus can be 
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r egarded as an extens ion of Io ' s ionosphere , with suspic ions of 
analogous but milder effects from Titan at Saturn . 

The emergence of planetary satellite systems as a major 
area of study in planetary sc ience was another important deve l­
opment of the 1970 ' s .  Increas ingly sophist icated g round-based 
and a irborne observations , together with the flybys of Pioneers 
10 and 11 and Voyagers 1 and 2 through the Jupiter and Saturn 
systems , have opened up new f ields of study concerning the 
large satellites of the outer solar system. In part icular , the 
range of global propert ies and the surpr is ing d ivers ity of the 
s urface properties of the Galilean satellites provide a new 
perspective on the evolut ion of saall bodies and bas given us 
our f irst examples of planetary-s ized bod ies for which ice 
plays a major role in both the surfaces and inter iors of the 
objects . 

A theory has also been developed that explains the or ig in 
and evolut ion of the orbital resonances aaong these satellites 
with d iss ipat ion in the inter ior of Io as the controlling 
factor . Bounds on the Q of Jupiter have been est imated and th e 
neglig ible ampl itude of librat ion of the three-body Laplace 
relat ion now bas a reasonable explanat ion . This new under­
s tand ing of the Laplace resonance format ion is a f itt ing climax 
to the cons iderable development of the theor ies of or ig in of 
orbital resonances dur ing the last decade . 

The remar kable individuality of the sur face propert ies o f  
e ach Galilean satell ite exposed by Voyager is not apparently 
conf ined to the Jupiter system . Excellent Vik ing images of 
Phobos and De imos have shown an equal d iversity of that system. 
These satell ites are believed to be asteroidal debr is captured 
by Mars dur ing its format ive stages , and Vik ing may have g iven 
us our first look with high spatial resolut ion at asteroidal 
objects .  

The Earth ' s  Moon cont inues to be an enigma . Absolute ages 
and rock types are now available for major geolog ic features on 
the Moon and , with the add it ion of beat-flow ,  se ismic , and 
magnet ic data , we now have a broad picture of its overall 
phys ical state . It is an anc ient , highly different iated body 
and perhaps partly molten in its inter ior . Its elemental 
compos it ion is found to be d ifferent from that of the Earth , 
being def ic ient in the more volat ile elements , wh ile certain 
isotopic patterns (e . g . , l$o; l�) are s imilar to terrestr i-
a l  patterns . Th is latter s imilar ity ,  in contrast to the range 
of isotopic rat ios seen in meteor ites , places a s igni f icant 
constra int on lunar or ig i n .  While it s t i l l  i s  not poss ible to 
choose conf idently among all the major compet ing theor ies of  
i ts mode of orig in , those postulat ing a d istant or ig in may be 
taken far less ser iously . 

COntroversy over the surface temperature of Titan seems to 
have waned as a result of recent measurements made with the VLA 
that c learly separate the rad iat ion of the satellite fro• that 
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of its parent planet . Nevertheless , much still remains to be 
learned r egarding the extent , compos ition , photochemistry , and 
evolution of Titan ' s  atmosphereJ  further analyses of the data 
f rom the Voyager flybys through the Saturn system should help 
to clar ify some of these issues . The view of Titan as subjec t 
to a major greenhouse warming comparable with that of venus , 
has , however , been abandoned . 

W ith respect to the planets themselves , it is their ind i­
vidual ity and often the unexpectedness of discovery that seems 
to s t and out from the research of the last decade . A few 
maddening problems , such as the compos ition of the vis ible 
c louds of Venus and the general composit ion of the Mart ian and 
Venus atmospheres , have been solved . But the plain fact is  
that many more problems have presented themselves as a result 
of the last 10 years of successful exploration and unabated 
surpr ise . 

At Mercury , which was found to be devoid of an indigenous 
atmosphere , the fraction of the surface that we have seen shows 
the record of what was presumably the same anc ient heavy bom­
bardment that is evidenced by the surfaces of the Moon , Mars , 
and Callisto .  Signs of evolut ion i n  i t s  inter ior show u p  in 
Mercury ' s  own special brand of surface features a widespread 
volcanic plains--quite different from those on the Moon--and 
planetary-scale scarps that suggest that internal shr inkage ha s 
occurred . The major surprise of the Mariner 10 miss ion at 
Mercury was the discovery that this slowly rotating planet 
possesses a dipole magnetic f ieldJ this fact can be expected to 
be a s ignif icant datum for future explanations of planetary 
magnetism .  

At Venus we have had our f irst g limpse o f  the sur face 
terrain , both by radar and by direct Soviet televis ion link . 
The natural rad ioactivity of surface rocks has been measured in 
three locat ions , being found to have s imilar it ies to several 
terrestr ial igneous rock types , and it now seems probable that 
Venus is (or was )  a tecton ically active planet . The ground­
based r adar coverage already reveals a rugged surface with 
mountain ranges , possible volcanoes , chasms , plateaus but no 
i nd ications yet of Earth-l ike crustal plates or constructs 
s imilar to terrestr ial cont inents . There are also indication s 
o f  craters that could be of impact or ig in . All of this is 
enough for us to urge efforts for a proper geophysical 
exploration of the suface of Venus in the future . 

We can also report s ign ificant advances in our understanding 
of the composition , structure , and dynamics of the atmosphere 
and clouds on Venus as a result of the Pioneer Venus mission and 
much ground-based research . The omnipresent upper clouds are 
now known to be composed of a 2so4 ( thanks to a theoretical 
analysis of ground-based opt ical polar izat ion data) and to be 
controlled by the photochemistry of S02 . Lower down in the 
atmosphere , other cloud layers involving H20 and some as ye t 
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un identified dark components have been charted . The pr imary 
const ituents of the neutral atmosphere are now known with 
prec is ion as a result of in s itu mass spectroscopy and gas 
chromatography . A major surpr ise was the unexpected d iscovery 
of a relat ively large abundance of 3 6A in the atmospher e 
( 2 0-1 0 0  t imes as abundant per gram of rock as on Earth) . Th is 
f inding is caus ing a major reassessment of solar nebula 
condensation scenar ios for planetary format ion . 

In the upper atmosphere , a very complex (and still poorly 
understood) g lobal structure has been observed in which a 
dynamic ionosphere , cont inually buffeted by the solar wind , is 
embedded . The 4-day •apparent• rotation of the lower s trato­
sphere/upper tropospher ic reg ions , wh ich is some 6 0 t imes more 
r apid than that of the planet itself , is now known to be a true 
mass mot ion of the atmosphere , although large-scale wave mot ions 
are thought to be embedded in i t ,  and the vert ical shear of 
zonal mot ions in the lower atmosphere has been measured . The 
c ur ious Y-shaped mark ings seen s ince the 1930 ' s  in ultraviolet 
photographs appear to be associated with a global system of 
l arge-amplitude waves , but the mechanisms that produce these 
phenomena are still unknown . Important data regarding the 
r ad iat ion balance within the atmosphere have been obtained , and 
it is now known that apprec iable fluxes of sunlight penetrate 
down to the surface, however , an ent irely satisfactory explana­
tion of how the h igh surface temperature ( 7 5 5  K) is maintained 
has not yet been worked out . 

At Mars perhaps the most s ignif icant d iscovery was the 
effect ively total absence of organic mater ial on the surface . 
As a result , the search for l ife on that planet appears to have 
come at least temporar ily to a halt , although one must recall 
that only two locat ions were sampled . The Vik ing miss ion and 
the Mar iner 9 orbiter preceding it have , however ,  added much to 
our knowledge of the way in wh ich planets and their atmospheres 
evolve . There is clear evidence on the surface of Mars  that 
volcanic and other tecton ic events occurred early in the 
planet ' s  history1 yet , wide expanses of the planet also show 
pr imit ive cratered landscapes untouched except for atmospheric 
eros ion . Some of these craters have forms that suggest that a 

large reservoir of water lies beneath much of the sur face in 
the form of permafrost .  Also found on the surface are relics 
of what are almost certainly stream and flood channels . Cer­
tain types of these channels suggest that there may have been a 

per iod in the early history of Mars when its c l imate was far 
more clement than now . A second indication of changes in the 
c l imate on Mars is the presence of layered structures in the 
terrain at the edges of the polar caps . These changes ar e 
l ikely to be the result of long-term var iat ions in the planet ' s  
orbit about the Sun . Th e  exact chronology o f  Mart ian 
atmospher ic h istory is uncertain , but evidence for a denser 
atmosphere in ear lier t imes has also been inferred from mea­
s urements of the relat ive abundances of nitrogen isotopes . 
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• As a result of our newly acqu ired knowledge of the detailed 
compos ition of the Martian and Venus atmospheres ( together with 
the compos it ion of the Earth atmosphere) , we have seen the 
beg innings of efforts to construct comprehensive theor ies of 
a tmospher ic evolution in the inner solar system .  In addit ion , 
for Mars ,  prec ise data on atmospher ic compos ition , transpar­
ency , structur e ,  and mot ions ( from wind streak ing and meteoro­
log ical stations on the surface) have led to an increased 
u nderstanding of the nature of seasonal albedo var iat ions that 
have long been observed from the Earth , the details of dust 
s torms , and the overall mechanics of the atmospheric c i rcula­
t ion (which turns out to have cons iderable s imilar ities to that 
o f  the Earth) • 

In the realm of the g iant planets ,  some of the most 
substantial advances have been in our knowledge of chemica l 
a bundances . Almost ent irely as a result of the introduct ion of 
Four ier and Fabry-Perot spectrometers at ground and airborne 
observator ies , our knowledge of atmospher ic const ituents bas 
g rown from a abort list of four molecules (H2 , He , CH4 , and NH3 ) 
to encompass c � 2 , c � 6 , CH j> , HD , co , GeH4 , a ,_o , and PH3 on 
Jupiter and ca 3o ,  C 282 , C 286 , PH3 , and HD on Saturn . Strato­
spher ic emiss ions of c � 4 , C 28 6 , and posssibly c �2 or c 3a8 and 
ca 3o have been detected on Titan and C 28 6 on Neptune . HD bas 
been detected on Uranus and Neptune . Knowledge of relative 
a bundances are still very uncertain,  but it does seem c lear 
that at least in Jupiter ' s  and Saturn ' s  deep atmospheres ther e 
are substantial deviat ions from local chemical thermodynamic 
equilibrium and that vertical mixing of bot deeper reg ions with 
t he cold v is ible atmosphere is an important process . As men­
t ioned above , an accurate assessment of relat ive abundances 
s till  eludes us , however , major progress bas been made for some 
constituents . Mak ing use of a wide range of spectroscopic 
observat ions ( including center-to-l imb var iat ions ) and also 
theoretical analyses that couple the solution of the abundance 
problem to the problem of vert ical atmospher ic and c loud 
structure , we have learned that there exist very dist inc t 
compos it ional d i fferences between the visible atmospheres of 
Jupiter and Saturn on the one hand and those of Uranus and 
Neptune on the other . Th i s  f inding furnishes an important 
constraint on some of the details of the modes of origin of 
t hese planets . 

S ubstantial advances have also occurred in our knowledge 
and understand ing of the ver t ical structure of outer-planet 
a tmospheres . These advances have resulted from a complex 
comb inat ion of ground-based and space-based observations . For 
example , g round-based infrared spectrophotometry has revealed 
that strong stratospher ic thermal invers ions are the general 
r ule on the outer planets ( although Uranus may be an excep­
t ion) ' together with vertical sounding of this structure by 
means of ad hoc networks of ground and a irborne observat ions of 
stellar oecultat ions by Jupiter , Neptune , and Uranus , there bas 
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been stimulated much d iscuss ion of seasonal behavior (for 
Saturn) , photocheaistry , energet ics , and transport mechanisms 
in stratosphe r ic reg ions . 

Pr om space it has been possible to obtain prec ise knowledge 
of the structure of Jupiter both in its upper-atmospher ic re­
g ions and in the troposphere . unexpectedly , Jupiter ' s  upper 
atmosphere was found to have a very h igh electron temperature 
( about 1000 K )  and a much more extens ive ionosphere than ant ic­
ipated . In add ition , widespread auroral activity , poss ibly 
r elated to f ield l ines thread ing Io and Io ' s  torus , has been 
found in hydrogen Lyman-alpha emiss ion and band emiss ion of 
H2 • These polar auroras have also been observed from the 
In ternat ional Ultraviolet Explorer satellite , and we can expect 
Space Telescope to provide important information on these 
phenomena in the. future . In the troposphere , thermal 
radiometry from Pioneers 10 and 11 found that mer id iona l 
g r adients in outgoing thermal f luxes are •inimized by an 
apparently increased outflow of internal flux at highe r 
latitudes , a factor that should be an important cons iderat ion 
in understand ing the or ig in of the belt/zone structure . 

An enormous but as yet undigested data base has been 
established for Jupiter concerning cloud structure and its 
correlat ion with color , atmospher ic mot ions , and atmospher ic 
electr ic i ty .  A few preliminary results regarding the stability 
of zonal flows , their relat ionship to underly ing turbulent 
motions and to the pattern of colors ,  are beg inning to emerge , 
but a c lear picture will requ ire much more research . The 
str ik ing Voyager television pictures of Jupiter , together with 
s imilar data for Mars and Venus , are expected to nour ish and 
clar ify theor ies of atmospher ic dynamics for many years .  

Progress can also be reported in our knowledge of the 
outermost g iant planets , Uranus and Neptune . Perhaps the mos t 
str ik ing new fact has been the unexpected d iscovery of an 
apprec iable internal heat source within Neptune and its absence 
from Ur anus . A poss ible explanat ion has been put forward in 
terms of the sens itivity of the outward transport of internal 
energy from the inter ior to the external boundary cond it ions 
imposed by solar rad iation . Several new observat ions point to 
other poss ibly related d i fferences in the atmospheres of these 
two planets . POr example , there are strong ind icat ions of 
c louds and weather and a definite stratospher ic invers ion on 
Neptune , but such phenomena are apparently absent on Uranus . 
Other observat ions have revealed major weaknesses in our tech­
niques or understanding . The microwave br ightness of Uranus is 
currently unexplained except in terms of an unlikely absence of 
NH 3 deep in the atmosphere . This probably ind icates that we 
may be surpr ised by its atmospher ic structure , if not by its 
chemistry . Also , numerous attempts to measure the rotat ion 
per iods of these two planets ,  us ing the best ground-based 
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equipment and modern techniques , g ive widely d ivergent results , 
an embarrass ing s ituat ion for remote sens ing that needs to be 
unders tood .  

IV.  MAJOR OBJBCTIVBS IN PLANETARY SCIENCE POR THE 1980 1 S 

A .  Cautionary Stat ... nt 

In a report such as this , there is always a danger of plac ing 
inadver tent constraints on the development of a subject , e ithe r 
by overspec ifying the nature of a problem or by ignorance or 
s imply by inadvertent omiss ion . These dangers are part icularl y  
acute i f  the users of the document (who a r e  presumably those 
pr imar i ly resons ible for funding research) interpret too 
l iterally what is wr itten . Thus , as an introduction to this 
and the following sect ion , we emphas ize that what is  presented 
here i s  s imply our point of view at this spec i f ic t imer g iven 
the h igh frequency of discover ies , the rapid changes in tech­
nology , and the mass ive amount of new data still  be ing har­
vested by Pioneer Venus , Voyager , and Vik ing , plus the very 
recent s uccessful flyby of Pioneer Saturn , it is possible that 
our point of view may undergo s ignificant changes within shor t 
t ime scales . In other words , the rate of advance of new 
knowledge is suff iciently fast to make any pr ior it ies that we 
established today val id only over very short t imes--t imes that 
are certainly short when compared with a decade . 

B .  Some Outstand ing Probleas in Planetary Science 

The general sc ient i f ic goals that were expressed in ear lier 
serve to def ine the breadth of interest in planetary sc ience . 
They do not , however , ind icate the spirit  of the research at 
any part icular t ime .  I n  this sect ion we try t o  communicate 
thi s  spir it in terms of a collection of spec i f ic problems tha t 
seem central to the work being done today and poss ible for the 
near future . 

1 .  Or ig in of the Solar System 

Spec i f ic problems of current interest that could ( and in our 
opinion should) be resolved in the next decade are the 
following a 

• To what extent are small bod ies in the solar system 
(e . g . , cometary nucle i ,  asteroids , meteor ites , interplanetary 

dust part icles ) representative of unmetaaorphosed pr imitive 
mater ial? 
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A resolution of this quest ion is important , for on th e 
answer rests our ability d irectly to sample mater ials accr e ted 
at the time ( and poss ibly before ) the collapse of the inter ­
s tellar c loud that formed the solar system. It  is the educated 
assumption that some small solar-system obj ects are pr istine , 
wh ich makes them such important targets for future space 
miss ions and for ground-based and Earth-orbital observationa l 
programs . 

• What phys ical relat ionships ex ist between the 
meteorites , interplanetary dust , and cometary nucle i and/or 
var ious classes of asteroids? 

If direct phys ical relat ionships can be proven , then they 
would allow conf ident ass ignment of the phys ical cond itions 
i nferred from the meteor itic record to spec ific reg ions of 
interplanetary spac e .  

Other quest ions in the same vein are the following : 

• What are the chemical and phys ical characteristics of  
cometary nucle i and asteroids? 

• What was the or ig inal phys ical state of the sola r 
nebula? Do the types of nebulae envis ioned in current 
cosmogonical theor ies actually exist in nature? 

• What was the pr imit ive chemical state of carbon 
compounds in the solar nebula? 

• Are there other planetary systems , and what are thei r 
s tat istics? 

• How complete is our current inventory of solar-system 
objects? Are there new classes of objects to be found? 

It should be clear from the nature of these questions that 
t hey embody the real poss ibility of establish ing an empir ical 
bas is for studying the cosmogony of the solar system. The 
r ecent and unexpected d iscovery of isotopic anomal ies , indicat­
ing that presolar interstellar material is an avai lable ingred­
i ent in meteor ites , the detection , in a comet , of molecules 
that also exist in interstellar clouds J the recognition of dis­
t inct chemical c lasses of asteroids and the strong ind icat ion 
in them of chemical gradients as a function of distance from 
the Sunr the tentat ive assoc iat ion of the largest c lass of 
asteroids with carbonaceous chondrites--all of these recent 
d iscover ies argue to us that the smaller bod ies in the solar 
system represent a r ich treasure of information about the early 
solar system. 

The means for captur ing this information can be made avail­
able over the next decade . A comet rendezvous miss ion can make 
an in s itu explorat ion of the phys ical s tructure of a comet 
nucleus , and its chemistry can be assessed with great prec ision 
by current mass spectrometers . The body of the nucleus and its 
structure can be probed by radar J its phys ical and chemical 
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heterogeneity can be observed by a host of techniques as the 
comet d isaggregates dur ing its per ihelion passage . A second 
important venture that would produce otherwise unavailable 
knowledge on pr imitive objects is a rendezvous miss ion to a 
selec t ion of asteroids . 

Ground-based radar systems are now capable of probing the 
general phys ical characteristics of the sur faces of about 6 0 
known asteroids and poss ibly some cometary nucle i  within the 
next few years . Much more remains to be done in the near- i n­
f rared reg ion ( 1-5  �m)  and in the ultraviolet below 0 . 3  � m  
to extend our knowledge o f  asteroid surface chemistry . 
Mi ll imeter-wave spectroscopy of comets should now be sens itive 
e nough to increase our knowledge of the ir molecular const itu­
ents , and pred ictable advances in molecular cloud astronomy 
w i ll s urely lead to much more informat ion about c loud fragmen­
tat ion , protostellar obj ects , and the poss ible range of 
cond i t ions in putat ive solar nebulae . 

Such research should also lead to a better definition o f  
the conditions i n  our own pr imordial nebula in wh ich planetary 
format ion is known to have occurred . Current models of solar­
system format ion all assume reasonable initial condit ions but 
are otherwise ad hoc ; it may be that none approx imates the 
truth . Th ree-d imens ional hydrodynamic numer ical codes con­
structed to follow the details of protostellar collapse may 
lead to a more realistic def inition of these condit ions , and 
the continued development of such codes should be encouraged . 

Refinement of astrometr ic techn iques should make it 
pos s ible to push the l imit of detectabi lity of the masses o f  
s econdary objects i n  a large number o f  binary systems well 
below the current limits of approx imately 0 . 1  solar mass .  The 
detection of substantial number of 0 . 0 0 1  solar mass objects 
seems poss ible . As a result a respectable number of extrasola r 
planets of the mass of Jupiter might be found and thereby lead 
to a stat istical bas is for cosmogonic theory in much the same 
way that , dur ing the past 20 years , photometry of a wide 
select ion of stars establ ished an empir ical bas is for the 
theory of stellar evolut ion . 

F i nally , it should be noted that our inventory of the 
var ious classes of small solar-system objects is probably not 
complete . The exc iting d iscover ies of Pluto ' s  moon , Chiron , 
and var ious satellites , r ings , and Earth-cross ing asteroids 
dur ing the past 10 years attests to this . One of the impor­
tant and diff icult problems of the next decade is , in fac t ,  to 
cont inue this explorat ion for new small and poss ibly d ist inct 
classes of objects . Th is program may yield important links 
between meteor ites , impact flux , asteroids , and cometary 
nuclei . The discovery of new satellites (particular ly i f  
r elated to r ing systems ) should provide further ins ight into 
the dynamics and evolut ion of r ings . A further benefit would 
be the compilat ion of a comprehens ive catalog of small objects 
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t hat would be good cand idates for future space miss ions , e ither 
for reasons of technical performance or as representatives of  
spec ial classes of objects . 

2 . Planetary Atmospheres 

In this f ield ,  the spirit  of research is increas ing ly turning 
toward problems of evolution and stability .  For example , there 
is cons iderable interest in the nature of the c limatolog ical 
changes that appear to have occurred in the early h istory of 
the atmospheres on Mars and Venus . The presence of fluvial 
channels on Mars and the observed 15N;l4N ratio seems to 
i nd icate an early per iod in which the Mart ian atmosphere was 
much more substantial than it is at present . The remarkable 
d ifferences in atmospher ic cond itions , part icularly the contrast 
in the abundance of water on the Earth and on Venus , have led 
to invest igations into the stability of atmospheres with respect 
to small changes in solar insolation . Nevertheless , the pr imary 
emphas is at present s t i ll centers on the important wor k of 
extract ing factual information from an observation ( e . g . , 
c hemical abundances ) or in the der ivat ion of mechanist ic 
explanations of spec i f ic phenomena . Current and future 
r esearch topics include the following a 

Questions of Dynamics 

• What g ives r ise to the banded appearance of Jupiter and 
Saturn , and what is the phys ical relationship between the 
observed coloration and mot ions? 

• What is the nature of the Great Red Spot and other 
spots on Jupiter? 

• What is the cause of equator ial j ets on the outer 
planets? 

• How is the superrotation of the atmosphere of venus 
maintained? What is the nature of the famous ultraviolet •y• 
feature? 

• What is the cause of the frequent dust storms on Mars? 
• Why is the nights ide • thermosphere• of venus as cold as 

100  K? 

Quest ions on Compos ition and Evolut ion 

• What are the relat ive elemental and isotopic abundances 
of H ,  He , c, N ,  and 0 on the outer planets , and how do these 
compare with the solar values? 

• What constraints do these abundances place on our ideas 
regarding the processes involved in the format ion of the outer 
planets and thei r  subsequent evolution? 

• Row does photochemistry of spec ies of H ,  c, N, s, o, P 
proceed in the upper layers of both inner and outer planetary 
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atmospheres? How does this effect atmospher ic structure , 
evolut ion , cloud or haze format ion , and atmospher ic coloration? 

• What are the abundances of rare gases and their 
isotopes on Jupiter and the outer planets , and bow was the (now 
observed ) abundance patterns of these gases on Barth , Venus , 
and Mara established? 

• Can we util i ze the presence of observable nonthermo­
dynaaic equilibr ium compounds on Jupiter as tracers of mix ing 
processes on Jupiter and Saturn? 

• How have cond itions in the Martian and venus ian 
atmospheres evolved over geologic t ime scales? was there once 
water i n  the atmosphere of Venus? What was the early climate 
on Mara? 

• What role have coaetary impacts bad on the compos ition 
of the atmospheres of Mars ,  Venus , and the Barth? 

Questions on Structure 

• What i s  the structure of the major cloud layers on the 
outer planets , what form do these clouds take , and what role do 
they play in the energetics of the vis ible atmosphere? 

• What is the cause of the bot upper atmosphere on 
Jupiter? Bow interrelated are the energetics of the upper 
at.ospbere and Jupiter ' s  magnetosphere? 

• How is the b igb temperature of the Venus surface 
maintained? 

• Why do Neptune and uranus have such d ifferent 
stratospher ic structures? 

• What are the pr imary phys ical processes that govern the 
s tructure of outer planet stratospheres? 

At present we are witness ing a tremendous growth i n  
empir ical knowledge about motions i n  planetary atmospheres . 
Prom space , VQ¥ager images are mapping out the zonal flow and 
d istinguishing in a preliminary way tbe relationships between 
organized flows , eddy f ields , and poss ible wave propagation . 
S imilarly Mar iner 10,  Venera probes , and Pioneer Venus have 
begun to chart the three-d imens ional nature of the planetary 
c irculation of the lower atmosphere on Venus . On the ground , 
high d ispers ion and resolution Doppler spectroscopy is 
beginning to map out with increas ing conf idence the hor i zontal 
flow f ields that exist in and above the cloud tops in the 
atmosphere of Venus . 

We see beg inning to emerge in these developments a solid 
data base that should lead to conf ident , mechanistic explana­
t ions of tbe features that dominate the appearance of deep 
at.ospheres--belts , zones , spots , Y ' s--and also to a better 
understanding of the overall energetics of planetary atmo­
spheres . 
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In the next decade it is vital that this data base expand 
to encompass and delineate the relevant t ime and spat ial sca1es 
of the phenomena of pr imary interest and alsp that the prope r 
theoret ical and computat ional tools are developed . We an t ic i­
pate at least the following developments : The Galileo miss ion 
and Space Te lescope ( ST )  will provide new ins ights into the 
mot ion fields on Jupiter , for , as a result of their abil ity t o  
image Jupiter in the reg ion of strong near-infrared absorpt ions , 
thei r  camera systems should be able to probe the three­
d imens ional structure of the mot ion f ield . ST will be able to 
record the mot ions on the largest and longest time scales , 
wh i le Ga l ileo will be l imited to very-h igh-resolut ion s tud ies 
of the dynamical properties of spec ific features . The Galileo 
a tmospher ic probe should provide detailed ground truth for 
these measurements at the reg ion of probe descent through 
measurements of structure and the local wind shear . 

Ground-based observations us ing Doppler techn iques can , i f  
applied in a systematic way , y ield much informat ion about 
global properties of the mot ion f ields in the stratosphere o f  
Venus and help to d ist inguish between planetary-scale wave 
motions and the underlying flows . A new development that may 
be useful in the future is the track ing of motions in the deep 
atmospheres of Venus and Jupiter by following thermal anomalies 
w ith the VLA . Effective interpretat ion and explanat ions of 
these phenomena will require the extens ion of three-d imens iona l 
models to f iner computat ional gr ids than are used at present , 
so that the great depth of the atmospheres of Venus and Jupite r 
can be proper ly s imulated and yet have adequate zonal and 
mer idional sampling . 

With regard to compos it ion and structure , the Gal i leo probe 
will provide prec ise knowledge on the elemental and isotopic 
compos it ion of the Jovian atmosphere and its thermal structure 
down below the base of its vis ible atmosphere (about 10 bars ) . 
Together with what has been learned from venus and Mar s ,  this 
informat ion will help to clar ify not only the details of 
Jupiter ' s  atmosphere but also our view of topics rang ing from 
the chemistry of the solar nebula to the general structure of 
planetary inter iors . These Ga lileo results will also provide 
important ground truth for remote sens ing of compos ition and 
s tructure both f rom the ground and Earth orbit . 

In remote sens ing , the pr ime emphas is in the past has bee n 
on the detect ion of spec i f ic const ituents , although with in­
creas ing efforts to measure the global morphology of spectra l 
absorpt ions . Th is chang ing emphasis is a result of the fact 
that , as far as remotely sensed data are concerned , the struc­
tural and compos it ional problems must be solved together . we 
expect this trend to lead to an increased emphasis on • imag ing •  
spectroscopy ( in all spectral reg ions ) both from the g round and 
from space . In this regard , the combinat ion of high spectral 
and spat ial resolut ion in the spectrographs be ing developed for 
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S T  i s  o f  spec ial importance , a s  is the future development o f  
h igh-r esolut ion infrared spectrographs for both Space Te lescope 
and S I RTF .  Already efforts to combine Fabry-Perot and Michelson 
s pec t r ometers with array detectors or vid icons promise a power­
ful c apability for imag ing spectroscopy in the optical reg ion , 
and t h is  development should propagate into the infrared r eg ion 
as low-noise panoramic detectors become available for use on 
i nstruments on large telescopes . One obvious infrared applica­
t ion is the mapping of stratospher ic emiss ions and of absorpt ion 
l ines of nonequil ibr ium constituents on Jupiter and Saturn and 
study of the i r  temporal stability .  

In the ultraviolet reg ion ,  Earth-orbital data combining 
good spectral and spat ial resolution can be expected to play a n  
i mpor tant role in eluc idat ing and constraining our ideas o f  the 
nature of aeronomical processes in the upper atmospheres of 
Ve nus and Mars and also in helping to d isentangle informat ion 
about auroral and stratospher ic phenomena in the outer planets . 

3 .  Planetary and Satellite Surfaces 

In order to effect major advances in this area the pr imary need 
s eems clear : except for some level of exploratory work ,  
deta i led investigations by orbiting and landed spacecraft ar e 
essential . The Gal i lean satellites , for which preliminary 
morpholog ical maps showing the general character of the surfac e  
a re now avai lable , should b e  adequately covered before the end 
of the decade from the point of view of both chemical and 
topographical mapping by the Ga l i lee orbiter . For the inner 
planets new starts on orbit ing spacecraft are obviously 
r equ ired ,  s ince only by such means can the necessary detail and 
coverage be obtained . A radar imager for Venus is feas ible 
that can provide g lobal coverage of the planet at 0 . 6  km per 
line pai r  resolution or better . Exper ience shows that thi s  
level o f  resolut ion is essential i f  the morphology o f  the 
sur f ace is to be interpretable in terms of geolog ic processes . 
Such observations are not only our maj or hope for understanding 
the evolut ion of the inter ior of Venus but may also yield 
i n format ion on the development of its remarkable atmosphere and 
the reasons why it is so unlike that of the Earth . 

In the cases of Mars and of the Moon , orbiting spacecraft 
that can invest igate the chemical nature of the surface are 
u rgently needed in order to obtain informat ion to complement 
the h igh quality of topographic and morpholog ical data already 
available and the chemical sampling done at spec i f ic land ing 
s i tes . The Viking orbiter miss ion established a global view o f  
Mars t o  resolut ions better than o. s km/line pai r  and in some 
areas to resolut ions of 16 m/line pair . What is still miss ing 
i s  spectral informat ion that should allow a c lear different ia­
t ion of mineralog ical , chemical , and textural contrasts in the 
g eolog ic constructs that have been found . Such informat ion , 
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together with other types of geophysical data on the surface , 
is necessary for rel iable inferences regarding the volume and 
phys ical cond itions in the planet ' s  crust , its mantle , and its 
core . Th is informat ion will also help to determine the history 
of sur face material through volcanic , sedimentary , and 
weathering processes . 

Questions of Pr imary Interest 

• What are the maj or chemical components and reg imes on 
the surfaces of Mars , the Moon ,  Venus , and Mercury , and how are 
they d istr ibuted relat ive to topography and morphology? 

• What can the topog raphy of the surface of Venus tell us 
about the processes that have occurred ( and are poss ibly still 
occurr ing )  in its inter ior? About the history of its 
atmosphere? 

• What is the current sur face heat flow on the inner 
planets? 

• Why does only the Earth possess water oceans? 
• Why have Mar s ,  Venus , and the Earth evolved in such 

d ifferent ways? 
• Why have the surfaces of Ga l i lean satellites evolved so 

d i fferently , or at such d ifferent rates? 
• What are the energet ics of the volcanism on Io? 
• Do Europa , Ganymede , and Call isto still have act ive 

inter iors ?  
• What is the surface of Ti tan l i ke? Are there c lues to 

the evolut ion of the unique atmosphere that exists on this 
satellite? 

• What does the •other• s ide of Mercury look l i ke? Does 
it show the g lobal d ichotomy so character istic of the Moon , 

Mars , and the Earth? 

Much of the research that we foresee in this area will 
depend , at least for the near future , on the data base der ived 
from past orbit ing spacecraft . Ground-based or Earth-orbiting 
systems do not provide high enough spat ial resolution for this  
purpose . Nevertheless ,  there are a few except ions : ST can , at 
a few favorable oppor tunit ies , yield a gl impse of the currently 
unseen s ide of Mercury at resolut ions of about 60 km/l ine 
pair . Th is resolution is high enough to recogn ize any major 
phys iographical provinces that exist , to see if there are any 
ind ications of gross global d ichotomy of terrain,  and to permit 
compar isons with the hemisphere observed by Mar iner 10 . 
Important opportun ities for doing this (which unfortunately 
will  present a difficult operat ional maneuver for the 
telescope ) ex ist at aphelic elongation in 198 4 ,  198 5 ,  and 198 6 ,  
after which there will be a hiatus for several years . 

ST should also be useful for some prel iminary chemic a l  
mapping o n  Mars , where it  can provide spat ial resolut ion 
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between 3 5  and 140 km{l ine pair . It  may be poss ible by suc h  
o bservat ions to follow changes that provide ins ight into 
atmospher ic-surface interactions . In a much cruder way ST can 
a lso acqu ire images of the Ga l i lean satellites in the near 
ultraviolet J  a spatial resolution of 250 knVline pai r  i s  
�ss ible with the wide-f ield planetary camera . It  is d i f f i­
cult to predict what these bodies will look like in the uv ,  bu t 
there are s trong ind ications f rom ground-based photometry that 
substant ial , and therefore interest ing , UV contrasts on these 
s ur faces do exist . 

Technical improvements to the Goldstone radar fac i lity have 
been proposed that could lead to h igher-qual ity topographic 
i nformat ion on Mars , Venus , the Moon ,  and Mercury , although the 
general topographic contrasts in a global sense are reasonably 
well known at present . The nature and texture of the surfaces 
of the Galilean satellites , which have produced remarkably 
s trong and unexpectedly polar i zed echos , c learly require 
further investigation . The detection of radar echos from Titan 
seems a d istinct future poss ibility ,  and there is much interest 
in what they will reveal about Titan ' s  surface . 

The radar mapping of Venus from Arec ibo was completed in 
1980 and covers roughly one third of the surface at a resolu­
t ion of about 20 km{line pair  and about 10 percent of the 
surface at 8 km/line pair . Currently available radar images , 
together with the global topographic maps (at substant ially 
lower spat ial resolution) obtained from the Pioneer Venu s 
orbiter , have presented us with an intr iguing picture of the 
surface of this planet . There appears to be no obvious ev i­
dence for the k ind of plate tectonics seen on Earth , but there 
are substantial ind ications of mountain building and other pos­
s ible tectonic features . These features show small assoc iated 
gravity anomalies , presumably ind icating a plastic crus t .  In 
some areas there are ind ications of craters , but the spat ial 
resolution is not currently enough at any of these features fo r 
a secure geolog ic interpretation . Our prospects for a deeper 
understanding of the surface of Venus depend pr imarily on 
future planetary space miss ions . 

4 .  Planetary Magnetism and Magnetospher ic Interaction 

The last decade has seen many new and remarkable facts learned 
about planetary magnetism .  The magnet ic f ield of Mars ( i f  i t  
has one ) is  of unexpectedly l ow  strength . Th e  Moon has 
unexpectedly strong remnant magnetism . Surpr is ing ly , Mercury 
possesses a relat ively strong d ipole f ield .  The Saturn f ield 
appears to be al igned with its rotation axis , which , according 
to s imple dynamo theor ies , should lead to its decay . ur anus 
almost certainly has a strong f ield ,  and Voyager , which should 
reach Uranus in 1986 , can be expected to provide further 
informat ion . By a process of elimination , the sources of 
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planetary magnetic f ields are thought to be internal dynamos 
i nvolving the mot ions of electr ically conduct ing f luid cores . 
Mercury ' s  dynamical conf iguration affords a unique test for 
this hypothesis i f  the extent of a molten core can be 
determined . Whether Mercury ' s  f ield is dependent on a molte n 
i nter ior i s  a piece of information v ital for the development of 
theor ies of the or ig in of planetary magnetic f ields . 

Magnetospher ic interact ions in the outer solar system-­
par t icularly the relat ionships between the Jovian magneto­
sphere , Jupiter ' s  upper atmosphere , Io ' s  volcanism ,  and Io ' s  
surface--seem destined to be a very active f ield i n  planetary 
sc ience for the foreseeable future . Its study can be effec­
tively pursued with h igh-resolution and imag ing spectroscopy 
from the ground and Earth-orbit ( ST)  and by in s itu measurements 
with the Galileo spacecraft . The ins ights that we have already 
attained come from such complementary observat ions made from 
Voyager , I UE ,  Copernicus , and with ground-based telescopes . 
The phenomena assoc iated with these interactions are already 
known to be h ighly dynamic , and it seems to us that their 
future understand ing will require a comprehens ive set of 
observat ions with extens ive t ime and spatial coverage . As a 
r esult of the wide uti l i ty of ST and IUE in other areas of 
sc ience , we ant ic ipate that there will be diff iculties i n  
obtaining the necessary t ime coverage o f  ultrav iolet phenomena 
assoc iated with these interactions , which must be done from 
Earth orb i t .  In add it ion , there is  a major def ic iency in our 
ability to obtain future spectroscopic coverage for the reg ion 
500-100 A .  It is  in this spectral reg ion that the Voyager 
ultraviolet spectrometer found the bulk of the energy radiated 
from the Io plasma torus . These facts emphas ize the growing 
need for cons iderat ion of a dedicated telescope in Earth orbit 
for solar -system observations , as discussed in the section on 
programmat ic opportunit ies . Some of the leading quest ions 
related to planetary magnet ism are the following : 

• How strong is Uranus ' s  f ield ,  and what is its relat ion 
to the planet ' s  rotat ion and inner structure? 

• Do the Galilean satellites , in part icular Io , have 
magnetic f ields? 

• Is the current theory of dynamo act ion really relevant 
to planetary- f ield generation? How do we explain the con­
f iguration of Saturn ' s  f ield? 

• Does Mercury have the necessary molten core for dynamo 
act ion? 

A select ion of important quest ions relating to magnetospher ic 
interactions follows : 

• How and where are ions created and accelerated in the 
Jovian and Saturn magnetosphere&? 

Copyright © National Academy of Sciences. All rights reserved.

Challenges to Astronomy and Astrophysics:  Working Documents of the Astronomy Survey Committee
http://www.nap.edu/catalog.php?record_id=19437

http://www.nap.edu/catalog.php?record_id=19437


12 7 

• How stable is Io ' s  plasma torus? 
• What phys ical processes maintain the plasma torus and 

the strong temperature grad ients within it? 
• How are neutral sodium and other atoms ej ected f rom Io? 
• Where is the source reg ion of Io-related decametr ic 

radio bursts located? 
• How are Jovian auroras related to the Io torus? How 

does the interact ion proceed? 

5. Planetary and Satellite Inter ior s 

Advances in the s tudy of the structure of planetary inter iors 
depend on a broad var iety of inputs , includ ing accurate data on 
g lobal propert ies (gravitat ional harmonics , rotation per iod , 
f igure , compos ition ,  mass , and heat loss ) and accurate data on 
equat ions of state and phase trans itions for naturally occurr ing 
mixtures . We understand that substantial progress is be ing made 
a t  present in the invest igation of the latter as a result of 
the development of diamond cells , with wh ich static measurement s  
c an be made a t  very h igh pressures . We strongly encourage 
further wor k in this area , espec ially for mixtures of planeto­
log ical interest , including refractory mater ials , geophys ical 
ices , and mixtures of H and He . 

With regard to accurate knowledge of the g lobal propert ies 
of satell ites and the more d istant planets there rema ins much 
t o  be learned . A recent appl ication of ground-based speckle 
interferometry to the dimens ions of Pluto looks encourag i ng , 
a nd we call for more research with this technique . Problems 
about which we expect wide discuss ion in the next decade 
i nc lude the following : 

• To what degree has helium d i fferent iated from hydrogen 
on Jupiter and Saturn? 

• Why do Uranus and Neptune have d i fferent thermal 
l uminos i ties? 

• What are the rotat ion per iods and f igures of ur anus and 
Neptune? 

• Ar e current models of the thermal h istor ies of the 
Ga l i lean satellites and Ti tan adequate? 

• What was the thermal h istory of the asteroids and 
meteor i te parent bod ies? 

• What are the energetics of Io ' s  volcanism? 
• Are current models of internal heat generat ion c lose to 

the truth? 

S igni f icant advances in these problems will again requ ire 
data obtained from both Earth-orbital telescopes and planetary 
s pacecraft . The rotat ion per iods of Uranus and Neptune will 
probably not be known with an accuracy adequate to attac k  these 
problems unt il ST is  ava i lable . High-quality data on the 
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thermal spectrum of Uranus and Neptune in the 10-100-pm rang e  
will require observations from SIRrP .  Voyager will i�rove on 
exist ing data of the thermal spectrum of Saturn .  Accurate data 
on the thermal luminos i ty and energy balance of these planets 
will require observations from future spacecraft . Informat ion 
on the lower gravitatonal harmonics of Titan and of one or two 
Gali lean satell ites will also become avai lable as a result of 
the Voyager Titan flyby and the orbital satellite tour by 
Gal ileo . 

V.  PROGRAMMATIC OPPORTUNITIES FOR PLANETARY SCIENCE 
IN THE 1980 ' S 

We expect that the character of planetary research dur ing the 
1980 ' s  will rema in largely empir ical , although a number of 
f actors should lead to a rapid growth of theoret ical and broad­
ly based interpretive invest igat ions . Prominent among these 
f actors is the existence of an extens ive and relat ively und i­
gested data base from previous and current space miss ions that 
now shows s igns of becoming reasonably access ible to the c� 
munity at large . 

TWo major purposes underl ie the mult itude of spec i f ic re­
search interests • a strong dr ive to establish a broad empir i­
cal bas is for dec ipher ing the cosmogony of the solar system and 
the continuation of vigorous efforts to attain a balanced and 
more complete explorat ion of the current state of the planetary 
system . 

We expect these dr ives to be strongly evident throughout 
the full range of research techniques employed in planetary 
sc ience , and we have ident i f ied the following broad set of 
requ irements that we believe need to be met i f  the curren t 
level of research momentum is to be maintained . 

A .  Planetary Miss ions 

Wh ile it was not part of the charge to this WOrk ing Group to 
recommend future planetary deep-space miss ions , it never­
theless seems essent ial to state our strong convict ion that 
research momentum in planetary sc ience would rapidly diss ipate 
w i thout an active program of such miss ions . The case has been 
clear ly stated and a well-cons idered strategy developed by 
COMPLEX (see ear l ier sect ions for a l ist of recent reports ) . 
This Wor k ing Group soundly endorses the pos itions taken by 
COMPLEX regarding obj ectives for planetary explorat ion , ad­
vanced instrumentation development , international cooperation 
i n  planetary explorat ion , the need for adequate launch and 
interplanetary thrusting capabilities , and the importance of a 
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strong program of ground-basad and Earth-orbital observat ions 
to complement explorat ion by deep-apace probes . 

B .  Adequate Support to Individual Invest igator s 

By far the largest source of fund ing for ind ividual inves­
t igators in planetary sc ience flows from NASA ' s  Off ice of Spac e 
Science . NSP d irect funding for speci f ic solar-system inves­
t igat ions (excluding the Sun itself) is a modes t  $0 . 5  million/ 
year and supports roughly a dozen invest igations . The level of 
NASA funding--plus advanced mission planning , data analys is , 
and long-term instrument development--has remained roughly 
constant at approximately $2 5 million per year throughout the 
past decade regardless of the loss in purchasing power of the 
dollar . In same areas , such as lunar sc ience , there have been 
d rast ic and unexpected reductions of support .  Data analysis 
assoc iated with highly successful and continuing miss ions 
( e . g . , Pioneer Venus , Voyager at Jupiter) has been , or is 

planned to be, severely curtailed . We detect concern in the 
planetary-science community that erosion in the level of 
support for individual and supporting research is inevitable 
a nd might poss ibly accelerate in the future i f  new starts on 
planetary miss ions become less frequent . Yet there are also 
c lear ind icat ions of g rowth in the community and in a data base 
that is becoaing more available to many invest igators not 
d irectly connected with missions . New technology is providing 
increased capabil ity for ground-based and Earth-orbital tale­
scopes , and obaervers are encouraged to address new and more 
d i f f icult problems . 

If the max imum sc ienti f ic benefit is to be obta ined both 
from already acquired data and from these new capabil ities , 
t hen it seams essent ial to us that the fund ing level to bas ic 
research by individuals must be increased in future years . Our 
Wor k ing Group has not had e ither an adequate base of infor� 
t ion or the t ime to assess properly the magnitude of the needs 
i n  this area , but it does seem that a s ignif icant problem 
exists that requires careful examination and act ion by both the 
O f f ice of Space Sc ience at NASA and the relevant Divis ions 
within NSP . 

c .  The Use of Existing and Planned As tronomical Fac ilities 

Many of the ground-based and essentially all of the Earth­
orbital facilities currently used by planetary astronomers have 
bean developed with the pr imary objective of address ing a wide 
r ange of quest ions in astrophysics . One important exception to 
this has bean the successful development of several large­
aperture opt ical telescopes ( the 2 . 2-m and 3-m on Mauna Kea , 
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the 2 . 7-m at McDonald , and the 1 . 5-m catalina) by the Planetary 
Astronomy Program Off ice at NASA to serve some of the needs of 
planetary sc ience . We est imate that the fract ion of available 
time that is ass igned on non-NASA astronomical telescopes for 
solar-system stud ies is cur rently between 5 and 10 percent . 
The NASA telescopes are devoted approximately 50 percent of the 
t ime to solar-system work .  Thus , the numerous g round-based 
advances and discover ies outl ined earl ier can be attr ibuted to  
a rather l imited amount of observing t ime . 

For the future , we see no slackening of interest by plane­
tary astronomers in exist ing and planned astronomical systems . 
In fact , we ant ic ipate the reverse tendency , espec ially in the 
c ase of ST . Therefore , it seems product ive for us to h ighlight 
some of the requirements that planetary sc ientists would like 
to see satisf ied in general-purpose astronomical fac i l it ies . 

We foresee substant ial benef its flowing from advances and 
proposed developments in rad io astronomy . The h igh spat ial 
resolut ion afforded at a range of microwave frequenc ies by th e 
VLA should have important applicat ions to stud ies of the 
structure and compos ition of the deep atmospheres of Venus and 
the outer planets and poss ibly to the ir dynamics . At long 
wavelengths (greater than 10 em) the VLA may poss ibly expose 
thermal anomal ies , e . g . , active volcanism, on the surface of 
Venus . This would be an important supplement to morpholog ica l 
data obtained by radar . 

At h igher frequenc ies improvements in receiver sens it ivity 
and in antenna quality and s ize present opportun ities to improve 
our knowledge of asteroid sur faces and the compos it ion of 
cometary atmospheres . The proposed 25-Meter Mill imeter-Wave 
Te lescope could lead to a major expans ion of our knowledge of 
the var iety of parent molecules and whatever other molecular 
f ragments are vapor i zed from cometary nucle i as they approach 
the Sun . 

In radar astronomy , the present emphas is--which has been on 
topographic and morpholog ical mapping of the surfaces of Venus , 
Mars , and the Moon--is expected to shift to invest igat ions of 
asteroids and , whenever poss ible , to cometary nuclei . It is 
est imated that roughly 60 known asteroids will be within the 
range of current instruments dur ing the next few years , and a 
substantial increase in knowledge of the i r  sur face charac­
ter ist ics and rotat ional propert ies can be expected from an 
aggress ive program.  

In the infrared the potent ial of ground-based and Earth­
orbital observat ions seems enormous . Accurate radiometry and 
spectrally comprehens ive moderate- to h igh-resolut ion spectro­
photometry in the 1-5-pm reg ion is needed on all the outer­
planet satell ites , Pluto ,  cometary nucle i ,  and asteroids in 
order better to character ize the i r  global properties and 
s urface compos itions . High-resolut ion imag ing spectroscopy is 
needed to understand the morphology and stability of outer-
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planet stratospheres in the emiss ions seen at 7 . 8  and near 1 2 
p m . Suspected changes with t ime need to be stud ied . 
S imilarly h igh spectral resolut ion • imag ing • studies of in­
dividual absorpt ion l ines of the many molecules seen in the 
S � m  window are needed to reveal the center-to--l imb behavior 
of the absorptions and any possible lateral inhomogeneities . 
Such information is also needed to resolve quest ions of 
atmospher ic structure , compos i t ion , and mix ing processes . At 
longer wavelengths ( 10-100 pm) , the thermal spectra of the 
outer planets beyond Jupiter are still poorly determined , and 
much could be learned about the structure and pr imary compo­
s ition of the i r  upper t ropospher ic reg ions if moderate-­
resolution calibrated spectra were ava ilable . The very hig h  
spectral resolut ion attained by heterodyne spectroscopy near 
10 pm has already proven useful in following mot ions in the 
stratosphere of venus , although more comprehens ive investi­
gations are required . Also , the • flare•  phenomenon at 5 p m 
that has recently been d iscovered on Io , and that is presumably 
related to volcanic activity on the surface , urgently needs 
f urther detailed investigation .  

Most o f  these needs should be satisf ied by already proposed 
or currently operating programs ' for example , the development 
and increas ing ava ilability of array detectors for the infrared 
is clearly important , as is the combination of low background 
and good image qual ity that SIRTF will provide . There seams to 
be no quest ion that planetary sc ience would greatly benefit 
f rom the presence of a h igh-resolut ion infrared spectrometer on 
SIRTF and also ult imately on ST . In add it ion , I RAS should 
provide a wealth of bas ic rad iometr ic data on many asteroids . 

In the optical and ultraviolet spectral reg ions , it is 
a lready clear that there will be strong demand for use of ST 
for solar-system invest igat ions , s ince it provides roughly a 
tenfold improvement over ava ilable imag ing quality in the 
opt ical reg ion , together with a dual increase of a tenfold 
improvement in spatial resolut ion and a hundredfold increase in 
spectral resolution in the near ultraviolet . ST should have an 
enormous impact on essent ially all problems in planetary 
astronomy , part icularly in the study of planetary atmosphere s 
(dynamics , rotat ion , upper-a tmospher ic aeronomy , stratospher ic 

compos i tion and structure ) and in its applicat ion to 
magnetospher ic interact ions and c ircumplanatary nebulae at 
Jupiter , Saturn , and poss ibly beyond . Its probable impact on 
the study of planetary sur faces is less certain , s ince l ittle 
is known at present about the appearance of sur faces in the 
2 000-3000� spectral reg ion . However , if  strong contrasts 
exist in th is spectral range as a s ignature of surface chem­
istry ,  then images at the spatial resolut ions that can be 
attained on Mercury , Mars , the Moon ,  and the Gal i lean satel­
lites will be of cons iderable interest . Finally , the great 
sens i t ivity of ST above the sky background should make it an 
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important tool for studying the chemical properties of th e 
surfaces of large numbers of faint cometary nuclei and 
asteroids . 

We can also foresee the use of ST in conjunct ion with 
planetary miss ions . For example , the full spectroscopic and 
imag ing capability of ST will be of great importance to the 
Galileo miss ion and to a future cometary rendezvous mission . 
Wh ile the Galileo orbiter will be capable of mak ing measure­
ments of spec i f ic Jovian features at 10 t imes the spatial 
r esolut ion of ST and over a much wider range of viewing angles , 
it will only be able to do thi s  per iodically and over l imited 
per iods of t ime .  ST , on the other hand , will be able to provide 
(at least in pr inc iple ) an essent ially continuous record of the 
development of related large-scale mot ions in Jupiter ' s  
atmosphere throughout the entire Galileo miss ion . In the case 
of a comet mission the rendezvous craft would spend moat of ita 
time embedded within the cometary atmosphere close to the 
nucleus mak ing in s itu meaaurementa r as a result , the instru­
ments on this spacecraft will exper ience difficulty in 
following what is happening in the comet ' s  atmosphere on the 
largest phys ical scales . ST , on the other hand , will be an 
ideal system for provid ing complementary informat ion regarding 
these large-scale phenomena .  

Th is synerg ism between observat ions from Bar th-orb ital 
telescopes and planetary spacecraft has not been clearly recog­
n i zed in the past , but the potential capability of ST now makes 
it essent ial to correct this . We believe that there is some 
urgency for those organi zations that will be respons ible for 
operat ing and scheduling the Bar th-orbital telescopes and those 
manag ing apace miss ions to work out management systems that 
will ensure that adequate complementary observational coverag e 
a t  the moat important t imes is ava i lable . 

D .  Laboratory and Theoretical Stud ie s 

There are numerous urgent laboratory stud ies that are needed in 
planetary sc ience if we are to harvest the full value of the 
r emote-sens ing capabilities available . 

Spectroscopic information under relevant phys ical cond i­
t ions is  of part icular importance . The l ist of molecules that 
have been d iscovered in planetary atmospheres and in cometary 
a tmospheres is now quite long , including n2 , S02 , C02 , RCl , BF, 
PH 3 r NH3 r CH4 1 C �6 ' C � 2 • H ,.O r Ge84 , S i8 4 1 B2S ,  CO , HD ,  NO , 
o2 , ca3o ,  CB , CN , BCN , c 2 , c3 , and var ious isotopic forms . 
Th ere is a s imilarly long l ist of atomic and ionic lines . The 
trans itions that have been used to detect these molecules and 
atoms are of all types and range from the extreme ultraviolet 
to microwave frequenc ies . The remote-sensing approach uses the 
observed strengths , pos it ions , and (occas ionally )  the widths of 
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spectral l inea t o  infer phys ical and chemical properties . 
Un fortunately , the molecular and atomic parameters that allow 
these inferences are usually poorly known or else are known 
only under phys ical cond it ions that are not directly applicable , 
as a consequence , substantial extrapolations must often be made 
to a r r i ve at a result . 

I n  many cases i t  is the error assoc iated with a laboratory 
determination of a line parameter , rather than the uncertainty 
in a telescopic measurement , that l imits the accuracy of a 
result . There is thus a great need for accurate informat ion on 
l ine intens ities , pressure shifts , broadening coeffic ients , and 
l ine shapes for all the molecules listed above , at pressures 
and temperatures and in mixtures that are representat ive of 
planetary conditions . This is , of course , not a new requ i r e­
ment , and a number of small laboratory programs have been 
funded for some t ime .  However , whi le substantial progress ha s 
been made with transit ions in a few molecules such as 82 , 
C0 2 , NB 3 , and C8 4 , this has only been done with precis ion a t  
normal pressures a nd  temperatures . A few preliminary stud ies 
have been made on C8 4 and 8 2 absorptions at low temper a-
tures , but progress has been extremely slow . 

We have rece ived two suggest ions for correct ing this 
s ituation . One is  a proposal to set up a national center fo r 
spectroscopy , while the other is to develop the capabilities of 
one or two of the existing research groups into well-equipped 
reg ional centers . At the heart of both of these suggest ions is 
the establishment of a well-instrumented spectroscopic fac i lity 
to which qualif ied research scient ists could go and acquire 
(e ither by themselves or with the help of a res ident staff ) 
spectroscopic data of part icular interest to them . We have 
found that both of these ideas are controvers ial . Neverthe­
less , they do reach the heart of the problem , and we recommend 
that they be cons idered in more deta i l .  One fact is clear a a 
substant ial investment in soph isticated equipment--s uch as 
very-h igh-resolution spectrometers , long-path-length , 
te.perature-controlled , vert ical-absorpt ion cells , and 
high-quality light sources--will be required . 

A second area in which cont inued laboratory effort needs to 
be supported is reflectance spectroscopy of assemblages of 
natural minerals and ices . Such informat ion has already led to 
the remote detection of water ice in the part icles that make up 
Saturn ' s  r ings ,  the presence or absence of water ice on the 
surfaces of the Galilean satellites , and the presence of so2 
frost on Io . Similarly , reflectance spectroscopy in the 
0 . 3 -2 . 5-p m  spectral reg ion has played an essent ial role in 
the c lass ification of asteroid types and the explorat ion of 
the i r  poss ible mineralog ical types . Much rema ins to be done i n  
the future i n  providing a wider select ion o f  reference spectra 
and thei r  extension into both the near-infrared ( 2 . 5-5 pm) 
and the near-u ltraviolet ( 0 . 2-0 . 3  pm)  reg ions . 
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In add it ion to spectroscopic results , phys ical and chemical 
data are badly needed . Theoretical progress in understanding 
the structure of planetary inter iors and behavior of volatiles 
on surfaces or in atmospheres (e . g . , cloud phys ics ) require s 
the acquisition of chemical and phys ical data on equat ions of 
state , phase changes ,  solubility ,  vapor pressure , and condensa­
t ion and nucleation properties of a range of substances and 
mixtures under relevant phys ical cond itions . For many common 
s ubstances , of course , much of this informat ion is already 
available , in many cases , however ,  existing data must be 
extrapolated to condit ions of interes t .  For interiors of the 
planets and satell ites , informat ion on mixtures of H 2-He ,  
CH4-NH3-H2o ,  and refractory mater ials are required . We under­
s tand that such informat ion can be obta ined with the a id of 
h igh-pressure diamond-cell technology , and we encourage suppor t 
to investigat ions that will produce informat ion relevant to 
planetary sc ience . For understanding observed phenomena on 
p lanetary surfaces and in atmospher ic clouds and hazes , informa­
tion on vapor pressure , condensation , and nucleat ion for s ,  
s� , NH3 , H2 S04 , Cft4 , and � SH are urgently needed . 

Finally , advanced comput ing systems hold the key to pro-
gress in a number of areas . Efforts to understand pr imitive 
condit ions in the solar nebula , mot ions in planetary atmo­
spheres , the details of the complex magnetosphere interactions 
s een in the Jupiter-Io system, planetary magnet ism, and atmo­
spher ic evolution will necessitate increas ingly complex computer 
s imulat ions of these phenomena . When performed by qualif ied 
sc ientists , these s imulations may provide the only reasonable 
demonstrat ion of the adequacy of a theoret ical explanat ion of a 

complex phenomenon and are to be strongly encouraged . In 
add ition , they may also y ield otherwise unobta inable phys ical 
ins ights into the mechanisms by wh ich the phenomena occur . We 
cons ider that it is important that adequate access to the most 
advanced and fastest avai lable computing machines be made 
ava ilable to qual if ied planetary sc ientists . 

E .  Extrasolar Planetary Detection 

One of the two major goals that we have ident if ied in planetary 
sc ience is the establ ishment of a wide empir ical base for 
dec ipher ing the cosmogony of the solar system. At the center 
of th is research effort will be laboratory , g round-based , and 
Ea rth-orbital telescopic and deep-space invest igat ions of 
pr imitive bod ies in the solar system. 

However , this by itself will probably not be enough to 
provide a complete picture . Contr ibutions from observations o f  
r elated phenomena in the Galaxy will be necessary to expose the 
processes that can actually occur dur ing protostellar collapse 
and the fragmentat ion of interstellar clouds . Equally important 
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w i l l  b e  the search for and discovery o f  extrasolar planetary 
systems that will ult imately reveal the s tatistics of 
planetary-system formation . 

At present it is generally assumed that the format ion of 
planetary systems commonly accompanies star formation , but in 
f act no proof exists . There is a large gap between the small­
est objects that have actually been detected in binary systems 
( approx imately 0 . 1 solar mass)  and the mass of the largest 
known planet (about 0 . 001 solar mass ) . Knowledge of the sta­
t is t ics of occurrence in mult iple and binary systems of objects 
in this mass range and thei r  relat ionship to the phys ical char­
acteristics of the dominant star would be a major impetus to 
clar ifying the way in wh ich planetary systems actually form . 
The actual stat istics of planetary format ion will relate d i­
rectly to the phys ical status and the relative peculiar ity of  
our own solar system and improve the est imat ion of the proba­
b i l ity of the existence of other life in the Galaxy . 

Attempts have been made in the past to detect planetary 
systems by astrometr ic means , but these efforts have apparently 
not attained the requ ired accuracy . An astrometr ic prec is ion 
o f  lo-4 -l o- 5 arcsec is requ ired , and this must be ava ilable 
for many stars and maintained over t ime scales of approximately 
10 years . Recent stud ies in NASA-sponsored workshops have 
indicated that such prec i s ion may now be technically poss ible 
w i th dedicated astrometr ic fac i l i t ies . Other methods , which 
appear to be less certain of success but clearly not imposs ible , 
i nc lude the detect ion of small per iod icit ies in rad ial 
veloc i t ies , spacecraft interferometry , and d irect detect ion by 
means of spec ially apod i zed large-aperture telescopes . 

As outlined above , the detection and accumulation of 
s tatistics on other planetary systems would be an important 
development, g iven the likel ihood of reaching the requ i red 
accuracy by means of astrometr ic techniques , we support the 
start of programs in th is f ield . The development that we 
e nvisage should include within it at least two independent 
research programs in order to ensure adequate cross-check ing o f  
pos i t ive results . 

F .  Dedicated Orbital Te lescope for Planetary Studies 

The powe r  of remote sens ing from Earth-orbit ing telescopes i s  
now receiving wide recogn it ion in planetary sc ience as a result 
of the successful appl icat ion of OAQ-A2 , Copernicus , and IUE 
observat ions to a select ion of planetary and cometary prob­
lems . There is also great ant ic ipation for what will be lear n­
ed with ST and SIRTF in the future . 

However , in spite of the capability of the above fac i lities 
to attack many solar-system problems , there are also many draw­
backs and mismatches . Many solar -system observat ions requi r e 
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telescopes to be pointed in the close vic inity of the Sun or of 
the Barth or requ ire special orientat ions of a spectrograph 
slit or complex attitude maneuvers . It  is the exper ience of 
those respons ible for operating ex ist ing Earth-orbital tele­
scopes that solar -system observations are among the most 
d if f icult to accomplish fra. an operat ional point of view.  
There are  solar-system observations that need to be made in 
spectral reg ions ( e . g . , below 912 A )  or with combinat ions of 
spectral and spat ial resolutions that are not necessari ly 
appropr iate for astrophys ical problems . In add ition , many 
solar-system observat ions have either spec ial t iming require­
ments or need extended per iods of observations , and the l imited 
ava i lability of astrophys ical instruments for such stud ies is 
clearly a problem . This could be a part icularly exasperating 
problem when observat ions are assoc iated with a planetary 
miss ion in progress . 

Our assessment of these cons iderat ions is that , taken to­
gether , they have cons iderable substance , and it is our opinion 
that spec ial cons iderat ion should be g iven to the development 
of a ded icated Earth-orbital or Shuttle-based telescope for 
solar-system stud ies . However , we also bel ieve that it is 
essential that the pr ior ity of this concept be deve loped in the 
context of the overall pr ior ities for an integrated program of 
solar-system exploration . 

G .  Occultation Network 

Observat ions of the occultation of stars by planets and 
asteroids have led to a remarkable number of discover ies in the 
last decade . Among these are the discovery of Uranus ' s  r ings 
and the presence of h igh temperatures and turbulence in 
planetary stratospheres . Occultat ions also provide spatia l 
information on the phenomena they probe , and returns f roa two 
of the most successful occultations--the 1976 occultation of 
Eps ilon Gem by Mars and the 1977 occultat ion of SA0158687 bY 
Uranus--were greatly enr iched because reasonable data wer e 
obtained f rom several s tat ions . In fact,  we would have a much 
better picture of the g lobal pattern of Martian atmospher ic 
t ides if the geograph ical d istr ibut ion of observing stat ions 
for the Eps i lon Gam occultat ion had been broader .  Similarly , 
the d imens ions of asteroids and the f igures of planets may be 
ref ined through occultat ion techniques . 

In order to be prepared to take full advantage of future 
occultat ion events , we declare our support for the concept of a 

loose , worldwide network for promot ing occultat ion observa­
tions . Ingred ients of such a networ k would include & ( 1 )  some 
method of centralized coord inat ion of observing plans J ( 2 ) the 
cont inued development of a good list of pred ictions for occul­
tat ion events and the ir d isbursement, ( 3 )  the establ ishment of 
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adequate instrumentation at a broad geograph ical distr ibution 
of observator ies , and ( 4 )  the identif icat ion of observers at 
each observatory who would be interested in the results . 
F i nally ,  interested amateur astronomers would be utilized in 
the plans for this wor ldwide network .  
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Galactic Astronomy 

I .  INTRODOCTION 

Ga lactic s tudies play a spec ial role in astronomy , affec t ing 
f ie lds as d iverse as planetary sc ience and cosmology . The 
Ga laxy is at once the environment of planetary systems and the 
most accessible example of the bu ild ing blocks of the Universe . 
Ga lactic astronomy in the 1980 ' s  will be characte r i zed part icu­
larly by the synthesis of many techniques of invest igation to 
improve our understand ing of the evolut ion of the Ga laxy and 
its const i tuents . 

Much of the research dur ing the next decade will bui ld upon 
the major discover ies of the 1970 ' s .  Essential progress in 
s tellar astronomy has been ach ieved in our understand ing of the 
late stages of stellar evolut ion . Detailed theoret ical stud i es 
of the characteristics of collapsed obj ects and observat ional 
efforts to prove the existence of black holes have been par t ic u­
l arly reward ing . Stud ies of interstellar matter were d ist in­
guished by the discovery and interpretat ion of the hot componen t 
of the interstellar medium and by the development of the f ield 
of interstellar chemistry . 

The f irst observat ions of Ga lactic reg ions of star forma­
tion , together with deta i led observations of coronal act ivity 
and mass loss in stars , have provided compelling evidence that 
matter is exchanged between stars and the interstellar med ium . 
Isotopic stud ies of chemical abundances in meteor ites have been 
combined with theoret ical work on nucleosynthes is in advanced 
s tages of stellar evolut ion to provide evidence that the chemi­
cal compos ition and format ion of our solar system may have been 
related to the explos ion of an early supernova . Prospects for 
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understand ing the chemical evolution of the Galaxy have bee n 
g reatly enhanced by the recent development of observat ional and 
theoretica l tools for study ing stellar abundances . 

These recent advances are characteristic of the main activ­
it ies of Galactic astronomy . They typically involve , at one 
leve l ,  the study of part icular classes of objects , each for its 
intr ins ic interest .  At another leve l ,  these activities are 
r elated by our need to understand the complex interrelations 
among the const ituents of the Galactic system. 

Many of the processes occurr ing in the Galaxy combine to 
form cycles . The relentless process of stellar evolution 
t ransforms the pr imord ial gas from wh ich the Ga laxy formed into 
an ever-r icher mixture of complex atomic nuclei , molecules , and 
dust part ic les . Star format ion ,  nucleosynthesis in stellar 
inter iors , and the inject ion of the processed mater ial into the 
i nterstellar med ium form a cycle bas ic to the chemical evolu­
t ion of the Galaxy . This fundamental cycle has produced the 
complex building blocks that form the bas is for all l iving 
organisms . Dust grains produce cond itions favorable for sta r 
f ormat ion by shield ing port ions of the interstellar med ium from 
the heat ing effects of starl ight . The gra ins are incorporated 
i nto new stars , and the cycle is completed when new gra ins 
formed in the cool atmospheres of evolved g iant stars are 
ej ected into interstellar space . With in the interstellar med ium 
there may also be cycles in wh ich grains are created and de­
s troyed . There may be chemical cycles depend ing on the effects 
of star light , cosmic rays , and surface phenomena on grains . 
Some cyc les may involve the creat ion and destruct ion of complex 
atomic and molecular systems . Interstellar gas c i rculating 
a round the Ga laxy may pass through spiral arms per iod ically 
caus ing dens ity waves that may tr igger star formation . 

The patterns and cycles of Galact ic evolut ion are d imly 
perceived and only vaguely understood . Many quest ions must be 
answered before these processes can be e luc idated . What frac­
t ion of the Galactic mass is in unseen objects--black dwarfs , 
p lanets , collapsed stars? What processes d ist inguish the 
Ga lactic disk from the halo? What conditions are required fo r 
s tars to form in an interstel lar c loud? How is the energy of 
supernova explos ions d istr ibuted to cosmic rays and to the 
mot ions of interstellar c louds , poss ibly lead ing to mass loss 
f rom our Galaxy? How are heavy elements formed by nucleosyn­
t hes is in late stages of stellar evolut ion and in catastrophic 
events such as supernova explos ions? What determines the 
balance of matter in dense c louds , diffuse clouds , and the hot 
component of the interstellar gas? These are but a few of the 
uni fying quest ions of Galac t ic astronomy that must be addressed 
in the 1980 ' s .  

Th is chapter d iscusses the k inds of research efforts that 
are expected to contr ibute in the coming years to an improved 
u nderstand ing of these important issues in Galactic astronomy . 
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The following section contains the summary and conclus ions of 
the Work ing Group . Section III  contains a summary of some of 
the pr inc ipal sc ient i f ic goals for Galactic astronomy in the 
1980 ' s .  Sect ion IV deals with studies of components and 
subsystems of the Galaxy that may del ineate the fundamenta l 
processes of Galactic evolution , these studies will provide a 
bas is for efforts to synthes ize a comprehens ive picture of the 
o r ig in and evolution of the Galaxy . Section v descr ibes 
studies of s ingle stars , systems and groups of stars , and the 
i nterstellar med ium . Observat ional ,  laboratory , and theoreti­
cal efforts that are essential foundations for continued prog­
r ess in Galactic astronomy are discussed in the last sect ion . 

I I . SUMMARY AND CONCLUSIONS 

Ga lactic astronomy has been , and will continue to be , fun­
damental to understanding vir tually all aspects of astronomy . 
On a large scale , stud ies of our Ga laxy provide the baseline 
for stud ies and interpretat ion of extragalact ic objects . A 
major overlap between Galactic and extragalact ic astronomy has 
been the study of the roles that major subsystems common to our 
own and other galax ies play in galactic evolution . The next 
decade holds promise of a new era in wh ich stud ies of the Galaxy 
may y ield ins ight into its early history and thereby provide a 
direct and deta iled view into processes that are cur rently 
veiled or h idden in extragalactic objects at the edge of the 
Universe . On a far more modest spatial and temporal scale , 
s tud ies within our own Galaxy of the frequency of occurrence-­
and indeed , the existence--of other planetary systems are neces­
sary for an understand ing of the or ig in of our own planetary 
system. They would also provide invaluable observational con­
s tra ints on our unders tand ing of star formation . 

The examples c ited above are intended to ind icate the scope 
o f  astronomical problems in which Galactic astronomy is an es­
sential ingredient . In the following sections of this chapter , 
we ident ify and d iscuss a wide range of challeng ing problems in 
Galactic astronomy that are j udged to be of importance for a 
further understand ing of the Ga laxy and astronomy in general . 
However , pursuant to our charge to identify those problems in 
Ga lactic astronomy that appear to be both impor tant and t imely 
for the coming decade , we first call attent ion to those 
problems that we believe mer i t  particular cons ideration during 
the 1980 ' s .  

The Work ing Group reached a consensus that three of these 
problema represent truly outstand ing opportun ities for the 
coming decade and are worthy of the highest pr ior ity .  These 
are , without regard to order of importance , the following : 
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• The formation and evolution of molecular cloud 
complexes and the ir relationship to s tar formation and spiral 
struc ture , 

• The dynamics and evolution of star-formation reg ions 
and protostars , includ ing the interaction of supernova remnants 
with these reg ions , and 

• The formation , evolut ion , and proper ties of compact 
s tellar obj ects . 

In add ition , the Work ing Group identif ied s ix problems that we 
believe represent excellent opportunities for the 1980 ' s ,  
a lthough as a class we rank them lower i n  pr ior ity than those 
above . These are , again without regard to order of impor tance , 
the following : 

• Th e  formation and evolut ion of the protogalaxy, 
• The nature and compos it ion of the Galactic halo and the 

Ga lactic center 1 
• The chemical compos i t ion of interstellar and 

c ircumstellar gas and dustr  
• The dynamics and thermodynamics of the interstellar 

med ium and the interaction of supernova remnants with the 
interstellar medium r  

• The stellar and dynamical evolution o f  binary systems , 
and 

• The advanced nuclear-burning stages of mass ive stars . 

We s tress that the n ine oppor tunities g iven above are not felt 
to be necessar i ly more important than the others mentioned 
l ater in this chapter . Rather , they are the ones that were 
j udged to be both important and par t icularly t imely for the 
1 9 80 ' s .  

I I I . THE LARGE-SCALE STRUCTURE OF THE GALAXY 

A .  The Galactic Ecosystem 

Ga lactic astronomy involves the cont inu ing study of the 
Galaxy ' s  extraordinary var iety of const ituents and wide rang e 
o f  environments . These stud ies have a unifying theme : the 
inter relation of these components in a Galactic ecosystem whos e 
balance and evolution is perhaps as complex and del icate as 
that of a tidepool or a tropical forest . Viewing our Galaxy a s  
the synthes is o f  its par ts provides the l ink between Galactic 
and extragalactic astronomy . What does the spectrum of a 
d istant ,  unresolved galaxy imply about its internal stellar 
populations? Why do some galaxies spawn young stars while 
o thers do not? How do galaxies evolve? How are the ir char­
acteristics influenced by their extragalactic environments? 
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These are questions about the processes in other galactic 
ecosystems , and it is unthinkable that we could develop sat is­
factory answers to them without at the same t ime under standing 
these processes in our own Galaxy . 

We have some understand ing of a few of the cycles with i n  
o u r  Galaxy a  the flow o f  gas from dense interstellar c louds to 
stars and its return to interstellar spacer  the cycle of inter­
s tellar grain creation and destruction, and the chemical cycles 
establishing the balance of interstellar molecules . we have 
ideas of how to deduce the past h istory of our Ga laxy by meas­
ur ing the nuclear res idues of stellar evolution and cosmic-ray 
i rradiation and by counting collapsed stars . Th is under s t� 
ing , however , is emerg ing only in d im outline r many details and 
v ital l inks in the log ical chains are lack ing . Bow much mass 
is in obj ects as yet unobserved such as black dwarfs , planets , 
or collapsed stars? What phys ical processes and populat ions of 
objects d istinguish the Galactic d isk from the halo? What ar e 
the processes that tr igger s tar formation in an interstellar 
cloud? How is the energy of supernova explos ions impar ted to 
the interstellar medium? What determines the balance of matter 
in dense clouds , diffuse clouds , and hot interstellar gas? The 
answers to these questions are keys to understanding the order 
of the Universe . 

B .  S ize and Mass of the Galaxy and the Galactic Ha lo 

Among the fundamental quantities of Galactic research in need 
of revision are the distance of the Sun from the Galact ic 
center (wh ich now appears to be less than the 10 kpc usually 
adopted) and the rotation veloc ity of the solar ne ighborhood . 
Cor rect values of these quantities are crucial to our knowledge 
of the scale and mass of our Ga laxy . Our understanding of the 
properties of the Local Group of galax ies also depends on these 
quantities . Bas ic quest ions concerning the k inematics of the 
Galaxy are currently under debate . The debate includes renewed 
d iscuss ion of a poss ible expans ion of the young stellar and 
gaseous components of the Galaxy , and the role of nonc ircular 
motions in the Galaxy . These matters all relate to determining 
the Galactic rotat ion curve , wh ich expresses the veloc ity of 
rotation as a funct ion of d istance from the center of the 
Galaxy . 

A remarkable development is the recent d iscovery that the 
rotation curve of most spiral galaxies remains flat to the 
l imits of detect ion, in fac t ,  there have been no normal galac­
tic rotat ion curves yet reported . This result impl ies that the 
total s ize and mass of spiral galaxies are much larger than 
previously thought.  Moreover , because most of the mater ial i n  
the outer reg ion is unseen , the phys ical properties o f  this 
mater ial are largely unknown . Although the poss ibi l ity that 
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the unobserved mass is gas appears to be ruled out , there i s  
s ti l l  n o  evidence for large numbers o f  faint M dwarfs in the 
halo . The properties of the unseen mater ial may d iffer from 
t hose of the known stellar and interstellar populat ions . until 
recently , the k inematics of the outer reg ions of our Galaxy 
were unknown; now, spectra of s tars and of regions of ionized 
gas , together with rad io observation of molecular reg ions , are 
p roduc ing detailed results . 

Cons iderat ions of the stability of galaxies and interpre­
tat ions of the rotation curves may require that the visible 
c omponents of spiral galax ies be embedded in mass ive halos . 
Because such halos are diff icult to detect and observe , dynam­
i cs must play an important d iagnost ic role in their  study . 
From this point of view ,  the observed components of a galaxy 
c onstitute test bod ies that may be used to probe the total 
gravitational f ield of the system. 

c .  Dynamics and Spiral structure 

Dur ing the past decade , major efforts were made to develop a 
dynamical interpretation of spiral structure in galax ies . By 
1 9 7 0 ,  the theory of spiral dens ity waves could provide a tenta­
t ive phys ical picture of spiral structure that lent i tself very 
well to the interpretation of a var iety of opt ical and rad io 
o bservat ions . Many such appl icat ions of the theory have been 
made . But it also became apparent dur ing the 1970 ' s  that 
s piral structure could well be a more complicated phenomenon 
than was assumed in the early vers ions of the dens ity--wave 
theory , and it became part icular ly clear that the exc itation of 
s uch waves (or other disturbances ) in a galaxy was a ser ious 
theoretical problem . The problem of the or ig in of spiral 
structure has led to systematic theoret ical investigations of 
u nstable modes of osc illat ion in galactic d isks , the response 
of galactic disks to external perturbations ( e . g . , by companion s 
o r intruders ) ,  the gravitational forc ing of spiral structure in 
the interstellar gas by bars or largeooScale oval distortions in  
a galaxy , and the role of  resonance phenomena in the dynamics 
of spiral waves . Future theoret ical wor k on spiral structure 
s hould take into account the self-cons istent behavior of stars 
( including resonance effects and poss ibly other nonlinear ities ) r 
nonl inear and d iss ipative processes in the interstellar gas , and 
the exchange of matter , energy , and angular momentum between 
the stars and gas . 

D .  The Galactic Nucleus 

Galactic nucle i  in general--and , because of its proximity , 
e specially the nucleus of our own Galaxy--provide exc iting 
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opportun ities for studying stellar dynamics and astrophys ics .  
The nuclei of normal galax ies , including our own , show evidence 
of violent activity , h igh-veloc ity d ispers ions , geometrical 
asymmetr ies , mass ejection , and a central mass of h igh dens i ty .  
Such effects can be studied in great deta i l  i n  the nuc lear 
reg ion of our own Galaxy . 

The central reg ion is currently the subject of observat ions 
at many wavelengths . Continuum and spectral-l ine rad io data 
provide evidence that suggests e ither the violent e j ection of  
matter or  the presence of  a bar like structure . Infrared and 
rad io data currently suggest a very h igh central mass concen­
tration a few parsecs in diameter that may contain a black hole . 
Ga�ray observations are providing constraints on the cosmic­
ray dens ity that will add information on the nature of the cor e 
r eg ion of the Galactic center . 

Th e nuclear reg ion of our Milky Way Ga laxy has an infrared 
l uminos ity more than 109 t imes the solar luminos ity concen­
trated in a reg ion a few parsecs across . Although the nature 
of the energy source is uncertain , there is evidence that bOth 
thermal and nonthermal processes play a role . In addi t ion , 
prel iminary infrared maps reveal complex spatial s tructure in 
the reg ion surround ing the Galactic nucleus . One suggestion i s  
that the nucleus contains numerous planetary nebulae . In any 
case , the power ing source must consume about lo-4 sola r 
masses/year to provide the observed luminos ity,  i f the source 
has ex isted s ince the pe r iod of Galactic format ion , 10 S-1 o6 

solar masses have now been consumed . It is d i f f icult to provide 
th is large luminos ity through ordinary stellar nuclear-burning 
processes , a nonstellar process , such as the consumption of 
matter by a mass ive black hole , could be involved .  The h igh 
sens it ivity and moderate spat ial resolving power of a cooled 
1-m-class infrared telescope in space promises to reveal a 
g reat deal of useful information about the nature of the energy 
source in the Galactic center . 

Ga lactic nuclei represent a spec ial reg ime in galactic 
dynamics , involv ing relat ively new problems concerning the 
equilibr ium, s tabil ity ,  and evolut ion of stellar systems . 
Observat ional stud ies of our Galactic center and of the centra 1  
r eg ions of other galaxies requ ire the theoret ical cons iderat ion 
of dense concentrations of mass at the centers of galaxies . 
The c ircumstances may be such that stellar encounters , and even 
stellar collis ions and mergers , play an important role . In 
e xtreme cases , the effects of General Relativity are relevant . 
The gravitat ional and hydrodynamical coupling of the stars and 
the interstellar gas may be s ign i f icant . The gas d istribut ion 
in the inner few kpc of the Galaxy is evidently t ilted with 
respect to the Ga lact ic equator but nevertheless shows sub­
stantial spat ial and k inematic coherence and symmetry . 
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E. Globular Clusters 

Globular clusters are of essential value to the study of 
Galac t ic astronomy because of the relative s impl ic ity of thei r 
s tr ucture and dynamics ,  the extreme character of the ir stellar 
population , and the informat ion they provide about the dynam i­
cal and chemical evolut ion of the Galaxy . 

Ref inements dur ing the 1970 ' s  in photometr ic stud ies , sta r  
counts , measurements o f  proper motions , and measurement of 
radial veloc ities have led to substantial improvements in ou r 
k nowledge of the structure and k inematics of g lobular clust­
ers . Sign if icant tests of equilibr ium models of clusters us ing 
t hese data should be poss ible dur ing the 1980 ' s .  Studies of 
c lusters have sh ifted in emphas is from the problem of the i r  
e quilibr ium t o  the problem o f  their  evolution . Recent studies 
have led to an evolutionary picture that suggests the formation 
o f  a core-halo structure whose pr imary features are a contrac­
t ion of the core and an expansion of the halo7 the release of 
e nergy in the binding of binary stars must play a substantial 
role in these processes . Although the initial phases of the 
c ore-halo evolution of clusters seem well establ ished , under­
standing the ultimate fates of the globular clusters will 
r equire much fur ther study . The loss of stars through evapor­
ation and tidal d isruption must be studied to assess the 
i mportance of these processes . The process of core collapse 
must be examined to determine whether mass ive obj ects can 
f orm. It remains to be understood whether mass loss from stars 
modifies the processes of relaxation , equipar tition of energy , 
a nd the stratif icat ion of stars of different masses in a 
c luster . 

Substant ial advances have occurred in stud ies of chemical 
abundances , and it  now appears that there are s ign i f icant 
var iations of age and chemical compos it ion among the globular 
c lusters . These results will play an important role in futur e 
e f forts to reconstruct the evolut ion of the Galaxy . They 
already suffice to show that the initial , rapid collapse of the 
halo that has been envisaged in the past overs impl if ied what 
must have occurred dur ing the formation of the Galaxy . Obser­
vations of the fainter constituents of globular clusters-­
espec ially close binar ies , white dwarfs , and other compac t 
obj ects--will contr ibute substant ially to the study of dynamics 
and stellar evolution in these systems . Compar isons of 
g lobular clusters with open clusters and with clusters in the 
Magellanic Clouds should provide important ins ights into the 
format ion and early evolution of clusters .  

The discovecy dur ing the 1970 ' s  of x-ray sources i n  globu­
l ar clusters is espec ially exc i ting because of the possibility 
that dynamical evolution could lead to the formation of mass ive 
obj ects (such as black holes ) in the cores of clusters . Al­
ternat ively , these x-ray sources could be representative of 
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late stages of stellar evolution . Whatever the ir nature , the 
x-ray sources raise important new quest ions to gu ide the study 
of globular clusters dur ing the 1980 ' s .  

F .  The Galactic Bnvironment a Warps , High-Ve loc ity Clouds , 
and the Magellanic Stream 

Many aspects of the outer reg ions of our Ga laxy should receive 
intens ive study dur ing the coming decade . Ear l ier r adio wor k 
has revealed an extens ive d istribution of h igh-veloc i ty clouds 
of gas cover ing large portions of the sky .  Subsequent work on 
our own and other galaxies has shown that the ir surround ing 
environments are not always empty intergalactic space , but 
rather that many galax ies are accompanied by remote g lobular 
clusters , dwarf galaxies , and isolated clouds of gas as well a s  
by extens ive streamers o f  gas with length scales greater than 
the d imensions of the hos t galax ies . Although together with 
the Galaxy itself these d iverse phenomena form a s ingle inter­
acting ensemble , the dynamical consequences of the interactions 
are unknown--as are , indeed , the or ig in , total mass , and 
detailed consti tution of the environmental mater ial . I t  is no t 
yet known , for example , whether the h igh-veloc i ty c louds and 
the Magellanic Stream represent gas whose or ig in is  t idal or 
pr imord ial . Whether the var ious streams of h igh-veloc ity gas 
are related and the extent to which this  gas interacts with the 
Ga laxy at large are quest ions that future studies will have to 
answer . 

Because the total content and nature of this environment is 
unknown , the dynamical influence of the envi ronment on the 
Ga laxy at large is d iff icult to study quantitat ively , although 
this  influence is  certa inly important and pervas ive . There is 
some evidence to suggest that some of the streams impinge on 
the Galactic disk . The large-scale gas flows that would result 
would play a key role in the chemical evolut ion of the Ga laxy . 
Such inward flows , or eventual gas flows of a different or igin 
outward from the Ga lact ic nucleus , could determine how elements 
made by stars are transported through the Galaxy and how they 
are d i luted by less enr iched gas . Bnough is known about radial 
flows in the disk , flows to and from the halo reg ion , loss of 
g as in winds , and gain by accretion to be sure that these 
processes are vitally important in the evolution of the Galaxy . 
S tellar and interstellar abundances themselves suggest that 
infall of metal-poor gas occurs at a rate comparable with the 
s tar-formation rate . Only direct observat ional and theoretical 
stud ies of large-scale gas dynamics can provide the deta il 
needed for a full understand ing of these phenomena . Progress 
in the f ield of chemical evolut ion also requires such stud ies , 
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and they a r e  fundamental t o  understand ing the dynamical 
evolution of the Galaxy . 

Challeng ing dynamical problems must furthermore be overcome 
before the warped nature of the outer parts of the Ga lactic 
disk  a r e  understood .  Many external galax ies show the same 
nonplanar outer structure . Although the dynamics of galactic 
encounters can explain some warps , other warps are observed in 
i solated galax ies with no obvious companion . Problems of main­
tai n ing the warp against dispers ive effects are part icularly 
puz z l ing . 

IV. PROCESSES WITHIN THE GALAXY 

A .  Mechanisms for Star Formation 

S tar format ion is a process on wh ich almost all aspects of 
galac t ic evolut ion h inge . Theoret ical and observationa l 
r esearch on all aspects of star format ion will cont inue to be 
v i tal , not only to understand ing the process itself but also to 
u nderstand ing the structure , chemical evolution , and stellar 
populations of our own and other galax ies . 

Many mechanisms for star format ion in molecular clouds have 
been suggested . The suggestions include supernova- induced sta r 
f ormat ion as well as star formation assoc iated with ionization 
f ronts and cloud collis ions . Theoret ical investigation of 
t hese processes and compar ison of theory with observat ions is 
an important area in wh ich substantial progress has been 
l ack ing . Our Galaxy is the only galaxy for which suff ic ient 
spatial and spectral resolut ion and sens i t ivity can be obtained 
for study ing any of these processes in deta i l J  this is  part icu­
larly true of those processes that involve molecular-l ine 
r ad iat ion . Results obta ined in our Galaxy improve our 
understand ing of other spiral galax ies . 

A subject of part icular importance in recent and future 
research is  the relat ionship between the spiral structure in a 
g alaxy and the processes of star format ion in the galactic 
d isk . When interstellar gas par t ic ipates in a dens ity wave or 
s uffers forc ing by a bar or oval d istortion in a galaxy , shocks 
may occur that tr igger star format ion along the spiral arms . 
An alternat ive mechanism is that supernova explos ions occur 
stochast ically across the galact ic disk and tr igger star forma­
t ion . The systems of young s tars and H I I reg ions so formed 
are then sheared into the observed spiral patterns by differ­
ential galactic rotat ion . The wide range of mechanisms relevant 
to star formation compr ise a r ich f ield for fur ther development 
of theoret ical ideas and for a v igorous interaction of 
theoret ical and observational wor k . 
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B.  Factors Affecting Star Formation 

Ga lactic evolut ion requ ires for i ts understand ing more 
observat ions and deeper theoret ical ins ights about the phys ica l 
processes that influence the mass function of star format ion . 
Prel iminary evidence suggests that the star clusters in the 
Magellanic Clouds , which have had a d ifferent evolut ionary 
history from those in our own Galaxy , have mass spectra tha t 
d iffer from those observed in Galactic clusters . Furthermor e , 
the luminos ity function of cluster stars d iffers systematic a l ly 
from that of f ield stars . The initial mass function should be 
stud ied as a function of age and chemical compos ition .  We mus t 
a lso gain ins ight into the phys ical processes occur r ing in 
collaps ing clouds . Substantial amounts of time on large , 
w ide-f ield telescopes should be devoted to these stud ies dur ing 
the coming decade . 

c .  The Format ion and Evolut ion of the Galaxy 

Much effort is currently be ing devoted to understand ing the 
or ig in and evolut ion of galaxies in general . However , the most 
detai led tests of theor ies of galactic evolution will be pro­
v ided by stud ies of the stellar content of our own Ga laxy . 
This is so because any reconstruction of Galactic history , o r  
even a d irect test of a model , requ ires detai led information on 
the ages and chemical compos itions of large numbers of individ­
ual stars belong ing to d ifferent s tellar populations . Such 
informat ion will , for the foreseeable future , be available onl y 
for our own Galaxy and its closest ne ighbors . 

Accurate informat ion on stellar ages is par ticularly impo r ­
t ant for determining how r apidly our Ga laxy formed and how many 
stages or events were involved in its format ion . Recent theor­
ies have suggested mult iple-s tage format ion processes or  even 
format ion from several once-independent un its . Informat ion on 
s tellar ages and compos it ions i s  only now beg inning to attain 
the level of accuracy necessary to constrain such theor ies . 
Fu rther theoret ical and observat ional stud ies to provide ac­
curate data on the history of our Galaxy are of the h ighes t 
importance for Galactic research . 

Stud ies of the chemical evolution of the Galaxy require  
data on  s tellar abundances as a funct ion of  time and position 
in the Galaxy . These abundances must be measured in unevolved 
s tars whose sur face compos it ion reflects that of the interstel­
lar med ium from wh ich they formedJ measurements of abundance s 
i n  the present-day interstellar med ium are also required . Cur­
rently we know only the broad trends of metal abundance , wh i c h  
a re observed t o  increase from the halo t o  d i s k  s tars and 
decrease with distance from the Galactic center . Furthermore ,  
there are a few ent ic ing h ints that the relat ive abundances o f 
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s ome e lements vary systematically with age and/or location . A 
much larg e r  body of data , g iving relative abundances in star s 
of d i fferent ages and pos itions in the Galaxy , is needed for a 
sound understand ing of these phenomena . Among the most press­
i ng needs is the need for knowledge of abundances of the most 
common e lements ( Be ,  o ,  c ,  N) ,  about wh ich extremely little is 
known compared with the case of i ron . With more informat ion on 
the abundances of d ifferent elements , one could perhaps under­
s tand how nucleosynthesis depends on the masses and init ial 
compos it ions of stars and how eff ic iently stellar ejecta are 
m ixed into the interstellar medium. Thus , stud ies of stellar 
inter iors , star formation , and interstellar gas dynamics would 
benefit directly from detailed work on chemical abundances . 

The small-scale dynamics of our Galaxy are poor ly under­
s tood .  Var ious types of nonc ircular mot ions are observed on 
scales of different s i ze ,  but the relations between them ar e 
unc lear , as are the i r  or ig ins in most cases . some small-scale 
motions are probably caused by stellar energy sources such as 
s upernovae , but others have too large a scale s i ze and too much 
energy to be plaus ibly ascribed to a s ingle supernova . An 
example is the myster ious local d isturbance in the gas layer 
assoc iated with the Gould Bel t .  Some nonc ircular motions may 
be due to dens ity-wave effects , but no dens ity wave has yet 
been unambiguously identif ied in our Galaxy . Nonc ircula r 
motions on the scale of 1 kpc or less are par ticularly impor­
tant for star formation , s ince motions on this scale may be 
i nvolved in the formation of molecular clouds . 

There is strong interplay between stud ies of chemical evo­
l ut ion and star-format ion rates at different epochs in the 
h is tory of the Galaxy . The age d istr ibution of stars i n  
var ious parts o f  the Ga laxy g ives the only d irect informat ion 
about the past h istory of star formation r without this in­
f ormation , the chemical evolut ion of the Galaxy cannot be 
understood . In the last few years , several stud ies have sug­
g ested that this h istory may not conform to ear l ier thoughts : 
globular c lusters apparently show an age spread of several 
b illion years r  almost all d isk stars near the Sun are much 
younger than any halo stare r and the outermos t per iphery of the 
d isk contains s tars that are both young and metal-poor . It  
thus appears that even the halo of the Galaxy may have formed 
t hrough a relatively slow collapse and that the outer d isk 
formed later , with the per iphery remain ing even now in a ver y  
early stage o f  evolution . Such a picture can be understood 
qual itatively in terms of recent dynamical models of galaxy 
formation , but confirmat ion and clar if icat ion require a great 
deal more data . For example , detailed photometry of stars is 
needed to infer adequate age estimates from color-magnitude 
d iagrams . The effort of extend ing current stat istical survey s 
well beyond the solar vicinity would provide unique and es­
sential information on the history of star format ion , and 
i ndeed on the formation of the Galaxy itself . 
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D. The Galactic Magnetic Field 
and the Conf inement of Cosmic Rays 

Magnetic f ields evidently play an important role i n  the overal l 
dynamics of the interstellar medium and in the collapse of qas 
c louds to form stars . The magnetic f ield of the Galaxy is 
w idely believed to be generated cont inuously by a dynamo 
mechanism involving the differential rotation of the interste l­
l ar gas , the development of hydromagnetic instabilities , and 
the escape of flux from the d isk . Although some progress has 
been made in understanding the . operation of these processes in 
uniform models of the interstellar medium, wor k on more reali s ­
t ic ,  .•clumpy• models of the interstellar medium is only now 
beg inning . Magnetic-f ield generation in inhomogeneous models 
is l i kely to become a focus of attention dur ing the next few 
years . 

An important astrophys ical question is the volume f illed by 
cosmic rays and the nature of the mechanisms (presumably in­
volving the Ga lact ic magnetic f ield)  that conf ine them to thi s  
volume . Because cosmic-ray particles propagate along f ield 
l ines , determination of the conf inement volume and conf inement 
time will also y ield information on the conf iguration of Galac­
t ic magnet ic f ields . Key observations include h igh-prec is ion 
measurements of isotopic abundances ,  determinat ion of the rat io 
of secondary-to-pr imary cosmic rays at energ ies of about 100 
GeV/baryon , and measurement of the pos itron spectrum up to 10 0 
GeV. Gamma-ray astronomy will play a major role in answer ing 
these questions . 

A large cosmic-ray flux in the unexplored reg ion at energ ies 
below about 0 . 02 GeV could play an important role in heating 
and ionizinq the interstellar med ium and could also contr ibute 
a major portion of the total interstellar pressure . The effects 
on s tar formation and the evolution of the Ga laxy could be 
profound . This question can only be settled def initely by 
d irect measurements of cosmic rays outs ide the solar-w ind 
cavity ,  because the solar wind excludes these par t icles from 
the inner solar system .  Before such data are available , some 
information on the flux of low-energy cosmic rays in the more 
c entral par ts of the Galaxy can be obtained from a s tudy of the 
med ium-energy gamma-ray diffuse emiss ion and from searches for 
nuclear g�ray l ines from ,  for example , carbon and oxygen . 

E .  The Hot Component of the Interstellar Medium 

Observations from spacecraft dur ing the 1970 ' s  of diffuse soft 
x rays and ultraviolet absorption l ines due to interstellar 
0 VI demonstrate that a substantial fraction of the local 
interstellar med ium is f illed with hot (about 10 6 K)  low­
dens ity gas , whose scale height is so great that it merges with 
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t he Ga lact ic corona and wind . The presence of this  bot gas bas 
important implications for the dynamics of spiral arms , the 
nature and d istribution of interstellar c louds , the propagation 
and acceleration of cosmic rays , and the interaction of our 
Ga laxy with i ts intergalactic environment . I ts existence is 
probably related to h igh-veloc ity interstellar shocks caused by 
mass loss from stars in supernova explos ions and stellar winds . 

What fraction of interstellar space is occupied by the hot 
g as? Bow is the gas related to the h igh-veloc i ty shocks and to 
the embedded gas clouds? Our ability to answer these questions 
empir ically is l imited by our ability to obtain h igh-resolution 
UV absorption spectra of faint stars . Space Telescope ( ST)  
w ill greatly extend this abi lity ,  but it  lacks capability to 
observe the 0 VI lines at 1035 A ,  the key ind icators of the 
hot gas at d istances greater than a few hundred parsecs , where 
interstellar opac ity precludes d irect observations of soft x-ray 
emission . Recent observations of spectral features ar is ing from 
oxygen and iron in the soft x-ray background demonstrate the 
poss ibility of invest igating the phys ical processes relating 
the bot gas to the cooler clouds and to the energy sources of  
t he interstellar medium. 

V. S'l'ELLAR BIR'l'B, DEA'l'H , AND BVOLU'l'ION 

A .  Compos i t ion of Interstellar Matte r 

Our picture of the interstellar medium bas undergone substantial 
changes in the past decade . Two major components--the hot com­
ponent of the interstellar med ium and dense molecular c louds-­
are now seen to be of great importance . Substantial observa­
t ional and theoretical understanding may be expected in the next 
decade through quant itative stud ies of the phys ics of these two 
c omponents and their relationship to the major problems of 
energy balance in the interstellar medium and reg ions of sta r 
format ion . 

The complex chemical composition of the molecular c louds in 
the Galaxy will continue to be investigated . With the ident i­
f icat ion of approximately 50 gas-phase molecules dur ing the 
1970 ' s ,  this area will in the next decade reach maturity ,  with 
emphasis on a quantitat ive understanding of the chemistry . 
Interstellar chemistry in the 1980 ' s  will require substanti a l  
theoretical development and , it  is t o  be hoped , attract exper i­
enced chemists into the field .  Progress on identif ication of 
new spec ies will probably best be served by publicat ion of all 
unident if ied lines already found , opening the identif ication 
problem to spectroscopists and chemists outs ide the astronomi­
cal community .  Exc iting advances may include f ind ing the ring 
molecules , as yet unident if ied in even the densest interstellar 
clouds , a factor of 3-10 increase in millimeter-wave sens itiv­
i ty will  be required for a meaningful search for these . 
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The chemical indentif ication of interstellar dust remains a 
major unsolved problem . The improvement of infrared-detect ion 
t echn iques dur ing the next decade should allow us to make 
s igni f icant new direct observations of the dust in the inte r ­
s tellar medium. A cold IR telescope could gain a factor of 
1 03 in sens itivity over existing ground-baaed IR telescopes , 
and it will allow us to investigate the extinction laws over a 
w ide range of wavelengths and over enormous d istances (10  kpc 
and greater ) . A cruc ial point here is that dwar f-type and 
s ubg iant-type stars , whose intr ins ic infrared colors are fa i r ly 
well known , could be ident ified spectrally and measured photo­
metr ically at great d istances . Our current understand ing of 
interstellar infrared extinct ion depends on measurements of 
l uminous superg iants whose spectra are often contaminated by 
c ircumstellar features . Measurements of the infrared inter­
s tellar polar izat ion can also be made with a cold-telescope 
fac i l i ty .  These , combined with knowledge of the wavelength 
dependence of the extinction law, could y ield important in­
format ion about the geometr ic properties , s i zes , and chemical 
compos ition of the interstellar grains as well as about the 
phys ical cond itions of the medium in wh ich they are embedded . 
For example , these measurements may provide the bas is for new 
assessments of chemical-abundance grad ients in our Galaxy and 
i nformat ion about the Ga lact ic magnetic- f ield structure and 
strength over large distance scales . 

B .  Molecular Clouda s S ites of Star FOrmat ion 

The development and maturation of infrared and millimeter-wave 
astronomy baa made poss ible the f irst d irect observat ions o f  
the dense component o f  interstellar matter containing reg ions 
of star format ion . These areas promise to be an important pa r t  
o f  astronomy in the coming decade . Observations o f  individua l 
centers of star format ion with h igh spectral and spat ial 
r esolut ion ( l-103 AU) make poss ible explorat ion of the 
k inematics and dynamics of the star-formation process . On a 
larger spat ial scale , observat ions and mapping of molecular 
clouds are reveal ing the relationship between dense clouds and 
young stars . Tha k inematics and mass of star-forming dense 
clouds are being studied quantitatively on a galactic scale . 
In the per iod from 1955 to 1975,  advances in rad io astronomy 
(wavelengths greater than l em) and recombinat ion-line stud ies 
led to an increased understand ing of H I I  reg ions . The 
emphas is baa now shifted to stud ies of H 2, both directly and 
ind i rectly through millimeter-wave observations of co and othe r 
molecules , which are major components of star-forming clouds . 

Substant ial observat ional ins ight into star formation w i l l  
be gained from stud ies o f  t wo  identified types of objects s the 
infrared-emitt ing star-formation regions typif ied by the cor e 
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of the Or ion molecular cloud and molecular cloud complexe s 
containing over 10 S solar masses . 

1 .  Molecular Cloud Complexes 

As a result of observations of CO emiss ion throughout the 
Ga laxy and nearby local 08 associat ions , a picture of inter­
stellar clouds in the Galaxy dominated by large mass ive 
complexes containing 1-10 x lO S solar masses is beg inning to 
emerge . These molecular cloud complexes , the most mass ive 
obj ects in the Galaxy , are believed to be s ites of cur rent sta r 
f ormation . There are estimated to be up to SOOO such complexes 
in the Galaxy . 

There are many interest ing theoretical and observat ional 
poss ibil ities raised by the existence of these clouds , includ­
i ng the relationship of the molecular-c loud complexes to spiral 
arms and 08 associations r the formation , age , and evolut ion of 
t he cloudsr  the internal dynamics of the clouds r and the 
stability of the cloud complexes . The internal veloc ity dis­
pers ion in molecular-c loud complexes is h ighly supersonic ,  and 
the or igin and maintenance of these veloc ities is an outstand­
i ng problem. 

2 .  Molecular Cloud Cores , Reg ions of Star Pormat ion 

The discovery of vibrational emiss ion from hydrogen molecule s  
a t  a temperature greater than 1 0 0 0  K near the core o f  the Or ion 
molecular cloud provides evidence that h igh-energy dynamical 
phenomena are assoc iated with young stars . Subsequent h igh­
spectral-resolution infrared observations of co , H 2 , and 
ionized gas leave l ittle doubt that a shock front is moving ou t 
f rom a central source with a veloc ity of 30 to SO km/sec and is 
a bout lol7 em from that source . Millimeter observations of 
broad CO emiss ion also ind icate an outflow ,  and the tota l 
energy involved has been est imated to be greater than lo 4 7  

e rgs . Thus , an evolut ionary process on a t ime scale of about 
1000-3000 years is tak ing place ins ide the molecular clouds . 
Th e  observation of energet ic events assoc iated with young stars 
i s  an exc iting research area in which rapid advances are now 
poss ible . 

Future observat ions that take full advantage of new tech­
niques may yield observat ions of protostellar collapse , wh ich , 
i n  spite of much effor t ,  has not yet been observed . Th is is an 
important area of research and part icular ly necessary for 
compa r i son with theor ies of star format ion , which requ ire more 
observat ional guidance . 

The development of adequate theor ies to explain the inter­
act ion between energetic phenomena , such as stellar winds , H I I  
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reg ions , and supernovae with dense clouds , is another prom i s ing 
area of research . The evolut ion of the dense clouds and the 
energet ics of the interstellar medium in general are strongly 
i nfluenced by these phena.ena . Gamma rays should reveal evi­
dence concerning the interaction of cosmic rays with clouds and 
may eluc idate the role that cosmic rays play in cloud forma t ion .  

3 .  Mechanisms for Star Formation 

The internal dynamics of molecular clouds are closely related 
to star format ion . Fragmentat ion of an initially smooth and 
quiescent cloud now seems an inappropr iate model ,  and it is  
probable that turbulence , shock compression ,  and/or accumul a­
t ion processes play important roles . Moderate to h igh spat ia1 
resolut ion millimeter--wave observat ions combined with infrared 
and optical stud ies of young s tellar objects will be required 
to clar ify the role of these processes . Multid imens ional 
hydrodynamical calculations capable of represent ing shock 
compression , gravitational condensat ion , and var ious hydro­
dynamical instabilities may be requ ired .  Such instabil it ies 
may turn out to be important for the formation of protostars . 
Observations will cont inue to be critical in guid ing the 
parameters that constrain models . 

Systematic infrared and optical stud ies of young objects 
will be required to correlate the i r  properties with the reg ion s 
i n  which they form. For example , there are suggest ions that 
the stellar mass spectrum d iffers in different reg ions of sta r 
format ion , but few systematic stud ies have been made to identi fy 
the factors influenc ing the mass spectrum .  S imilarly , more 
complete data on the frequency of binary stars in var ious 
locations or groups of stars will be useful in clar ifying the 
relat ive importance of fragmentation processes as compared wi th 
other mechanisms of star formation . 

Both theoretical arguments and observational evidence in-­
d icate that substantial quantit ites of magnetic flux are los t 
when interstellar c louds collapse to form stars . The flux may 
be lef t  behind as a result of ambipolar d iffus ion , or the 
magnet ic f ield may be compressed and ampl if ied until  it f inally 
disconnects from the interstellar f ield . In the latter case 
f lux must be destroyed by local processes operating within the 
collaps ing cloud . If the magnet ic f ield of the cloud does 
d isconnect from the interstellar f ield , the d isconnect ion could 
occur either in the intercloud med ium ( leading to the produc­
t ion of cosmic rays there) or in the cloud itself ( leading to 
observable br ight spots uncorrelated with var iat ions in the 
local gas dens ity) . Theoretical models of c loud collapse that 
include magnetic f ields have recently been developed . Thus the 
problem of how collaps ing clouds lose magnet ic flux in the 
process of forming protostars may be subject to observationa l 
constraints in the next decade . 
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4 .  Scale of Observations 

A concerted effort to study the spatial and spectral charac­
ter istics of H I I  reg ions and molecular clouds can be expected 
to y ield a fairly complete bas is for accurate modeling of the 
star-formation process within the next decade . These observa­
t ions are t ime consuming s ince they require mapping r substantial 
observing t ime on intermediate-s ize single antennas , as well  as 
on arrays , will thus be necessary . Single millimeter-wave 
antennas of moderate s ize with h igh-sens itivity receivers ar e 
powerful tools for s tudying overall cloud k inemat ics , star­
c loud interactions , and thermal balancer  i�ey are useful probe s 
down to distance scales of about 1-2 x 10 em at wavelength s  
o f  about 1-2 mm . 

Analys is of the dynamical mot ions of the gas and dust in 
more highly condensed young objects will require moderate- to 
v ery-h igh-resolution (103-105 ) infrared spectroscopy carr ied 
out with large-aperture telescopes . Radio observations using 
l arge s ingle dishes as well as interferometr ic techniques will 
be requ ired . Infrared surveys from apace , such as the Infrared 
As tronomy Satellite Explorer ( IRAS) program ,  will be necessary 
to locate the more heavily obscured reg ions of star formation . 
A cooled telescope fac ility may be critical for extend ing these 
observations to extended spatial regions and to distant reaches 
o f  our own and other galax ies . 

c .  Cosmic Rays 

As one of many forms of rad iation or ig inat ing in stellar and 
i nterstellar processes , cosmic rays prov ide an important 
c hannel of informat ion about these processes . Por example , 
energetic cosmic rays provide direct evidence of nucleosynthe­
s ia and par t icle accelerat ion outs ide the solar system. Thus , 
measurements of cosmic rays at the Earth can provide clues to 
t he ag ing of stars and to the nature of their deaths , as well 
as to the characteristics of violent events near stars and in 
the interstellar med ium. The Ga lact ic cosmic-ray intens ity and 
energy spectrum away from the solar vicinity can be deduced 
f rom the study of d iffuse Ga lactic gamma rad iation produced in 
cosmic ray/interstellar gas collis ions . The cosmic rays are 
a lso of great interest in the i r  own r ight , aa a major component 
of the Galaxy . 

1 .  Element Synthes is 

The theory of stellar nucleosynthesia has been successful in 
explain ing the relative abundances of nucle i  observed in the 
s olar system .  However , elemental abundances in the pr imary 
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cosmic-ray spectrum differ s ignif icantly from solar-system 
abundances .  These d i fferences could ref lect d ifferent or i g i n s  
o r  poss ible atomic effects in the accelerat ion process . 

Further theoret ical work is needed to clar ify pred ict ions 
concerning stellar nucleosynthesis . While adequate nuclear ­
react ion networks are now largely ava ilable , quantitative 
modeling of element product ion dur ing the late stages of ste1-
lar evolut ion and dur ing the deaths of s tars (supernovae and 
stellar collapse ) is j ust beg inning .  With adequate support , 
s ubstantial progress on these problems may be expected dur i ng 
the next decade . 

Measurements of the relat ive abundances of isotopes in 
pr imary cosmic rays provide information on the cond itions unde r 
wh ich nucleosynthesis takes place , s ince they are unl ikely to 
be altered dur ing the accelerat ion process . Supernova explo­
s ions are bel ieved to be the s ite of the rapid neutron-captu r e  
process (r-process ) ,  wh ich accounts for about half o f  the 
solar-system mater ial with atomic number greater than 3 0 .  
Observat ions of gamma-ray l ines from radioactive nuclei so 
formed would be a d irect rat i f ication that this process occu r s  
in supernovae . 

I f  cosmic rays are strongly enr iched in r-process element s , 
as has been suggested , they will provide a set of r-process 
abundances poss ibly character istic of recent supernovae with 
cond it ions d ifferent from those that contributed to the solar­
system mix . 

2 . Par t icle Accelerat ion 

Recent gamma-ray observat ions lend strong support to the 
preva il ing theory that the bulk  of the high-energy cosmic 
r ad iat ion observed near the Earth or ig inates in our Ga laxy . 
However , the process or processes by which synthes ized element s 
a re accelerated to cosmic-r ay energ ies is poorly understood at 
present . Supernova explos ions , pulsars , and interstellar shoc k  
waves are all cons idered poss ible s ites for part icle accelera­
tion , although s ignif icant contr ibutions from stellar flares 
and nova outbursts cannot be ruled out . Th is is a complex 
issue , and no sudden breakthrough is expected dur ing the nex t 
few years . However , further theoret ical and observat ion wor k 
should clar ify the character istics of these var ious acceler a­
t ion processes . 

A def init ive answer to the quest ion of whether some cosmic 
rays are acce lerated in supernova explos ions could come from 
g amma- r ay astronomy . The detect ion of gamma rays from even one 
young supernova remnant would demonstrate acceleration of 
nuclei in supernova explos ions , j ust as detect ion of synchro­
tron rad io emiss ion has demonstrated accelerat ion of electrons 
i n supernova explos ions . Gamma-ray detectors with improved 
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s ens i t i v i ty and angular resolut ion will be required to d istin­
guish s uc h  cosmic-ray produced gamma rays from those that may 
be produced by neutron stars w ithin young remnants .  Measure­
ments of e lemental energy spectra at high energ ies can provide 
i mportant constraints on accelerat ion models , while measure­
ments of the isotopic compos it ion of heavy elements (such as 
t itanium, cobalt , and n ickel) can help to determine the t ime 
between the synthesis of these nucle i and their  accelerat ion t o  
r elat ivistic energ ies . S imilarly , measurement of the elemental 
compos it ion of the actinides can provide information on the 
t ime that has elapsed s ince these elements were synthes ized , 
regardless of when they were accelerated , while measurements o f  
the abundance o f  isotopes produced by K-capture on elements 
that are pr inc ipally fragmentat ion products can reveal the 
length of t ime that cosmic rays spend at low but suprathermal 
energ ies before be ing accelerated . Finally , the study of 
h eavy-element synthes is in solar flares will permit a better 
evaluation of stellar flares as a s ite of nucleosynthesis and 
accelerat ion . 

D .  Protostars 

Star format ion is a very ineff ic ient process 1 most of the 
m ater ial that reaches the dark-c loud phase of evolut ion is pre­
vented from evolving into a pre-main-sequence stellar object . 
Th is trans it ion phase between dark-c loud and pre-main-sequence 
s tar is often referred to as the protostellar phase . 

In spite of the obvious importance of the protostellar 
phase of evolution , the fabr ic of observat ional knowledge abou t 
t his phase is f illed with gaping holes . Th is lack of knowledge 
i s  due in part to the fact that the protostellar phase is rela­
t ively brief and in part to the fact that , unt il recently , the 
wavelength reg imes best suited to study ing protostars have been 
o nly marg inally accessible . The coming decade appears to offer 
the poss ibi lity for major advances in our understanding of star 
f ormation on both observat ional and theoret ical grounds . 

The most likely areas for observational advances involve 
t he early and late stages of protostellar evolution .  Because 
protostars are intr ins ically cool objects with an abundance of 
molecules and because they are relat ively small , it  is impera­
t ive that studies both at h igh spectral resolut ion and high 
s patial resolut ion be conducted s imultaneous ly . Hi gh spectral 
resolution would be invaluable for establishing the detailed 
dynamical sta�e of these systems , thereby permitting inferences 
of the dominant phys ical processes occurr ing in protostars and 
e luc idat ing the interplay of these processes in determining 
whethe r  evolut ion can proceed to the stellar state . High spa­
t ial r esolut ion is needed not only because of the small s ize of 
protostars but also because most of the important processes 
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have characteristic length scales that are smaller than the 
overall system length scale and are anisotropic .  Infrared and 
subaillimeter observations from space offer the greatest 
promise for understanding the ear ly stages of protostellar 
evolution . 

A somewhat novel observational attack on the late stages of 
protostellar evolution involves methods that could be employed 
to search for other planetary systems . Recent s tud ies have 
examined the poss ibi lity of detecting other planetary systems 
as well as how the results of a search for such systems could 
place valuable constraints on our understanding of the star­
formation process . These constraints are both qual itative as 
well as quant itative . CUrrent hypotheses regarding star 
formation imply that planetary-system formation is a natural 
by-product of the star-formation process . An observat ional 
determination of the frequency of occurrence of planetary 
systems would thus provide a ·much-needed qualitative test of 
those hypotheses . I f  many other planetary systems are d is­
covered , their gross properties (e . g . , mass , orbital features ) 
could provide a quantitat ive bas is for character i z ing the 
phys ical state of the late phases of protostellar evolution . 

Theoret ical and numer ical s tudies of the protostellar 
state , though ahead of the i r  observat ional counterparts , ar e 
s till  rud imentary . FOr example , it is not known at present 
whether stars form bY the free-fall-l ike , quas i-spher ical ac­
c retion of mater ial onto a s tellar core or by the d iss ipation 
of a h ighly flattened , rotating d isk J qualitatively different 
s tructures would evolve from these two mechanisms . The loss of 
angular momentum and magnetic f ield dur ing cloud collapse are 
not well understood theoret ically ,  and continued effort in 
these areas is strongly needed . The complexity of phys ical and 
chemical processes involved in protostellar evolut ion requires 
that a major emphasis be placed on numer ical studies . Suppor t 
of theoret ical and numer ical work in this area will be requ ired 
to strengthen our efforts to understand star format ion . 

E .  Mass Loss , Star-Cloud Interactions 

1 .  Mass Loss in Ear ly-Type Stars 

One of the outstanding advances in stellar astronomy dur ing the 
past decade has been the real izat ion that the early-type (OB )  
s tars lose a substantial fraction o f  the ir mass in powerful 
stellar winds . This result has major consequences for star 
format ion , the interpretat ion of compact and extended H II r e­
g ions , stellar evolution , supernova theory , the interpretat ion 
o f  supernova remnants , and the evolut ion of x-ray binary 
systems . 
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Observations of stellar winds in the radio ,  infrared , 
opt ical , uv, and x-ray spectral ranges provide complementary 
information necessary to unravel outstanding puzzles concerning 
the phys ical mechanisms respons ible for the winds . Ultrav iolet 
P-Cygni l ine prof i les ind icate that the terminal veloc ities of 
t he winds range from about 500 up to 3000 km/sec . Radio- and 
infrared-cont inuum emiss ion allow one to infer the dens ity 
prof ile of the wind . Recently , observat ions of x rays from 
ear ly-type stars have suggested the existence of some previous­
ly unsuspected energy source in the winds that may be related 
to the anomalous ionization ind icated by UV observations of 
0 VI in the winds and to instabilities in the flow ind icated by 
t ime var iability in the UV l ine prof iles . 

The gross propert ies of the winds--mass-loss rate , termi­
nal veloc ity ,  dependence on spectral type--can be understood in 
terms of a theory in which the wind is dr iven by radiation 
pressure due to resonance scattering by ions of trace elements 
in the wind . However , the theory has failed so far to explain 
details of the wind , such as ionization balance , veloc ity 
d istr ibut ion , x-ray emiss ion , and t ime var iability .  Th e  theory 
is complex , involving coupled radiative transfer in l ines , gas 
dynamics , and extens ive atomic phys ics , its further development 
requires advances in each of these areas . It is also worth 
not ing that the phys ical processes involved in the dynamics and 
radiat ive transfer in stellar winds are thought to be important 
i n  the emiss ion-l ine reg ions of quasars and active galax ies . 
Since stellar winds are eas ier to observe than quasars , the 
d evelopment of the theory to explain the observed properties of 
the winds may be vital to understanding this outstanding prob­
l em of extragalactic astronomy . 

The large mass loss in stellar winds has implicat ions for 
m any areas of astronomy . The most luminous ear ly-type stars 
lose mass at a rate suff icient to alter drastically the i r  evo­
l ut ionary tracks on the H-R d iagram .  The stellar wind creates 
a cavity in the sur round ing interstellar med ium comparable with 
t hat created by a supernova explos ion . In a dense interstellar 
c loud , the wind will modify the radio and infrared emission 
f rom the assoc iated compact H I I  reg ion , causing shocks and 
x-ray emiss ion and perhaps affect ing the formation and 
exc itat ion of interstellar molecules . The stellar winds may 
play a major role in star format ion , perhaps init iating thi s 
process by compress ing gas and/or terminat ing it by d isrupting 
the gas cloud . The huge cavities created by stellar winds in 
d iffuse interstellar gas must be cons idered in the interpreta­
t ion of the s i ze and structure of the g iant H II reg ions , both 
Ga lact ic and extragalac t ic ,  and also in the interpretat ion of 
supernova shells , whose structure and evolution may be partly 
determined by the dynamical act ion of the stellar wind on the 
surrounding interstellar gas before the supernova eruption . 
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Several of the most luminous compact Galactic x-ray sources 
h ave , as binary compan ions , OB stars with strong stellar winds . 
The mass loss in the winds is suff ic ient to affect the orbital 
dynamics , perhaps greatly extend ing the durat ion of the x-r ay 
luminous phase . In some cases , gravitational capture of the 
s tellar w ind may provide the mass transfer respons ible for the 
x-ray emiss ion . Even if the x-ray emiss ion is not directly 
r elated to the stellar wind ,  the presence of an embedded binary 
x-ray source provides a unique probe of the structure and dy­
namics of the wind . The wind has suff ic ient column dens ity to 
cause not iceable soft x-ray absorpt ion that var ies with orbital 
phase , provid ing a dens ity probe . Observat ions of fluorescent 
x-ray emiss ion l ines from the wind are a likely poss ibility . 
The ionizat ion of trace elements in the wind by the x-ray 
source has been observed indirectly through per iod ic var iat ions 
of ultraviolet P-cygni l ines formed in the wind . The gravita­
tional force and radiat ion from the x-ray source can substant i­
a lly mod i fy the dynamics of the winds , provid ing a probe of the 
phys ical mechanisms d r iving the wind . 

Al though we have learned a great deal about s trong stellar 
winds in the past few years , our knowledge of this subject i s 
s t ill rud imentary . Rad io observat ions with the very Large 
Ar ray (VLA) , together with the greatly improved infrared 
observations expected from orbit ing infrared telescopes , can 
provide a much better idea of the dens ity structure of the 
winds of isolated OB stars and promise to reveal much about the 
dynamical effects of stellar winds of OB stars embedded in 
dense interstellar c louds . Ultraviolet spectroscopy has been 
severely constrained by the pauc ity of OB stars within the 
r ange of telescopes such as that on the Copern icus satellite , 
l imit ing our abi lity to der ive systemat ic trends with stellar 
types . Th is s ituat ion should improve dramat ically with the 
greatly improved sens itivit ies of the International Ultraviole t 
Explorer ( IUE )  and ST . However , a ser ious gap will remain in 
our abi l ity to deduce the phys ical mechan isms of the stellar 
w inds from UV spectra . We must develop an orbit ing telescope 
capable of obtaining 912-1200-A UV spectra , where many of the 
most phys ically reveal ing UV resonance lines are found . 
Fur ther observat ions of x-ray sources assoc iated with ear ly­
type stars will be invaluable for determining whether they are 
assoc iated with compact objects in the system or ar ise instead 
f rom some unknown phenomenon . x-ray spectroscopic observations 
are c r i t ical ; for most systems , these will require a second­
g enerat ion x-ray telescope fac i l ity . 

Finally , we emphas ize that , despite impress ive progress , 
g aps remain in the theoret ical interpretat ion of the nature and 
impl icat ions of mass loss from ear ly-type stars . Our rapidly 
d eveloping capabi lity to observe these phenomena c reates an 
obligat ion to support an aggress ive theoret ical program . 
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2 . Circumstellar Matte r  

Recent uv, infrared , and rad io observat ions have conf irmed the 
existence of extended c ircumstellar gas and dust shells around 
a var iety of objects . Fu rthermore , most of these shell-bearing 
stars appear to be los ing mass at very h igh rates . In some 
cases the mass loss rate may be as h igh as 10 -4 solar masse s 
per year . Knowledge of the chemical compos it ion of these 
shells , as well as an understanding of the subsequent injection 
of th is mater ial into the interstellar med ium ,  is cruc ial to 
unravel ing the mystery of how the Galact ic mater ial is enr iched 
i n  heavy elements and complex molecules . In some cases , the 
c ircumstellar mater ial may be related to the format ion of 
p lanetary and hence poss ibly l i fe-s upporting systems . A few 
notable examples of c ircumstellar-shell objects will serve to 
r eveal the extent of the phenomenon . 

Most very hot , ear ly-type stars show evidence of high mas s 
l oss . Wolf-Rayet ·s tars , Be stars , and He rbig-Haro objects 
exhibit excess infrared rad iation owing to thermal free-free 
e m iss ion from hot plasmas and , in some cases , thermal emiss ion 
f rom carbon or iron dust grains . UV and optical-l ine outflow 
v e loc it ies from Wolf-Rayet stars suggest mass loss rates in 
e xcess of lo-5 -lo-4 solar masses per year . It  has recently 
been shown that some Wolf-Rayet stars exhibit recurrent nova­
l i ke episodes in which dust shells composed of carbon or iron 
g r ains form and are dr iven into the interstellar medium .  A 
c oncerted effort to obtain high-resolut ion infrared l ine 
spectra dur ing these episodes may y ield valuable informat ion 
about the chemical compos it ion of the processed material be ing 
returned to the interstellar medium .  

Nearly a l l  luminous late-type stars exhibit evidence of 
dense c ircumstellar dust shells composed of s i l icate or carbon­
aceous mater ials that are being steadily dr iven into the inter­
stel lar med ium .  These stars may , i n  fact , prove to be the 
g reatest source of processed interstellar mate r ia l .  In the 
next decade , an effort should be mounted to invest iga�e the 
detai led chemical compos it ion of these shells as well as to 
determine more accurately the amount of mass be ing introduced 
i nto the interstellar med ium from this source . 

The Air Force cambr idge Research Laboratory infrared rocke t 
s urvey has led to the d iscovery of a number of very cool (about 
30 0  K) obj ects surrounded by dense graphite shells . These 
objects , probably in an advanced stage of evolut ion ,  may belong 
to a heretofore unknown populat ion of stars that are spewing 
enormous amounts of carbon into the interstellar med ium .  
Inve s t igation o f  th is poss ibility through observat ions by 
fac i l i t ies such as IRAS and the Shuttle Infrared Telescope 
Fac i l ity (SIRTF) is of h igh pr ior ity for the next decade . 

F i nally ,  we have recently obtained new ins ight into the 
forma t ion of , and eject ion into , the interstel lar med ium of  
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dense carbon-r ich dust shells dur ing DQ Her-type nova erup­
t ions . Again , studies us ing h igh-resolution spectral tech­
niques may provide an accurate picture of the chemistry of thi s  
processed mater ial . 

Radio observations of numerous late-type stars , Air FOrce 
Geophys ical Laboratory sources , and Cal ifornia Ins itute of 
Technology sources have shown that c ircumstellar dust and gas 
shells often conta in molecular masers . S iO ,  OH, and H 20 
masers appear to be present in many evolved stars and in proto­
s tellar cand idates . Further studies of these masers us ing the 
VLA and very-long-basel ine- interferometr ic techniques should 
spat ially resolve some of them , thus providing new knowledge 
about phys ical conditions in the c ircumstellar shells . 

�e resolution of as many infrared c ircumstellar shells as 
poss ible us ing interferometr ic techniques is also of the 
h ighest pr ior ity . Th is information is required if the she l l  
opac ity , the shell mass , and shell mass-loss rate are t o  b e  
calculated t o  reasonable prec is ion . Although IR interferomet­
r ic measurements per formed in the late 1970 ' s  have been ver y  
promis ing , the available technology must undergo cons iderable 
improvement if this informat ion is to be obtained for a sub­
s tant ial number of objects . 

F .  Stellar Structure and Evolution 

S igni f icant progress in our understand ing of stellar evolut ion 
occurred dur ing the 1970 ' s .  Among the most important advances 
was the theoretical elucidation of late stages of nuclear 
burning , including helium and shell flashes , carbon burning 
s tages in h ighly evolved mass ive stars , and the nucleosynthes is 
of a-process elements . In addition , new ins ight was furn ished 
by theor ies of the pulsation process , wh ich were expanded to 
include effects such as nonrad ial osc illations and convect ion­
pulsat ion interactions . Finally , improvements in our under­
standing of the phys ical processes in stellar inter iors and in 
the calculation of theoret ical isochrones now permit the dat ing 
of star clusters of different chemical compos it ions , both in 
the halo and in the d isk , with suffic ient accuracy to use them 
as probes of Galactic evolut ion . The nagg ing problem of the 
solar-neutr ino discrepancy , however ,  remains a source of 
concern in th is f ield . 

The next decade is l i kely to see a concerted attack on sev­
eral key problems of stellar structure that have implicat ions 
for many branches of astronomy . Stellar winds and other physi­
cal mechanisms respons ible for mass eject ion from stars must be 
better understood to assess the effect of mass loss on stel­
lar evolution . 

In the case of mass loss from late-type stars , detailed 
studies of the Sun may provide useful informat ion , a bette r 
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understanding of the convect ion mechanism, from both observa­
t ional and theoretical points of v iew, is sorely needed . The 
d iscovery of magnet ic activity cycles in late-type stars also 
offers new opportunit ies for research . Again , the Sun provides 
a unique opportunity for such studies . 

Fi nally , many stars are known to rotate , but our under­
standing of the effects of rotation on stellar structure and 
evolut ion is still elementary . 

1 .  Binary Systems 

Some of the most fundamental questions regard ing the struc­
ture and evolution of stars in close binary systems , whether 
degenerate or nondegenerate , still remain to be answered . 
These questions span the entire l ife cycle of binary systems , 
f rom birth through death . FOr example ,  the theory of format ion 
of binary stars is in a chaot ic state , and relevant observa­
t ions are virtually nonexistent . We have observat ional studies 
of the bulk properties of binary systems but no direct under­
s tand ing of the early stages of duplic ity .  

I n  addition t o  our relat ive ignorance o f  the formation 
s tage , our understanding of the subsequent evolution of close 
binary stars is rud imentary . Accretion and/or mass outflow may 
p lay a vital role in the evolut ion of close binar ies . In 
Galactic binary x-ray sources , the h igh luminos ity generated by 
a ccretion enables direct observation of the accret ion process , 
but for the vast major ity of close binar ies this is not the 
c ase . For many systems , current theoret ical models predict the 
formation of thin disks conf ined to the system orbital plane , 
while both vis ible and ultravolet spectroscopy ind icate the 
oppos ite : the accreted mater ial is so thick that the spectrum 
of the rece iving star can be virtually completely obscured . 
S imilarly ,  there is disagreement between theory and observat ion 
r egard ing the total ejection of mater ial from binar ies . Theory 
often predicts that mass is generally conserved in the system , 
while observat ions imply that much of the mater ial may be lost . 

There has been substantial progress in understanding cata­
c lysmic var iables and s imilar systems dur ing the past few 
years , and many quest ions involving these systems appear to be 
o n  the threshold of solution . There is mount ing evidence that 
nova outbursts are thermonuclea� explos ions , while dwar f nova 
outbursts appear to result from nuclear react ions caused by 
accretion events . Further theoret ical studies combined with UV 
photometry and elemental abundance measurements could f irmly 
eatabish these models within the next few years . There is also 
observational evidence of an absence of systems with per iods of 
a few hours--absence pred icted by theory on the bas is of 
e volut ionary cons iderat ions . The evidence for this •gap• in 
per iods should be subjected to r igorous observational teats 
over the next few years . The recent d iscovery of opt ical and 
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x-ray pulses from cataclysmic var iables and the compell ing 
evidence for magnetic f ields of  some 10 6-10 8 gauss in thes e 
systems has raised a host of fasc inat ing new quest ions , inc lud­
ing the origin of these pulses and the mechanisms by wh ich har d 
x rays are produced . 

Despite a century of spectroscopy of binary systems , ther e  
i s  a surpr is ing pauc ity of directly measured stellar masses . 
He re is one example of a cruc ial problem that has no gross 
technical barr ier to its solut ion . The solution requires 
mainly that we assure ample fac i l i t ies and observing t ime to 
interested astronomers to attack the problem vigorously in the 
next decade . 

Our use of close binary systems as a probe of General Re1a­
t ivity is in its infancy , despite the fact that astronomical 
systems sometimes provide the only feas ible testa of certa in 
gravitat ional effects . The poss ibility that orbital period 
changes in the binary rad io pulsar 1913+1 6 are due to energy 
diss ipation through gravitational radiation and that the 
164-day per iod in 554 3 3  is a demonstration of relativist ic 
Th irr ing-Lense precess ion are some of the few examples we ca n 
c urrently c ite . We may expect the next decade to see a 
subs tantial increase in the number of poss ible test s ites fo r 
Ge neral Relat ivity as improved observations ident ify more close 
binary systems with deep potential wells . 

2 .  Obj ects of Unknown Nature 

It seems almos t gratuitous to state that serend ipitously 
d iscovered , theoretically unpredicted phenomena will cause a 
s ignif icant fract ion of the exc itement in Galactic astronomy i n  
the 1980 ' s .  Not only will such d iscover ies continue in the 
next decade , but a theoret ical understanding of these phenomen a 
w ill  inevitably involve the interact ion of theor ists and ob­
servers from previously diverse specialties . What purpose doe s 
the serend ipitous , unplannable d iscovery have in a planning 
document l ike this? Examinat ion of some of the unexpected 
d iscover ies in Galactic astronomy dur ing the 1970 ' s  i llustrates 
vividly that such discover ies most often emerge on inaugur­
a t ion of new, innovat ive , h igher-sens itivity observational 
fac i l ities . Among many poss ible examples , three will be c i te d  
here t o  illustrate this point . 

Th e r apid , aper iod ic t ime var iability of the x-ray emiss ion 
from Cygnus x-1 and the ex istence of the entire class of x-r ay 
burst sources were found only when previously well-known x- r ay 
sources could be stud ied from satellites over t ime scales 
longer than was previously poss ible from sounding rockets . The 
understanding of these phenomena in terms of degenerate accr e t­
i ng s tars has l inked astronomers in such diverse f ields as 
General Relat ivity and binary-star spectroscopy . 
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The e x i stence of x-ray sources assoc iated with g lobula r  
s tar c lusters was suspected from the f irst satellite observa­
t ions , but only with the launch of the f irst satelliteborne 
modulat ion coll imator exper iments d id h igh spat ial resolut ion 
observat ions reveal that the sources are located very near the 
c enters of the clusters . Understanding these observat ions has 
required close interaction between the x-ray astronomer and the 
s tellar dynamic ist, the true nature of these obj ects is still  
in d ispute . 

The d iscovery of the h igh-veloc ity ,  per iodic red shifts and 
blue shifts in SS4 3 3  involved observation of a star cataloged 
a nd forgotten two decades previously but noticed again as a 
result of modern x-ray and radio interferometr ic observat ions . 
X ronically , the almost-forgotten SS433 may prove to be an en­
t i rely new class of Galactic objects . If the currently popula r  
models of a n  ejected , collimated j et of relat ivist ic gas prove 
cor rect for this object , a l ink will be forged between studie s 
o f  the late stages of stellar evolut ion and theor ies of twin­
lobed extragalactic radio sources . 

It would be an omiss ion not to include these •obj ects of 
unknown nature• in a list of future problems of Galactic 
a s tronomy in the 1980 ' s .  Recent astronomical history such as 
that cited above shows that such important surpr ises will 
emerge if we maintain vigorous and expand ing support of appro­
pr iate fac i l ities . These discover ies will be exc iting bonuses 
to the more pred ictable scient i f ic returns of these investments . 

G .  Stellar Deaths 

Wh i le considerable progress has been made in the last decade in 
our understanding of the way in which stars d ie ,  many key 
quest ions remain unanswered . The study of the fates of h ighly 
evolved stars makes contact with many other currently act ive 
a reas of astrophys ics and is l i kely to be one of the most 
important research topics of the 1980 ' s .  Among the most 
i mportant questions are : Which s tars collapse , and which have 
more quiet deaths? How do degenerate dwarfs , once formed ,  
evolve? Of the stars that suffer gravitat ional collapse , wh ich 
form neutron stars , and which black holes? Do black holes 
e x ist? Can h ighly evolved stars collapse , forming neutron 
s tars or black holes , without creating a h ighly vis ible super ­
nova explos ion? What ult imately becomes of rotating neutron 
stars in close binary systems? 

1 .  Th e  Fate of Intermed iate- and High-Mass Stars 

Recent progress in detecting and measur ing mass loss from 
e volving stars has provided evidence that a substant ial 
fract ion of a star ' s  mass may be lost dur ing its hydrostat i c  
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evolution , so that stars with initial main-sequence masses a s  
large as 8-10 solar masses may form degenerate dwarfs rather 
than undergo gravitational collapse . Knowledge of mass loss i s  
c r it ical both for determining the correct initial models to use 
in detailed studies of stellar collapse and for comparing the 
numbers of observed condensed remnants (such as degenerate 
dwarfs , neutron stars , and black holes ) with theoret ical 
predict ions . Infrared , opt ical uv, and perhaps x-ray stud i e s  
o f  stellar mass loss , combined with opt ical and UV stud ies o f  
s upernova outbursts in other galax ies and the theoret ical 
model ing of mass-loss processes , may be able to provide thi s  
knowledge dur ing the next decade . 

2 .  Supernovae and Their Remnants 

Understand ing supernovae is central to progress in many areas 
of astrophys ics . Supernovae are thought to be respons ible for 
the format ion of both neutron stars and black holes . Most o f  
the heavy elements in the interstellar gas and in second and 
subsequent generations of stars are currently thought to have 
been formed in the inter iors of supernovae . Supernovae ar e 
poss ibly the s ingle most important energy source for the int e r­
stellar medium and for Galactic cosmic rays . The remnants o f  
s upernovae provide nearby laborator ies for studying the phys i­
cal processes that govern extragalactic phenomena : the Crab 
nebula can provide ins ights into nonthermal processes occurr ing 
in quasars and act ive galact ic nuclei ,  whereas study of the 
i nteraction between cool clouds and hot , x-ray emitt ing gas and 
Cas A can add to our understanding of the behavior of the ga s 
i n  galax ies located in x-ray emitt ing clusters of galax ies . 
F inally , because of the ir great luminos ity ,  supernovae hold 
cons iderable promise as cal ibrators of the extragalactic d is­
tance scale . 

Supernovae are suf f ic iently rare that in modern t imes the 
actual supernova explos ion has been stud ied only for extra­
galact ic supernovae . The last supernova observed in our Ga laxy 
was Kepler ' s  supernova of 160 4 . Studies of supernovae in othe r 
g alax ies and observat ions of pulsars and supernova remnants i n  
our own Galaxy suggest that the supernova rate i n  our Galaxy i s  
o f  order 1 every 10-20 years . Th e  many supernovae that have 
occurred in our Galaxy s ince 1604 have presumably been so 
h ighly obscured that they have escaped optical detection ( on1y 
one , Cas A, has been d iscovered subsequently) . Galact ic super ­
novae should be more readily detectable in the infrared and 
x-ray reg ions of the spectrum, and astronomers should be 
prepared to devote intens ive study to one , should it occur .  

By contras t ,  the remnants of supernovae live for thousand s 
of years , and many are ava ilable for study in our Ga laxy . 
Major quest ions about these obj ects that should be addressed i n  
the coming decade are : Where have all the remnants gone? 
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Rad io , infrared , and x-ray observations in this decade should 
allow the d iscovery of other young supernova remnants bes ides 
the h is tor ically observed ones and Cas A. How is the nature of 
the r emnant related to the nature of the supernova? Supernovae 
ar e class i f ied pr imar ily as Type I ,  wh ich are thought to come 
from relatively old stars , and Type I I ,  which or ig inate from 
mass ive , early-type stars J the study of young remnants should 
t ell us much about the supernovae themselves . How are heavy 
elements actually injected into the interstellar med ium--as ga s 
or dust , in cool clouds or in hot diffuse gas--and how are these 
elements d ispersed? Here again , the study of young remnants 
s uch as Cas A is impor tant; for example , optical spectra of 
Cas A show relatively cool , h igh-veloc ity f ilaments that cons is t 
e ssentially of heavy elements , whereas x-ray observations of 
hot gas reveal only a modest enhancement in metal abundances . 
What are the dynamical consequences of the expans ion of a 
supernova remnant into an inhomogeneous med ium--how large doe s 
a n  old remnant become , how do remnants affect molecular clouds , 
and in what cases can supernova remnants tr igger star format ion? 
F i nally , what are the phys ical processes involved in supernova 
r emnants such as the Crab nebula , with an embedded pulsar , or 
WS O  with SS4 3 3 ,  and how are these related to quasars and act ive 
g a lactic nucle i? 

Al l  these problems are r ipe for solution in the 1980 ' s .  
Observat ionally , spectroscopy of faint gas in a number o f  
s pectral reg ions is required a rad io and infrared observations 
o f  molecules in supernova remnants ' infrared observations o f 
n ebular emiss ion l ines in obscured remnants , and optical , uv, 
and x-ray observat ions of closer remnants to unravel the complex 
phys ical processes occurr ing there . Cont inuum observat ions in 
d i fferent spectral reg ions are useful for d iscover ing new rem­
n ants and for study ing nonthermal emiss ion . On the theoret ical 
s ide , increas ingly sophist icated treatments of the hydrodynamics 
of the expans ion of remnants and of the radiation they emit are 
requ ired . 

3 .  FOrmat ion of Neutron Stars and Black Holes 

One of the most important unsolved problems in astrophys ics i s  
the process by wh ich neutron stars and black holes are form­
ed .  Dur ing the 197 0 ' s ,  reliable treatments of the interact ion 
of neutr inos with dense matter , of the equation of state of hot 
matter at dens it ies up to nuclear dens ity , and of the hydro­
dynamics of spher ically symmetr ic gravitat ional collapse have 
been ach ieved . Nevertheless , many other aspects of the problem 
a r e  s t ill poor ly understood . 

S tud ies of the collapse of iron-core stars (star with 
init ial mass greater than some 10 solar masses ) have now reache d 
t he po int where a susta ined theoretical effort may lead to a 
solut ion dur ing the next decade . The dynamical behavior of 
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such stars dur ing the ir init ial collapse and firs t  rebound i s  
now understood , and there is also widespread agreement on the 
next problems to be addressed . These include the effects o f 
l arge-s cale mix ing due to convect ion , the effects of moderate 
rotat ion , and the amount of gravitational radiation emitted 
dur ing collapse . Careful flu id-dynamical stud ies and mult i­
d imens ional hydrodynamic calculations will be needed to solve 
many of these problems . It may also be necessary to develop 
accurate treatments of the equation of state of hot matte r 
above nuclear dens ity and of the dynamical effects of rotat ion . 

The fate of intermediate-mass stars ( in the range 4-10 
solar masses ) is at present uncertain.  Support should be 
continued for theoret ical and observat ional stud ies of the lat e 
s tages of evolut ion of stars in th is mass range , and for 
theoret ical stud ies of detonation , deflagration , cool ing , an d 
heat ing under condit ions s imilar to those in the cores of these 
stars . 

The apparent conflict between the number of pulsars in the 
Galaxy and est imates of supernova rates is also an importan t 
problem. The s ignif icance of this conflict can be clar i f ied by 
progress on the issues j ust descr ibed and by study of 
"nonstandard" collapse scenar ios , which might produce neutron 
star s without the copious opt ical emiss ion of class ical 
s upernovae . 

H .  Compact Obj ects 

1 .  Black Holes 

The f i rst  observat ional hints of the existence of black boles 
in the Galaxy emerged dur ing the 1970 ' s .  Current evidence i s , 
however , extremely scanty . One x-ray binary system has an as 
yet unseen component that i s  inferred indirectly to be compac t 
and more mass ive than theoret ically calculated l imits for wh i te 
dwarfs and neutron stars . Several x-ray systems show rapid , 
aper iod ic t ime var iabil ity ,  ind icat ing that the emiss ion 
probably or ig inates in a compact reg ion of s ize appropr iate t o  
a neutron star o r  smaller . I n  add ition ,  the spatial d istr ibu­
tion of a handful of globular-cluster x-ray sources with 
r espect to the c luster visible-l ight centers s uggests that 
these sources may be more mass ive than the most mass ive obj ec t s  
expected on the bas is of cur rent theor ies of stellar evolut ion . 

Clearly , the evidence is tantaliz ing but unsatisfactory , 
and in the next decade we may expect a var iety of attempts to 
ver ify the existence of black holes . The temporal behavior o f  
b inary x-ray sources requires cont inued study with large-a rea 
detectors r  the more recent generation of modes t-area imag ing 
s ensors is not suitable for this work . Current capabilities of 
radial-veloc ity spectroscopy are j ust barely sufficient to 
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der ive mass functions for many of the ineresting binar ies , so 
we may hope for substant ially improved and increased observa­
tions in this area . The mass and l ight distr ibutions of the 
cores of compact globular clusters are moat amenable to study 
by sate l l iteborne high-spatial-resolution imag ing and spectro­
s copic exper iments , and we may expect the f irst of these 
results in the next decade . Finally , substantial theoretica l 
advances are still required to aid in def ining poss ibly unique 
observational s ignatures of black holes . 

2 .  Wh ite Dwarfs 

Al though white dwarfs are the supposed endpoint of evolut ion 
for the major ity of stars , we know surpr is ingly l ittle of the i r 
evolut ion and propert ies . We have no observational knowledge 
of the evolutionary trans ition between the planetary-nebula and 
white-dwarf phases in low-mass stars . Observations dur ing the 
next decade of hot adO and adB stars , espec ially in the far 
u ltraviole t ,  may substantially clar ify the properties and apace 
densities of these stars . These data in turn should lead to 
t heoret ical advances such as an understand ing of the 
evolutionary importance of neutr ino cool ing . 

Both extreme ends of the white-dwarf luminos ity funct ion 
provide interest ing challenges for the 1980 ' s .  Recently , 
o pt ical surveys seem to ind icate that there are very few faint 
white dwarfs in the Galaxy , contrary to the numbers expected 
f rom formation at a constant rate . Accurate and reliable 
theoretical calculations of white-dwarf cooling are in proces s 
and will become avai lable dur ing the next few years . These 
theoretical models , when combined with detailed observations o f  
i nd ividual stars from the optical surveys , can show whether the 
absence of faint white dwarfs is due to s ignificant changes in 
the white-dwarf birth rate dur ing the l ife of the Ga laxy ( as 
now seems likely )  or to errors in the present theory of white­
dwarf cool ing . 

Th e hotter end of the white-dwarf luminos ity function is 
currently quite uncertain . These objects rad iate pr imarily in 
the ultraviolet and extreme ultraviolet reg ions , where surveys 
for such stars in the immed iate solar neighborhood have barely 
begun . An add itional outstand ing unsolved problem in the 
evolution of white dwarfs is the nature of and relationsh ip 
between the DA , DB, DC ,  and 4680 white dwarfs . Th is problem 
may be r ipe for solution dur ing the 1980 ' s .  Recent studies 
s uggest that gravitat ional settl ing plays a role , but 
add it ional theoretical work is needed to determine rel iably the 
e ffects of conv�tion ,  rotat ion , binary membership, and other 
factor s . 

Finally ,  there are still only a handful of dynamically 
measured white-dwar f masses ,  a s ituation that it is hoped can 
be improved in the next decade . 

Copyright © National Academy of Sciences. All rights reserved.

Challenges to Astronomy and Astrophysics:  Working Documents of the Astronomy Survey Committee
http://www.nap.edu/catalog.php?record_id=19437

http://www.nap.edu/catalog.php?record_id=19437


n o  

3 .  Neutron Stars 

Demonstration of the existence of neutron stars is one of the 
major astrophys ical breakthroughs of the 1970 ' s .  These obj ect s  
have masses comparable with the Sun ' s ,  but the i r  dens it ies 
r ange up to more than 1ol4 t imes that of normal matter . Ha rd 
x-ray spectral observations imply that magnet ic f ields assoc i­
ated with neutron stars may be as high as 10 12 gauss . 

The f irst neutron stars were d iscovered as rad io pulsars , 
some of which have been shown to be in binary systems . Four , 
i nclud ing the Crab and Vela pulsars , were subsequently detect ed 
at gamma-ray energ ies . A second group of neutron stars was 
d iscovered as pulsating x-ray sources . All of these appear to 
be members of close binary systems , where the x-ray emiss ion 
seems to be a consequence of mass transfer to a magnetic neu­
tron star . 

It is apparent from all of these remarkable propertie s  that 
neutron stars offer a unique testing ground for our under s tand­
i ng of the fundamental phys ical laws of nature . There are many 
important questions regarding the nature of neutron stars that 
must be answered before the phys ical nature of these objects i s 
well  understood . A substant ial body of high-quality spectral 
informat ion about neutron s tars is already ava ilable , and mor e  
is l i kely t o  be forthcoming over the next few year s . The ma i n 
f actor imped ing progress in this area is the absence of re l i­
able models , a s ituation that points to the need for a sub­
s tant ial theoretical effort on these problems dur ing the next 
decade . 

Major neutron-s tar problems that appear to be r ipe for 
study dur ing the 1980 ' s  include determination of the mass rang e 
for neutron star s r  e luc idation of the relat ionsh ip between 
neutron stars and black boles r the development of observat iona l 
t ests for the equations of state of neutron degenerate matter 
and for E inste in ' s  General Theory of Relativity , and the 
development of theor ies to descr ibe the internal structure o f  
neutron stars . Further studies are also required into the 
nature of the magnetic propert ies and r ad iat ion mechanisms o f  
pulsars .  In addition , little is now known o f  pulsars , neutron 
s tars , and black boles as stellar populat ions in the Ga laxy . 

Solutions to these problems will depend in part on the 
ava i lability of key x-ray t iming and faint-object proper-mot ion 
measurements . This will require x-ray satell ites with h igh 
sens itivity and good background rejection , such as can be 
achieved with focus ing detectors .  

4 .  Binary Pulsars 

Th e General Theory of Relativity pred icts that two masses 
orbiting about one another will emit gravitational rad iation . 
Un t i l  recently , this major pred ict ion of the theory had never 
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been tested .  However , an opportunity for such a test presented 
itsel f  w ith the d iscovery in 1974 that the pulsar PSR 1913+1 6  
is  a member o f  a close binary system. Two more binary pulsars 
have been discovered s ince 1974 . Of more than 300 pulsars 
d iscovered to date , only these three have been found to be 
member s  of binary systems . PSR 1913+1 6  orbits its companion 
every 7 . 7 5 hours . General Relat ivity pred icts that the system 
s hould rad iate about 1033 ergs/sec in gravitational waves , 
compar able with the vis ible-l ight output of the Sun . As thi s 
energy is lost , the two stars should s lowly spiral inward , the 
binary per iod decreas ing at the rate of 76 psec per year i f  
both members of the system a r e  neutron stars . By comparison , 
the a r r ival t ime of ind ividual radio pulses can be establ ished 
to w i thin 50 p sec . By 1979 , arr ival-t ime measurements showed 
that the orbital per iod is decreas ing at a rate that is 
cons i stent with the pred ict ion of General Relativity . This i s  
the f irst test of General Relat ivity ever made on obj ects 
outs ide the solar system and is str ik ing evidence for the 
existence of the quadrupole gravitat ional rad iation pred icted 
by the theory . The measured decrease in the orbital per iod 
appears to rule out several other theor ies of gravitat ion . 

The same arr ival t ime measurements show that the orbit o f  
P S R  1913+1 6  precesses by 4 . 2 2 6  + 0 . 0 0 2  deg/year . Assuming that 
thi s  is entirely due to General

-
Relativistic effects , it 

impl ies that the masses of the pulsar and its companion are 
1 . 3 9  + 0 . 15 and 1 . 44  + 0 . 15 solar masses , respect ively . I f  
con f irmed , this would

-
represent the f irst direct determination 

of the mass of a pulsar . 
Dur ing the next decade , further observat ions of PSR 1913+1 6  

should pin down the system parameters with even greater ac­
c uracy , resolve ambiguities that now ex ist , and test General 
Relativity with even greater prec ision .  Because of the funda­
mental importance of measurements of this type , the poss ibility 
of d iscovery of other binary pulsars is by itself suf f icient 
j us t i f ication for further pulsar searches . 

s .  Gamma-Ray Sources 

In the next decade we may expect a substant ial advance in the 
obse rvation of point gamma-ray sources , many or most of which 
are presumably compact Ga lact ic objects . At the moment there 
are only a dozen or so such sources , all poorly located and 
detected with modest stat istical prec is ion . The next decade 
will ,  it is hoped , see advances s imilar to those of the ear ly 
1970 ' s  in x-ray astronomy : increases in the total number of 
known sources , the detected s ignal-to-noise of each source , and 
the source pos itional accuracy . The last is vitally necessary 
to permit optical ident if ications of counterparts . At leas t 
c rude spectral informat ion will be necessary to shed l ight on 
some production mechanisms and also to fulfill  the exc iting 
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prospect of observing gamaa-ray linea from nuclear processe s 
that almost surely occur in selected astrophysical environments . 
Finally ,  the nature of the gamaa-ray burst sources i s  s t i l l  
enigmatic and quite possibly fundamentally different from that 
of the steady sources . These sources offer a good prospect of 
y ielding prec ise pos itional data via s imultaneous observations 
by mult iple detectors over interplanetary baselines , and many 
expanded opportunities for such observat ions may ar ise in 
connect ion with planetary programa of the 1980 ' s .  

VI . FUNDAMENTAL PROBLEMS AND NEBDS FOR THE 1980 ' S  

A .  Fundamental Astronomical Problems 

Th e formulat ion of many of the fundamental problema of Ga lac t ic 
astronomy has changed little over a long pe r iod of t ime . 
Al though astronomers cont inue to use new techniques as 
opportunities ar ise , astronomical research in many areas shows 
a continuity over decades that is not shared by many other 
sc iences . Thus , the problem of d istance measurement stil l 
requires improved cal ibration of the absolute magnitudes of 
var iable stars and extens ive long-term programs in astrometr y J  
the determinat ions o f  the Galact ic luainos ity function entai ls 
pa instak ing measurements of great numbers of low-luainoa ity 
s tars J  and spec ifying the h ierarchy of structures in the inter­
stellar medium requires large quant it ies of  radio data whose 
collect ion will cont inue to involve astronomers for years . 

The Wor k ing Group believes that the continued good healt h 
o f  Ga lact ic astronomy requires that adequate attent ion and 
support be g iven to long-term observational programs . 

B .  Bas ic As trophys ical Data 

To ensure the continued progress of Galact ic astrophys ic s  
dur ing the next decade , renewed effort will also be needed in 
the measurement and in the calculation of bas ic nuclear and 
a tomic data . More accurate cross sect ions necessary for 
investigations of nucleosynthes is and stellar evolution are now 
r equired . Opac it ies for stellar inter iors and atmospheres 
reflecting a wide var iety of chemical mixtures must be ca l­
c ulated . Particularly important are the opacit ies due to 
molecules found in stellar atmospheres and envelopes , such 
molecules determine the structure of the outer layers of cool 
stars and especially of red g iant stars , which in turn domi nate 
the l ight we rece ive from ell ipt ical galaxies . Laboratory 
f-values , as well as the cross sections for collisional pro­
c esses , are essent ial for the determinat ion of the physical 
cond it ions and abundances in both stellar atmospheres and the 
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interstellar medium. In radio astronomy , measurements of 
molecular microwave spectra are particularly important for 
s tudies of the interstellar medium .  

c .  Fundamental Physical Problema i n  Stars 

In the next few years , spec ial attention needs to be g iven to 
f undamental problema in stellar phys ics , such as the properties 
of thermal convection ,  the interaction of convect ion with 
r ad iation f ields , and investigations of nonatat ionary phenomena 
in stars . I t  is clear that , in add ition to the frontier areas 
of s tar formation and of stellar deaths s ingled out in this 
chapter , much research effort will concentrate on such problems 
a nd internal mixing and mass loss from stars during the middle 
phases of stellar evolution . These processes , which bear 
d irectly on the broad problem of the chemical evolution of the 
Ga laxy , are barely understood at this t ime . Much of the 
t heoretical work in this area will be computational and will 
rely on numerical techniques that are still largely exper i­
mental . The Work ing Group emphasi zes the importance to 
Galactic astronomy of research in bas ic stellar phys ics and th e 
n ecessity of providing workers in this f ield with easy access 
to versati le interactive computing fac i lities . 

D .  Observing Needs for the 1980 ' s  in Galactic As tronomy 

One of the moat characteristic features of Galactic astronomy 
i s  that i t  typically progresses by detailed study of a wide 
var iety of ind ividual objects . In addition , the solutions to 
many of the fundamental problema in Galactic astronomy will 
require long-tera observational programs and the avai lability 
o f  fac i l i t ies that can respond in a t imely and effective manner 
to trans ient phenomena .  

These requirements have important implications for the 
strategy that should be adopted for the development of Galactic 
astronomy in the 1980 ' s  and beyond . Probably no single factor 
has restr icted the development of Galactic astronomy dur ing the 
last decade as much as has the lack of adequate amounts of 
large-telescope observing t ime . Furthermore , a tendency for 
large observatory fac ilities to be rather inflexible in terms 
of scheduling has restr icted our ability to respond to and 
obtain adequate coverage of trans ient phenomena . Th is suggests 
that we explore the advantage of building a number of stan­
dard ized ground-based thin-mirror telescopes of about 3-m 
aper ture . Such instruments may turn out to be extremely 
coa t-effect ive photon collectors . These telescopes should be 
deployed so that they can be effective in responding to 
long-term programs and stud ies of trans ient phenomena . 
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Relocation of several regional or univers ity-based fac i l ities 
m ight be benefic ial in this regard . 

I t  is worth recalling that the Greenste in report (Astronomy 
a nd As trophysics for the 1970 ' s ,  Volume 1 :  Report of the 
As tronomy Survey Committee , National Academy of Sc iences , 
Washington , D .C . , 197 2 ,  page 117 ) states that •Many of the 
sc ienti f ic goals for the coming decade will involve very faint 
obj ects and require extended observational programs . Th i s  
s tyle o f  operation may thus become more common ( for at least 
part  of the avai lable t ime )  at national observatories . •  
Exper ience shows that this hope was not realized dur ing the 
1970 ' s .  

Th e  Work ing Group therefore wishes to emphas i ze the need 
for continued support for the activities discussed above . 
Wh i le recogniz ing that these bas ic and fundamental sc ientific 
studies are no more t imely for the 1980 ' s  than for other 
decades , we believe that they provide the foundation for the 
knowledge gained from Galactic and all other branches of 
astronomy . 
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4 ___ _ 

Extraga lactic Astronomy 

I • INTRODUCTION 

In writ ing th is chapter , we took our charge to be twofold z 
f irst , to review the s ignif icant progress made in extragalactic 
astrono� s ince the wr iting of the Greenstein report in  1970 ;  
then , to ident ify those sc ient ific goals that seem to be mos t 
c r it ical or fruitful for the cont inued progress of extragalac­
t ic astrono� dur ing the per iod 1980-19 9 0 ,  to rank-order or 
otherwise est imate the relative importance of these goals , and 
to suggest means by wh ich these goals might best be ach ieved 
dur ing the coming decade . 

In keeping with the emphas is of th is charg e ,  our f inal 
summary is a list of sc ient i f ic a ims rather than a rank-ordered 
l ist of fac i l i t ies for the next decade . In many cases , we felt 
doubtful about the best techn ical means to ach ieve a par t icula r 
goal . In other cases , we felt uninformed about the des ign 
capabil ities of fac i l i t ies that have already been proposed . In 
short ,  i t  d id not seem appropr iate for us to debate the mer its 
of compet ing fac i l i t ies in this chapter ,  wh ich is intended 
pr imar ily as a sc ient i f ic review .  Our references to fac ilit ies 
therefore usually do not c ite par t icular proj ects but instead 
r efer only to spec ific wavelength ranges , spectral resolutions , 
and sens itivity l imits . We d id ,  however ,  rely on our overall 
knowledge of current project plann ing as a general guide to 
what will be technically feas ible over the next decade .  

Th e  only exceptions to this pol icy arose in connect ion with 
a few spec i f ic projects that have already been funded or are 
well advanced in the agency approval process . We felt that it 
would do no harm to remind the astronomical community of the 
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g reat advances to be expected from these fac ilities , wh ich are 
deserving of cont inued f iscal support to ensure their  maximua 
productivity .  

Th e third , fourth , and f ifth sections o f  this chapter pre­
sent a fairly comprehens ive review and prospectus for each of 
f ive broad areas of extragalactic astronomyr these sect ions are 
intended to be reasonably complete but not exhaustive . Many 
valuable projects have been omitted for lack of space , par­
t icularly if they do not require a notable rearrangement of 
pr ior ities or reallocation of resources . Our emphas is has been 
on programs that either demand a s ignif icant commitment of new 
resources or deserve a larger share of existing resources . 

After these summar ies were assembled , we pooled the major 
programs from all areas and voted on the ir relative importance . 
Several programs emerged as clear favor ites . With the help of 
this straw vote , we were able to formulate 15 sc ient ific 
object ives for the next decade that encompassed all of ou r 
favor ite programs . A second vote then produced a f inal rank ing 
among these 15 quest ions , wh ich is presented in the next 
section together with a brief commentary on each entryr this 
sect ion thus summar izes the results of our deliberations in a 
compact and eas i ly access ible form. To obtain a complete 
picture of our conclus ions , the reader should also consult the 
last sect ion , which conta ins remarks of a general nature that 
did not fit naturally into any preced ing sect ions . 

The f inal rank-ordered list of pr ior it ies is intended not 
as a list of the 15 questions of ult imate importance in 
extragalact ic astronomy but rather as a realistic set of goals 
for the next decade . Many of the obvious "ultiaate• questions 
are not included in our l ist s imply because we could th ink of 
no good way to answer them yet , or because we cannot realist i­
cally expect f irm answers with in the next 10 years . An example 
is the determination of gn ,  the decelerat ion parameter for 
the Un iverse . I t  is by now very clear that the measurement of 
gn us ing lookback studies of galax ies , clusters of galax ies , 
and other objects is plagued by problems of source evolution-­
hence our decis ion to emphas ize evolutionary stud ies of these 
objects dur ing the 1980 ' s .  Depending on the outcome of this 
prel iminary groundwork ,  the measurement of gn via lookbac k 
studies could become a h igh-pr ior ity sc ient ific goal further 
downstream. 

We recogn ize a potent ial failing of this chapter--its con­
servat ism .  Our f inal 15 ideas certainly const i tute good 
sc ience , but they are largely the ideas that leap immediately 
to the mind of anyone work ing in extragalact ic astronomy . 
Pe rhaps we can be excu�ed for our lack of dar ing on the grounds 
that we had to cover an enormous amount of mater ial . More 
importantly , this chapter truly reflects the consensus of the 
whole panel ,  and convolut ion by consensus el iminates the 
valleys only at the cost of leveling the peaks . 
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On the other hand , we note that the spectacular progres s 
made i n  extragalactic astron� dur ing the last decade arose 
from just such a balanced , flexible program as we propose 
here--a program that exploited new wavelength reg ions , spectral 
resolutions , and sens itivity limits in systematic fashion . As 
we all know, aany of the ant ic ipated gains were in fact achiev­
ed ,  but , j ust as importantly , totally unexpected new phenomena 
were also discovered . We ant ic ipate that equally exc iting 
advances will be made dur ing the 1980 ' s .  

I I . THE MOST IMPORTANT QUESTIONS IN EXTRAGALACTIC ASTRONOMY 
FOR TRB 1980 ' S  

I n  this section we present our list of the most important 
questions in extragalactic astronomy for the next decade . To 
c onvey a sense of our pr ior ities , the l ist is rank-ordered , 
topics near the end receiving roughly half the votes of thos e 
at the top. Th is means that the topics appear in a somewhat 
illog ical order , but the information conveyed by the rank­
order ing was deemed to outweigh this disadvantage . 

1 .  What is the structure of the central energy source in 
quasars and act ive nuclei , and what fundamental phys ical 
processes are involved in the energy release? 

Quasars are the most luminous objects known in the entire 
Universe . Some quasars emit thousands of t imes as much energy 
as a normal galaxy , yet their  d imens ions appear to be incred­
ibly tiny by astronomical standards--no larger than our own 
aolar system. Current theor ies suggest that the most intense 
g ravitational f ields in the Universe--apart from those asso­
c iated with the big bang itself--are to be found in the corea 
of quasars . A clear understand ing of quasars may even ult i­
mately serve as a teat of the General Theory of Relat ivity and 
alternative theor ies of gravity . 

Progress in modeling quasars requires answers to a number 
of related quest ions : ( a )  Is the current work ing model-­
i nvolving energy release through accret ion of matter onto a 
central massive collapsed object--correct? (b) What is the 
s u rrounding structure of matter and magnet ic f ields? ( c )  How 
are objects within the broad family of "act ive galaxies• 
r elated to one another ( e . g . , rad io-loud and rad io-quiet 
quas i-stellar objects , opt ically violent var iables , BL Lac 
obj ects , radio galax ies , and Seyfert nucle i ) ? (d) What are the 
processes produc ing the emitted radiat ion , part icularly in the 
g amma-ray and x-ray reg ions? 

Emiss ion processes in quasars are best stud ied through 
analysis of the spectral energy distribut ion and polarization 
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of the rad iat ion as a funct ion of frequencyJ observat ions i n  
the far-infrared , x-ray , and gamma-ray reg ions are espec ially 
important . 

Increased angular resolut ion is cruc ial to del ineate source 
structure on the smallest poss ible scales . Detect ion of rapid 
var iability will probably remain our strongest constraint on 
source s ize but carr ies almost no d irect informat ion about the 
actual geometry ,  direct imag ing through interferometry will 
therefore be of h igh importance , too . Space very-long­
baseline-inter ferometry (VLBI ) techn iques employing basel ines 
substant ially larger than 104 km would test the 10 12 K 
br ightness l imit for synchrotron emiss ion and map the rad io 
structure on exceed ing ly small scales . Ground-based VLBI 
techn iques now enable us to resolve structures down to lo -4 

arcsec , corresponding to d imens ions of 1 pc for quasars at 
moderate distances . I f  comparable spat ial informat ion in the 
vis ible and UV reg ions were available , we could study the 
structure and dynamics of the emiss ion-line reg ion d irectly , 
and this informat ion would be crucial in answer ing points ( b )  
and ( c )  above . We therefore urge the development o f  opt ica l 
inter ferometr ic techniques ultimately lead ing to resolut ions of 
10-4 arcsec , from Earth orbit i f  necessary . 

2 .  What do distant galax ies look like beyond red sh ifts o f  
o . 5 ? 

When we look at d istan t ,  h ighly red-shifted obj ects , we are 
also look ing far back in t ime .  This fact g ives astronomers t h e  
un ique abil ity t o  see galax ies exactly a s  they were many bi l­
l ions of years ago . Dur ing the 1980 ' s  we will pursue th is 
techn ique further to follow up on the recently d iscovered h ints 
of dramat ic galaxy evolut ion at large lookback t imes . Impor ­
tant clues to the epoch of init ial star format ion in galaxies 
should emerge .  

Space Telescope ( ST) will provide h igh-resolut ion 
photographs indispensable to the morpholog ical study of distan t 
galaxies . Broadband energy d istr ibut ions from 1500 A to 
5 u m  in the rest frames of near and d istant galax ies will be 
sens itive to the ag ing of stellar populations . Deep galaxy 
counts and red-shift surveys to a visual magnitude of 23 are 
vital to the measurement of the luminos ity func t ion , rates o f  
evolut ion , and c luster ing propert ies o f  h igh-red-shift galax­
ies . Add it ional fac i l i t ies essent ial to this program include 
larger ground-based opt ical telescopes J mult iplex ing red-s h i f t  
detectors ,  improved infrared sens itivity out t o  5 � m J  and 
high-e ff iciency , two-d imens ional detectors in the wavelength 
range 150 0 I. to 5 um.  

Detect ion of pr imeval galax ies actually undergoing collapse 
or coalescence will rema in an important observat ional goal for 
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the 1 9 8 0 ' s .  The spectral distr ibut ion of the emitted radiation 
f rom t hese objects is hard to pred ic t ,  but searches may con­
centrate on the 1-keV x-ray rad iation from an early burst of 
s upernovae or on copious infrared and microwave emiss ion from 
the stars themselves and from rad iation by enveloping dust 
c louds . A larg e ,  orbit ing , infrared telescope diffract ion­
l im i ted at wavelengths longer than 2 pm would be the ultimate 
instr ument of choice for infrared observations . 

3 .  What is the amount , extent , and nature of the mass that 
s ur rounds galax ies? 

tie now have strong evidence that individual galaxies are 
f requently immersed within mass ive "halos " or •coronas " con­
s is t ing of dark matter qu ite unl ike the ordinary stars and gas 
10r ith wh ich we are familiar . The discovery of these major 
u nseen const ituents mer its intens ive invest igat ion in the 
1 9 8 0 ' s  through observat ions aimed at detect ing any faint halo 
mater ial . We must also develop new dynamical tests for unseen 
matter , such as the measurement of rad ial veloc it ies of globu­
lar clusters in other galaxies and the temperature and dens ity 
prof iles of galactic x-ray halos . Detai led stud ies of inter ­
actions with orbiting gas or companion galaxies may also be 
used to probe the extent and shapes of these puzzling mas s 
d istr ibutions . Theoret ically we must cons ider how these halos 
arose in the f irst place , what the possible forms of matter are 
i n  the halos , and whether the halos might not even predate 
v i s ible galaxies . 

Es sent ial facilities here include the enormously strength­
ened 21-cm capabi lity of the Very Large Array (VLA) , x-ray 
t elescopes in space , and , for the globular clusters , improved 
red-shift technology involving larger opt ical telescopes , 
m u lt iplexing red-shift detectors , and h igh-effic iency 
two-dimens ional detectors .  Adequate theoret ical support i s  
a lso vital . 

4 .  What is the amount , extent , and nature of the mass in 
g roups and clusters of galax ies? 

The mass we can see in ind ividual galaxies is only 5 to 10 
percent of the total needed to stabil ize most groups and clus­
ters of galax ies . Unbiased samples of galaxy red shi fts at A 
less than 0 . 1  with er rors of less than 75 km/sec are needed to 
test whether groups and clusters are stable , to provide reli­
a ble est imates of veloc ity dispers ions and streaming mot ions in  
t he Hubble flow , and to trace the mass d istr ibut ion within 
c lusters and groups . Generous t ime allocations on optica l 
t elescopes of moderate s ize are requ ired ,  together with mult i­
plexing red-shift detector s .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .
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s .  Bow has the cluster ing of galaxies evolved with t ime? 

It is now poss ible to observe the cluster ing of galaxies out to 
a red shift of 1 or 2 and to see how it differs from 
present-day c luster ing . The results of such stud ies will 
profoundly influence ideas on the or ig in of structure in the 
Un iverse . Red-shift samples to z • 1 with an accuracy in z of 
about 10 percent are needed for prec ise measures of galaxy

­

c luster ing and for cal ibrat ion of the galaxy luminos ity 
function . Red-shift errors equal to or less than 100 km/sec 
will  be needed for studies of cluster dynamics at large z . 
(Reduc ing the er rors to this amount will be exceeding ly 

-

d ifficult but should be kept in mind as an ult imate goal . )  
Samples of the angular distr ibut ion of galaxies together with 
broadband colors will y ield a cruder yet essential picture of 
the cluster ing at red shift of 1 or 2 , K magnitudes of about 1 8  
o r  20 ,  and v magnitudes o f  23-2 5 .  

Essent ial fac ilities here include ST , larger ground-based 
optical telescopes , and improved red-shift technology as noted 
above . A dedicated !-body parallel-processor computer (with ! 
in the range 100 , 0 00 to 1 , 000 , 0 0 0 )  could make a uniquely 
important contr ibution to the development of theoretical ideas . 

6 .  Do the nuclei of noraal galax ies contain dormant 
quas i-s tellar obj ects? 

Low--level activity is found in the nuclei of many elliptical 
and spiral galaxies , includ ing our own . Is there a connect ion 
between this act ivity and the more spectacular outbursts in 
radio galaxies , Seyfert nuclei , and quasars? Is it true that 
many , or even all , galax ies harbor in the ir nuclei mass ive , 
collapsed objects that once were the seat of violent act ivity 
but that are now •extinct• or merely •doraant • ?  

Very-h igh-resolut ion radio maps from the VLA and from VLBI 
w ill be our most important rad io tool in this area in the next 
decade . In the near future , ST ' s  will greatly increase spatial 
resolut ion for opt ical imag ing of nearby galactic nuclei .  
Ult imately , however , opt ical interferometr ic techniques should 
be developed to utilize fully the potential resolving power at 
opt ical wavelengths . ST badly needs a spectroscopic detector 
that will allow dynamical stud ies to be made at h igh angular 
resolut ion deep within the cores of nearby galactic nucle i . 
x-ray telescopes can also be used to probe both act ive and 
normal galactic nucle i . Luminos it ies and var iations in x-ray 
intens ity and spectral d istr ibut ion should prove to be 
sens itive ind icators of both nuclear s ize and mass . 

Copyright © National Academy of Sciences. All rights reserved.

Challenges to Astronomy and Astrophysics:  Working Documents of the Astronomy Survey Committee
http://www.nap.edu/catalog.php?record_id=19437

http://www.nap.edu/catalog.php?record_id=19437


181 

7. Are there major astrophys ical phenoaena yet to be 
d iscovered? 

If  the past decade is any guide , important and totally 
unexpected pbena.ena will be d iscovered whenever new wavelengt h  
reg ions a r e  opened u p  o r  when sens itivity in existing banda i s  
s ignif icantly increased . The pr ime unexplored frequency ranges 
at present l ie in the far infrared , at gamma-r ay wavelengths , 
and at rad io wavelengths of 10 MHz or less . Observations at 
these wavelengths can only be made above the Earth ' s  atmos­
phere . Signif icant sens it ivity gains seem poss ible in al l 
other banda as well ,  moat notably in x rays .  Neutrinos , 
gravitational waves , and high-energy cosmic rays are add itiona l 
untapped sources of information . 

8 .  What is the relationship of guas i-stallar objects and 
act ive nuclei to the types of galax ies and galaxy groups in 
which they are embedded? 

The f irst goal here must be to test the bas ic hypothes is that 
quas i-stellar objects (QSO ' a ) are act ive nuclei of galaxies . 
I f  the answer is aff irmat ive , the relationsh ip between the 
properties of an act ive nucleus and the morpholog ical type and 
mass of ita assoc iated galaxy will tell us much about the 
cond itions necessary for quasar act ivity . The role of the 
envi ronment can be explored by studying the numbers and types 
of neighbor ing galaxies . 

ST is the s ingle moat important instrument for studying the 
nature of the assoc iated galax ies . Both ST and lsrger ground­
based optical telescopes can make important contr ibut ions to 
invest igat ions of cluster membership.  

9.  What are the fundamental structural parameters of 
galax ies , how do they vary from one galaxy to another , bow do 
they depend on environment , and what do these var iat ions tell 
us about galaxy format ion and evolut ion? 

We are still ignorant of many of the most bas ic structural 
parameters of normal galaxies . Accurate surface-br ightness 
d istr ibut ions exist for only a handful of objects and are 
virtually nonexistent for barred galaxies , for example . Thes e 
and many s imilar fundamental measurements are lack ing because 
systemat ic surveys of bas ic proper ties of galax ies are still 
i ncompleteJ this lack is part icularly d istress ing because 
correlat ions aaong the few bas ic parameters we do know abou t 
provide some of our best constra ints on theor ies of galaxy 
format ion and evolut ion . 
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For example , one of the major developments of the pas t  
decade has been the growing suspic ion that galaxies may not 
evolve as closed systems in isolat ion but may instead be 
profoundly affected by interactions with the ir environment . 
Str ipping of gas by an external intergalactic medium ,  t ida l 
truncation , cannibalism,  and mergers are some of the mechanisms 
that have been suggested . The i�rtance of external influences 
l ike these is best studied through careful intercompar ison of 
bas ic galaxy parameters as a functon of environment . Without 
careful standard ized measurements of many dozens of galaxies , 
such trends cannot be examined . 

The facilities needed for this wide-rang ing program are 
many and d iverse . Moat important is a thorough knowledge of 
the nearest , most eas i ly stud ied galax ies . Much of this work 
can be done with moderate-to-large-s ized opt ical and rad io 
telescopea J it is t ime-consuming , however , and at the moment is 
severely l imited by adequate access to fac i l it ies , espec ially 
in the optical range . Development of effic ient two-d imens ional 
detectors from 0 . 3 to 2 . 5  pm would be immensely helpful 
here . We also need systemat ic surveys of the x-ray propert ies 
of galaxies , which will tell us much about the ir hot-gas 
content . VLA maps of neutral-gas distr ibutions in c luster and 
field galaxies are likewise important . ST will prov ide 
h igh-angular-resolut ion maps of br ightness profiles in galaxy 
cores . 

Un ique add it ional informat ion will come from lookback 
stud ies of distant galaxies , on wh ich environmental influence s 
could be quite d ifferent owing to a d ifferent degree of clus­
ter ing at ear l ier epochs . For th is purpose , the h igh angular 
resolut ion of ST , the increased spectroscopic capabi l ity of 
larger ground-based optical telescopes , and x-ray imag ing of 
d istant c lusters are all essential . 

10 . What is the history of the Universe at very large red 
shifts ,  as deduced from the spectral d istort ions and anisotropy 
of the microwave background? 

The cosmic microwave background rad iat ion provides a uniquely 
powerful probe of the ear ly Universe out to a red shift of 100 0  
or more . It may even reveal dens ity fluctuations in the early 
Universe from wh ich the present-day large-scale structure 
developed . Detect ion of f ine-scale anisotropy on scales of l 
arcmin or less will therefore provide a c r i t ical test of the 
entire gravitational- i nstability picture of galaxy formation 
and cluster ing and of the effects of the clumpy matter 
d istr ibut ion along the l ine of s ight . Measurements such as 
these depend on improvements in mill imeter-wave technology 
generally and may ult imately requ ire a large ( 30-m) radio 
antenna in Earth orbit .  
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It is of cruc ial importance to confirm the spectral distor­
t ions of the cosmic blackbody rad iat ion spectrum recently 
cla imed to ex ist at the 10 percent level . These d istort ions 
could have a var iety of causes , including a pregalactic 
generat ion of stars . Spat ial var iat ions in the spectral 
d istort ions may thus provide vital informat ion on the early 
evolution of protogalax ies and on the or ig in of heavy element s  
and d ust  grains . Angular resolution on a scale of 1-60 arcmin 
is r equired at millimeter and submillimeter wavelengths . 

The large-scale anisotropy provides an important test of 
the s tandard big bang cosmology with regard to large-scal e  
shear , rotat ion , and inhomogeneities . For these large-scale 
var iations , measurements from 3 mm to 1 . 5  em on angular scale s 
of 1 0° or so and w ith a sens itivity of 0 . 1  mK are r equiredJ 
these capabilities will be provided by the Cosmic Background 
Explorer (COBB) satellite . 

1 1 .  What is the or igin and evolut ion of the intracluster 
med i um? 

The i ntracluster medium has probably had a major impact on 
galac t ic evolution , and v ice versa . x-ray imag ing with h ighe r 
sens i t ivity and at energ ies extending to at least 7 keV is re­
qui r ed to determine the gravitational potent ial , gas content , 
and i ron abundance for ind ividual clusters . Observations over 
a range of red shifts will allow us to follow the evolut ion of 
these quant it ites in t ime .  

G i ven the gas temperature from x-ray observations , maps of 
the microwave diminut ion for the same clusters will tell us the 
column dens ity of electrons along the l ine of s ight . (Th is may 
requ ire a space exper iment , e . g . , the 30-m rad io telescope men­
t ioned earl ier work ing at wavelengths of 1 em or less . )  X-ray 
and microwave observat ions can then be combined to determine 
absolute distances . 

Low-frequency rad io observations below 50 MHz and h igh­
energy x-ray spectral scans (and , if poss ible , imag ing as well ) 
from 10 to 100 keV are needed to study the relativisitic­
par t icle d istr ibut ion in the clusters . Lookback stud ies with 
x-r ay telescopes , ST , and the largest poss ible ground-based 
opt ical telescopes can eluc idate interrelationsh ips between 
galaxy evolution ,  galaxy cluster ing , and the intergalactic 
med ium . 

1 2 .  How have the life h istor ies of stars affected the 
evolut ion of galax ies , and vice versa? 

A knowledge of the phys ics of star format ion and evolut ion is 
vital to our understand ing of galaxy evolut ion as a whole . The 
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lack of a well-founded theory of star formation is still the 
most ser ious problem in this area and continues to block any a 
pr ior i theory for galaxy formation . Although the major advazK:e s  
i n  this area must b e  furnished by theoret ical work ,  star-forming 
reg ions in our own and nearby galaxies can provide importan t  
empir ical evidence on the phys ics o f  star format ion and the 
initial mass function . Such stud ies should include h igh­
r esolution co maps J infrared observations of cloud complexes , 
conventional stellar population stud ies , and x-ray observation s  
of supernovae , close binar ies , 0 stars , and M dwarfs . Improved 
theoretical estimates of the colors of stellar populations of 
both very low and very h igh metal abundances are also vital . 

Major advances in the determinat ion of abundances in the 
i nterstellar medium will come from UV resonance-l ine observa­
t ions from ST and from infrared f ine-structure lines J the 
l atter observations require a cryogenically cooled infrared 
telescope above the atmosphere . The increased l ight grasp of a 
l arge ground-based optical telescope would also be an enormous 
aid to spectroscopic stud ies of ind ividual stars in nearby 
g alax ies . Effic ient , two-d imens ional detectors throughout the 
infrared from 1- to 40-pm wavelength could play a vital role 
in mapping the structure of star-forming reg ions . Mill imeter­

wave interferometry would be an extremely powerful tool for 
s tudying molecular c louds in external galax ies . 

13 . What are the phYs ical processes involved in the 
e jection of mater ial from quas i-s tellar objects and active 
nucle i? 

A major unsolved problem of quasars is how energy is transferred 
from the t iny central source to the surrounding expanding rad i o  
j ets and lobes . These j ets and lobes are important both ind i­
vidually and as a measure of the activity of QSO ' s and other 
nucle i integrated over t ime . � understand the or ig in and 
evolution of these rad io sources , estimates of the relat iv is t i c ­
part icle d istr ibutions , magnet ic-f ield structure , thermal­
part icle dens ity , and macroscopic veloc ity f ield are required . 

VLA maps will y ield most of these quantit ites under certain 
assumptions . However , maps with 1-20-arcsec resolution at 
m illimeter wavelengths and below SO MBz are necessary to set 
the upper and lower cutoffs in the part icle-distr ibution func­
t ion . The large mill imeter-wave telescopes and interferometers 
now planned or under construction should be adequate at h igh 
frequenc ies , but ultimately a space interferometer at low f re­
quenc ies should be cons idered . x-ray and optical imag ing o f  
j ets and lobes i s  needed to study very-h igh-energy part icles 
and the inverse-Compton scatter ing of the microwave bac kg round 
by the lower-energy relat ivistic electrons . 
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We would also l ike to understand the relationsh ip between 
r adio j ets and lobes and the h igh-veloc ity ejected thermal 
.. ter ial as seen in broad QSO absorption linea r both of these 
phenomena seem to requ ire s imilar amounts of energy for 
prod uc t ion . Spectra of the absorpt ion l ines in the vis ible 
w ith h igh resolution and s ignal-to-noise ratio obtained with 
larger ground-based opt ical telescopes and in the UV reg ion 
w ith ST will be essent ial here . 

14 . What are warps and other structures on the outsk irts 
o f  galax ies tell ing us about the dynamical h istory of these 
systems? 

We k now already that galactic H I d isks , which usually extend 
wel l  beyond the optical rad i i , are often cur iously distorted or 
warped . Moreover , the outsk irts of galax ies as normal as MB l  
or t h e  Magellanic Clouds , o r  a s  exotic a s  Centaurus A o r  Fornax 
A , d isplay var ious debr is that suggests recent and vigorous 
interplay with ne ighbors or fellow group members . Explorations 
of s uch faint outlying material promise more than j ust indirect 
dynamical probings of any dark halos . Situations like these 
s eem especially valuable as examples of poss ible accret ion or 
exchange of gas by nearby galax ies , the structural mod i f ication 
of one galaxy by another , and perhaps also the long-term fate 
of groups of galaxies . Their study should be continued in the 
1 9 8 0 ' s  via the most up-to-date �1-cm r adio interferometry and 
deep optical imag ing and spectroscopy . The .. jor technica l  
advance here w i l l  be the VLA spectral line system. 

15 . What is the extragalactic distance scale , within 10 
Percent? 

Bubble ' s  constant is currently uncertain by a factor of 2 .  
Improved accuracy i s  important for determining the physical 
propert ies of all extragalactic sources and in determining the 
age of the Universe . This uncertainty can be resolved in the 
next decade by utiliz ing standard candles such as RR Lyrae 
stars , Cepheids , novae , and so on--all of wh ich can be stud­
i ed in nearby galaxies w ith ST . 

Th ree new and completely independent methods for determin­
ing distances also remain to be exploited . Two of these ar e 
based on supernovae , the third on the microwave d iminut ion in 
the direction of c lusters of galaxies . Th is last method 
depends on h igh-sens itivity ,  h igh-angular-resolut ion x-r ay 
imag ing of the intergalactic medium in clusters , plus s imila r 
detailed mapping of the microwave d iminut ion at mill imeter 
wavelengths . Improvements in mill imeter-wave receivers are r e­
qu ired , and ult imately perhaps a large ( 30-m) mill imeter-wave 
antenna in Earth orbit as wel l .  
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I I I . THE EARLY UNIVERSE , OBSERVATIONAL COSMOLOGY 1 

AND COSK>LOGICAL MODELS 

A .  Review and Summary 

Research in this area dur ing the 1970 ' s  was dominated by the 
impact of the d iscovery of the •icrowave background rad iat ion 
in 1965.  Most astronomers take the microwave background as 
strong evidence that the Universe has expanded from a denser 
s tate , for no one has been able to understand how the Un iverse 
could , at its present dens ity ,  have produced blackbody rad i a­
t ion at 3 K .  I t  is j ust poss ible that the radiat ion was 
produced in stars at a red shift of about 3 0 0 .  If furthe r 
analys is and tests (of the f ine-scale anisotropy ) can rule thi s  
out , we will know the pr imeval entropy per baryon and thus a 
f irst approx imat ion to the thermal h istory of the un iverse bac k  
to the b ig bang . 

Dur ing the 1970 ' s ,  the blackbody nature of the microwave 
spectrum was generally ver ified ,  although small but tantal iz ing 
departures from a blackbody curve may have been detected at 
both long and short wavelengths . Such departures from a pur e  
blackbody spectrum are important for several reasons . They 
trace the detailed thermal h istory of the Universe during 
r ecombinat ion , are sens it ive to inverse-Compton scatter ing by a 
diffuse hot intergalac t ic med ium , can reveal emiss ion by star s 
or warm dust in galax ies at a red shift of about 100 , and can 
reveal any re- ionizat ion of the intergalactic med ium at epoch s 
following recombinat ion ( see Sect ion VI ) . For all these 
reasons it is extremely important to establ ish the spectra l  
d istr ibut ion of the microwave r ad iat ion with the h ighest 
poss ible accuracy . 

The large-scale anisotropy in the background rad iat ion 
ar is ing from the Earth ' s  peculiar mot ion was also apparently 
detected dur ing the 1970 ' s ,  and the amount was surpr is ingly 
large , some 600 km/sec . The limits on the f ine-scale anisot­
ropy were set at less than 10 - on an angular scale of 10  
arcmin . It  is vital to extend these anisotropy measurements to 
smaller angular scales s ince th is is ult imately the only way to 
test whether the background consists of point sources . Small­
scale irregular it ies are also our only direct observat ional 
l ink to inhomogeneit ies in the un iverse at decoupl ing , which i n  
turn are cruc ial to theor ies of galaxy format ion and cluster ­
ing .  These small-scale irregular it ies also test for inverse­
Compton scatter ing of the microwave background by hot inter­
galac t ic gas in c lusters known as the •sunyaev-Zeldovich 
effect• r for further d iscuss ion see Sect ion VI . 

On the theoretical s ide , the evolut ion of the mass d is­
tr ibution pr ior to and through decoupl ing is currently well 
understood in the l inear perturbat ion approximat ion .  The 
challenge now is to assess the possible role of nonl inear ef-
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fects . There has also been great progress in understand ing th e 
expected res idue of part icle react ions dur ing the h igh-tempera­
ture phase--3He , 4He , d ,  Li , quarks , baryons--at least 
within the context of ordinary Fr iedmann-Lemaitre models . Th e  
study o f  pr imeval abundances of the l ight elements is likely to 
tighten constraints on poss ible departures from the s implest 
b ig-bang scenar io . 

A coupl ing between cosmology and elementary-part icle phys­
ics was one of the most interest ing developments of the las t 
decade . On the s iaplest leve l ,  we now realize that neutr ino 
degeneracy , or too many k inds of neutr inos , or neutr ino masses 
i n  the wrong range of values spoil the modest successes of the 
s imple scenario. Somewhat deeper is the thought that elemen­
tary-part icle processes may d ictate the character of dens ity 
irregular it ies present at the big bang . A goal for the 1980 ' s  
is  to learn whether this might have occurred and whether the 
pred ict ions agree with the demands of the present mass distr i­
but ion . Many sc ient ists believe that a theory of the b ig bang 
itself awaits the un if icat ion of quantum and relat ivity pr in­
c iples . 

Cons iderable progress was made over the past 10 years in 
extending class ical tests of cosmolog ical models to greate r 
lookback t imes . For example , the red-sh ift-magnitude relat ion 
for galax ies was pushed nearly to a red shift of unity . 
However , as these observat ions were be ing made , it was also 
gradually realized that these tests are all extremely sens itive 
to any evolut ion of the postulated •standard candles . •  Thus , 
we have probably learned more about the evolut ion of galaxies 
and rad io galax ies than about cosmology and cannot yet state 
def initively whether the Un iverse is open or closed . We pr o­
pose a 10-year morator ium on pronouncements as to whether the 
Un iverse is open or closed . 

Es sent ial to the tests of cosmolog ical models is an est i­
mate of the mean local mass dens ity and a compar ison with the 
d ens ity est imates eventually expected from lookback testa . 
Such loca l dynamical measures include the careful assessment o f  
g alaxy masses , the measurement of peculiar streaming veloc it ies 
around large concentrat ions of galaxies , and the appl icat ion of 
t he cosmic vir ial theorem. As larger samples of red shifts of 
nearby galaxies accumulate dur ing the next decade , the power of 
t h is approach in modeling the expans ion of the un iverse will 
doubtless be exploited extens ively ( see also Sect ion V) . 

Three new methods have recently been proposed for obtaining 
the accurate distance to h igh-red-shift obj ects that are neces­
s ary for the determinat ion of the decelerat ion parameter go .  
Two are based on supernovae ; one assumes that Type I supernovae 
are standard candles , the other der ives the absolute luminos ity 
of supernovae us ing the expans ion veloc ity and the effect ive 
t emperature of the expanding shell . Th is second approach has a 
bu i lt-in , internal check s ince the method can be appl ied to a 
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s ing le supernova at several states dur ing its evolut ion and , o f 
course ,  should y ield the same distance at all t imes . The thi rd 
method is based on the inverse-Compton scatter ing of the 
microwave background by hot gas in clusters of galaxies ( the 
so-called Sunyaev-Zeldovich effect ) . These three methods are 
promis ing because they are in pr inciple independent of evolu­
tionary effects , but they all need to be extens ively tested on 
nearby objects at known d istances before they can be appl ied 
with conf idence to d istant obj ects . 

The measurement of the local d istance scale , or Rubble 
constant , cont inued to be a lively source of controversy dur ing 
the 1970 ' s , and today the true value is probably still uncer­
tain by a factor of 2 .  However , we look for cons iderable 
progress on this problem dur ing the next decade as a result of 
new or strengthened observat ional approaches . These include 
the rotat ional-veloc ity/magnitude correlat ion recently dis­
covered for spiral galax ies , wh ich converts them to standard 
candles , and the measurement of class ical standard candles such 
as RR Lyrae var iables , novae , Cepheid& , and R II reg ions in 
nearby galax ies with ST . The three new methods ment ioned above 
may also be useful in determining d istances to nearby obj ects 
dur ing the 1980 ' s .  

One might perhaps question the importance of the Rubble 
constant ;  after all , it seems easy enough to wr ite all cosmo­
log ical equat ions in scaled form to allow for the uncertainty 
in !O• However , the value of !o strongly affects the 
assumed luminos it ies , sizes , and densit ies of virtually al l 
extragalactic obj ects and also sets an upper l imit to the age 
of the Un iverse and cluster ing t ime scales for galax ies in the 
s implest Fr iedmann models . The assumed ages and spectral 
distr ibut ions for stellar population models in galax ies are 
s trongly affected . The factor-of-2 uncertainty in � also 
results in an order-of-magnitude uncertainty in the time scale s 
of all dens ity-dependent processes . For the general health of 
extragalactic astronomy , we think it des irable to know the val­
ue of the d istance scale to an accuracy of 10 percent . Through 
the intercomparison of these new observat ional approaches , thi s  
accuracy should be ach ievable w ithin the next decade . 

In the realm of theoret ical cosmology , the standard ho t 
b ig-bang (Fr iedman-Lemaitre) models have achieved widespread 
acceptance . These models appear to provide an adequate and 
s imple explanat ion of the Un iverse for � • 1 or less (galaxies ) , 
z • 1-3 ( rad io galax ies and quasar s ) , z up to 1000 ( large-scale 
Isotropy of the cosmic microwave background ) , and z up to 10 9 

or so ( spectrum of the cosmic microwave background: l ight­
element abundances ) . At even ear lier epochs , r ival cosmolog ie s 
may play an important role; these include anisotropic models 
and baryon-ant ibaryon symmetr ic models . 

Even on the s implest levels , however , many important theo­
ret ical questions remain .  What was the or ig in of the local 
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baryon-antibaryon asymaetry? Bow was mass d istr ibuted ( and 
moving ) before decoupl ing? How d id the d istr ibution and mot ion 
of matter evolve dur ing decoupling , and how are they related to 
t he d istr ibut ion of matter and rad iat ion we see today? How do 
we f ind ab initio a theory of the big bang itself? All these 
ques t ions-are l ively subjects of debate now and are likely to 
remain so into the next decade . 

B . Prospects for the 1980 ' s  

1 .  The Spectrum and Isotropy of the Microwave Background 
Rad iat ion 

Because the microwave background provides by far our most 
important observational probe of the phys ics of the early 
Un iverse , it  is vital to improve the accuracy of the measure­
.. nt of the spectrum and to place more str ingent l imits on the 
l arge- and f ine-scale anisotropy . Deviations from a blackbody 
s pectrum are interest ing at both short and long wavelengths . 
Deviations at wavelengths shortward of the spectral peak could 
s ignal dust emission by pr imeval galaxies or inverse-Compton 
scatter ing of the microwave background by a re-ionized inter­
galactic medium after decoupling . At long wavelengths , excess 
f lux could come d irectly from thermal bremsstrahlung by such a 
re- ionized intergalac t ic medium.  I t  could also indicate 
i njection of energy into the plasma j ust before decoupling , for 
example by matter-ant imatter annihilation or viscous damping of 
t urbulence . 

The Cosmic Background Explorer (COBB) satellite will 
u lt imately provide excellent measurements of the spectrum from 
0 . 3  to 5 mm and of the large-scale anisotropy (on a scale of 
1 0° or greater) from 3 to 1 . 5  em, though inter im measure­
ments by balloon are also to be encouraged . Virtually all o f  
t he ex isting spectral measurements a t  wavelengths longward of 
1 em are quite old and could be substantially improved today7 
beyond about 10 em, the atmosphere poses l ittle problem, and 
existing ground-based telescopes could be used . Substantial 
i mprovement is poss ible from the ground in the 3-10 em range as 
well .  

Better l imits on the f ine-scale anisotropy are probably the 
s ing le most important measurement still to be made on the 
m icrowave background . These observat ions are needed to estab­
l ish beyond doubt that the background is not composed of point 
s ources . They may also detect inhomogeneit ies at decoupling , 
which foreshadowed the eventual formation of galaxies and 
c lusters of galaxies . The measurements should be made at all 
pract icable wavelengths and on angular scales down to at least 
1 arcmin , the approx imate s ize of a protocluster of galaxies at 
� • 100 . Angular resolution on this scale is also necessary ·to 

Copyright © National Academy of Sciences. All rights reserved.

Challenges to Astronomy and Astrophysics:  Working Documents of the Astronomy Survey Committee
http://www.nap.edu/catalog.php?record_id=19437

http://www.nap.edu/catalog.php?record_id=19437


190 

exploit the Sunyaev-Zeldovich distance measurement to nearb y  
c lusters (see Sect ion VI ) . 

Measurements of this type are currently l imited almost 
equally by receiver noise , at.ospher ic effects , and var iable 
g round pickup in the s idelobes of the telescope . Substant ial 
improvements in receiver sens itivity and s idelobe noise ar e 
poss ible from the ground and should be encouraged . However , 
the atmosphere may well prove to be the l imit ing factor for 
g round-based work J  i f  so , an ult imate explorat ion of the mic ro­
wave background might ut i l i ze a large radio antenna in Earth 
orbit having an aperture of about 30 m.  With a sur face usable 
down to wavelengths of 1 em or less , it would have an angula r 
r esolut ion of 1 arcmin , small enough to detect inhomogenei­
t ies on the scale of protoclusters . 

2 . Abundances of the Light Elements 

The deuter ium-to-hydrogen ( D/H) ratio places limits on the mea n 
mass-dens ity of the Un iverse , s ince deuterium product ion in the 
big bang was very sens itive to dens ity ,  and no stellar or 
s upernova environment has been ident if ied in which deuter ium 
can be formed after the big bang in s ignif icant amounts . 
However , deuter i um is generally destroyed in passing through 
stars , so unprocessed pr iaordial mater ial is required for 
measurement . A good place to look for the pr imord ial rat io may 
be in those gas clouds produc ing the large number of Lyman­
a lpha absorpt ion l ines in quasars . The D/H ratio involves a 
splitting of about 80 km/sec and , for a few quasars , could be 
measured e ither from the ground or in space with spectral 
resolutions of about 6000  or greater . Increased aperture , 
e ither in space or on the ground , would help greatly .  

In pr inc iple , the 3 ae;4 ae rat io also places an inter­
esting constraint on big-bang models J however , the interpret a­
t ion is complicated by poss ible nucleosynthes is in stars . The 
splitt ing will also be about s ix t imes smaller . Since the 
He I I  l ine at 304 A is not access ible from the ground in any 
known QSO,  only an instrument operating in space with a spec­
tral resolution of about 10 km/sec can make this observat ion . 
( Such an instrument is currently being built for ST , but a 

substant ial increase in sens itivity is necessary . ) 

3 .  Th e  Diffuse Gamma-Ray Background 

Grand Unif ied Theor ies with spontaneous symmetry-break ing i n  
the very early big bang can lead naturally to a baryon­
symmetr ic cosmology with a domain structure . The symmetry i s  
broken randomly in independent domains favor ing neither a 
baryon nor an ant ibaryon excess on a universal scale . As a 
result of matter-ant imatter annihilat ion at the doma in 
boundar ies , th is theory pred icts a smooth , diffuse gamma 
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r ad iat ion with a unique energy spectrum .  There are some 
i nd ications that this rad iat ion may exis t ,  but gamma-r ay 
observat ions in the energy range near 0 . 5  MeV are necesary to 
ver i fy this poss ibility .  

IV. THE DISTRIBtJ'l'ION OF MASS ON SCALES GREATER THAN 10 kpc 

A. Review and Su������ary 

S ince the large-scale cluster ing of matter may be a more recent 
event than is the clumping of matter into galax ies , stars , and 
s o  on , it may be eas ier to trace the large-scale cluster ing 
back to its or ig in and d iscern what it implies about the 
init ial structure of the Universe . Furthermore ,  the dynamics 
of galaxies viewed as mass points provides a unique opportunity 
t o  weigh the Universe locally and thus obtain a measure of the 
total mean mass dens ity that can be compared with the clas s ical 
1ookback determinations of go ( see Section I I I ) . 

Research in this area dur ing the last decade has emphas ized 
a wholly new approach : statistical analyses of the galaxy 
ensemble that bypasses the need to label ind ividual galaxies as 
members of part icular groups and clusters . We now have fairly 
well-defined n-point correlation funct ions , luminos ity func­
t ions , and mult iplic ity funct ions for galaxies and groups of  
galax ies . As a result , a picture of the space d istr ibut ion of  
galax ies is emerg ing . The s izes of the great clusters and the 
extent of the •holes• between clusters are larger than many 
would have imag ined in 197 0 . 

The analyses up to now have used mainly galaxy angular 
pos itions and apparent magnitudes . An obvious next step is to 
add red shifts . Th is would greatly enhance the visibil ity of 
the cluster ing by reduc ing the confus ion of galax ies seen to­
g e ther in acc idental proj ect ion and is also ind ispensable to 
the study of cluster dynamics . During recent years , a star t 
h as been made on a large-scale red-shift survey for the 
br ighter galaxies , but it is discourag ing that some of the 
c atalog red shi fts are still uncertain by as much as 300  
km/sec . Errors of this magnitude render velocities almos t 
u seless for the dynamical study of the pecul iar mot ions of 
ga laxies relat ive to the Rubble flow . 

Several promis ing starts were made in applying stat ist ical 
analyses to the joint d istr ibutions of pos it ions and red 
s h ifts . The s ituat ion is still unstable because the red-shift 
data base remains small . Nevertheless , these treatments 
c onf irm the results of more conventional analyses on individual 
binary galaxies , groups , and clusters (all of which were also 
f urther ref ined dur ing the 1970 ' s ) and suggest that as much as 
90 percent of the Universe cons ists of essent ially invis ible , 
nonluminous matter quite different in its propert ies from the 
gas and stars that compr ise the vis ible port ions of galaxies . 
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On the largest scales , the distr ibut ion of extragalact i c  
r ad io sources was found to be remarkably uniform ( isotropic , 
random Poisson) , and this fact , together with the isotropy o f  
the d iffuse x-ray background , i s  the strongest d irect evidence 
support ing the convent ional assumption that the Universe is  
very near ly homogeneous on the scale of the Rubble length , 

sl!o• The poss ible large-scale clumping of quas i-stellar 
obj ects (QSO ' s ) remains controvers ial because of var iable 
eff ic iency of detect ion from f ield to f ield .  

Some theoret ical work has been done on how galaxy clus­
ter ing might have evolved in an expand ing world model . Mos t 
workers in this f ield agree that the gravitat ional- i nstability 
picture y ields a reasonable f irst approximation to the observa­
t ions , but probably most would also agree that the subject is  
still in a pr imitive state awaiting a f irmer observat ional and 
theoretical foundation . 

Virtually all of the work on galaxy d istr ibutions to date 
has assumed that the galaxies are bona f ide tracers of the 
total mass d istr ibut ion . However , there are disturbing 
indicat ions from the study of individual binar ies , groups , and 
c lusters that the proport ion of matter in the nonluminous 
component var ies widely from aggregate to aggregate by as muc h 
as a factor of 100 . The h ighest mass-to-l ight ratios appear to 
occur in the largest clusters , where invis ible matter approach­
es 95 percent of the total mass . 

The observations raise the issue of the d istr ibution of th e  
nonluminous component relative to luminous matter , and the flat 
rotation curves discovered around galaxies dur ing the past 
decade have assumed the h ighest importance in this connection . 
They suggest that the total mass distr ibut ions of ordinary sp i­
r als extend far beyond the opt ically vis ible inter ior reg ions . 
In shor t ,  the rotational data strongly imply that at least a 
s izable fract ion of the nonluminous matter in the Universe re­
s ides in the outer reg ions of ind ividual galaxies themselves . 
Optical searches for this mater ial have been inconclus ive , con­
firming only that it must have a mass-to-light ratio in excess 
of several hundred t imes that of the Sun . 

Together with the d iscovery of flat rotat ion curves came 
the realizat ion that outer R I d isks in spiral galax ies are 
often s ignificantly warped . If  all the mass of the galaxy wer e 
d istr ibuted in a d isk , the resultant large quadrupole mcaent 
would cause these warps to precess differentially and hence t o  
smear out and d isappear in an embarrassingly short t ime .  S im­
ply the existence of these warps suggests that the bulk of the 
mass of the galaxy may have to res ide in a spher ical or even 
tr iaxial halo . Since such halos are not vis ible opt ically , th e 
mater ial must have high mass-to-l ight rat io and is therefore 
likely to be related to , if not identical with , the nonluminou s 
mater ial bind ing groups and clusters . The warp problem may 
thus be int imately intertwined with the study of the nature and 
d istribut ion of the mass of the Universe in general.  
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In summary , this past decade has seen a virtual revolution 
in our analys is of the large-scale aass d istr ibution and has 
s trengthened evidence in favor of a dominant , nonluminous com­
ponent of aatter in the Universe . The aajor questions fac ing 
u s  now concern the or ig in of the inhomogeneit ies that gave r ise 
to groups and c lusters of galax ies , the influence of the unseen 
mass component of the dynamics of galaxy formation and c luster­
ing , and the most difficult question of all : What is the 
nature of this ubiquitous but invis ible stuff? 

B. Prospects for the 1980 ' s  

1 .  Red-Shift Surveys of Nearby Galaxies 

� study the local d istr ibution of matter in the Bubble flow ,  a 
s ample of nearby galax ies complete to apparent blue magnitude 
15 is required ,  preferably with errors of 75 km/sec or less . 
Measurements such as these require generous allocat ions of t ime 
on moderate-s ized telescopes , plus h igh-effic iency multiplexing 
s pectroscopic detectors .  

2 .  Theoretical Studies of Galaxy Cluster ing 

Tb analyze patterns of galaxy peculiar motions , we need 
realistic models of galaxy cluster ing that explic itly includ e 
any nonluminous component . A large N-body computer could make 
an important contr ibution to these theoret ical studies . 

3 . Deep Surveys of Galaxy Properties 

Deep surveys of galaxy colors ,  pos itions , and red sh ifts ar e 
v i tal for study of the degree of isotropy in the d istribution 
of d istant galaxies , the evolution of galaxy cluster ing ,  and 
the evolution of galaxies themselves out to red shifts of order 
un ity .  To reduce the ambiguity in the interpretat ion of the 
number-magnitude counts , we need broadband colors of each 
galaxy counted , together with fair samples of red shifts at 
each of several magnitudes down to � • 2 4 .  With present 
equi�nt and techniques , measuremen� of such faint obj ects 
a re currently too slow to make large-scale surveys practical . 
The development of multiplexing red-shift detectors capable of 
measur ing many galax ies s imultaneously in the same f ield is 
cruc ial to the success of these surveys . A larger ground-based 
optical telescope would be important here as well . 

4 .  Study of Individual Systems of Galaxies 

S tudy of individual structures in the galaxy d istr ibut ion will 
continue to be worthwhile .  We noted above that the cores of 
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great clusters have exceptionally high .. as-to-light rat ios , 
whereas smaller groups l ike those in the outskirts of our own 
Local Supercluster appear to have a lower value of this rat io . 
The great quest ion now is a How does the •ass-to-l ight rat io 
vary with distance from the centers of great clusters? Find ing 
an answer depends on accumulat ing stat ist ics from a fair s ample 
of cluster centers of the galaxy veloc ity dispers ion and mea n  
s treaming veloc ity a s  a funct ion o f  d istance . 

As a second example , the f ilaments of galaxies seen in th e 
Lick galaxy counts by Shane and Wirtanen--and in shallower 
samples , too--should be studied in detail to dist inguish t r u e  
phys ical structures from stat istical acc idents . I f  real , the 
f ilaments may reveal much about the shapes of inhomogene i t i e s  
in  the ear ly Universe . 

Each of these proj ects clearly demonstrates the need for 
more and better red-shift measurements of nearby and d istan t 
samples of galax ies . 

5 .  Deep Surveys for Quas i-stellar Obj ects , Seyfert Ga laxies , 
X-Ray Sources , and Radio Galax ies 

These surveys are likely to re .. in our only probe of cluster ing 
in the Universe in the red-sh ift range � • 1 . 5-4 . We need t o  
know whether the cluster ing o f  QSO ' s  i s  s imilar to o r  greater 
than the very weak clumping among distant radio galaxies .  Deep 
r adio surveys may prove to be the best probes of the mass 
distr ibution on scales greater than 100 Mpc because inter fer ­
ence by our Galaxy i s  minimal and the sources are widely spaced 
mar ker s . 

Potent ially important techniques in this area include deep 
x-ray and radio surveys at h igh spat ial resolution and opt ica l 
object ive-pr ism surveys for QSO ' s  on the ground and from space 
( see Sect ion VI I for further discuss ion of QSO surveys ) . 

6 .  Small- Scale An isotropy i n  the Microwave Background 

As discussed in Sect ion I I I , small-scale irregularities in th e 
m icrowave background are potent ially important tracers of 
inhomogeneities in the mass d istr ibution and motions at h ig h 
r ed shifts . Observat ions of the f ine-scale structure in the 
background are thus our best hope of f inding the inhomogene i­
t ies that gave r ise to the clusters of galaxies that we see 
today . The techniques discussed in Sect ion I I I  for the 
measurement of small-scale inhomogeneit ies in the 3 K 
background apply equally her e .  

7 .  Warps and Halos o f  Galaxies 

Understand ing the outer rotat ion curves , warps , and halos o f  
g alax ies has extremely h igh pr ior ity for the next decade . The 
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pr inc ipal stumbling block in this area now is theoret ica l 
ignorance of these structures , but theor ists could profit from 
add it ional 21-cm observat ions of galaxies that cannot at 
present be reached with the Westerbork array because of the ir 
small  angular s ize or souther ly declination . With its h igher 
r esolution and good antenna pattern even in the south , the VLA 
will r epresent a huge step forward in 21-cm work once its 
planned spectral-l ine system is completed . S ince the geometry 
of collis ions and mergers of galaxies may be sens itive to the 
g r av itational influence of unseen mass in a halo component , 
theo r e t ical models of coll is ions incorporat ing halos should 
soon be compared with h igh-sens it ivity H I observat ions of 
coll id ing galax ies . 

B .  Dynamics o f  Globular-cluster Systems 

Globular-cluster populat ions offer an ideal probe of the mas s 
d is t r ibut ion in the outer reg ions of nearby galax ies . They can 
be followed to very large rad ial d istances , far beyond the 
point where the surface br ightness of the underlying spheroidal 
component becomes too faint to study . Tidal rad i i  of globular 
c lusters can be measured with Space Telescope . Rad ial 
veloc it ies will g ive a completely independent datum needed to 
determine orbital eccentr icities . However , with v isual 
magn itudes generally in the range mv . 20 or fainter , 
g lobular clusters are too faint for-current red-shif t 
techniques . An areal red-shift mult iplexer and a larger 
ground-based opt ical telescope are cruc ially important here . 

V .  THE FORMATION AND EVOLUTION OF GALAXIES 

A. Review and Summary 

Many years from now , the 1970 ' s  are likely to be remembered as 
a per iod when the full complexity of galaxy evolut ion was 
g limpsed for the f irst t ime . On the observational s ide , new 
detector technology produced an extraord inar ily r ich banquet of  
observat ional data--in some cases bewilder ingly complex , in  
other cases reassur ingly regular . Armed with computer 
s imulations of a soph ist icat ion never before seen in galact ic 
stud ies , theor ists countered with an impos ing array of 
imag inat ive theor ies , in many cases based on phys ical mechan­
isms rarely appl ied to galax ies before . As a result of th is 
act ivity ,  there exists a widespread feel ing that we are now in 
the midst of a major revolut ion in our think ing about galax ies ' 
as of this wr iting ,  however ,  very few of the bas ic quest ions 
have yet been settled . Dur ing the 1980 ' s ,  we expect a con­
t inued h igh level of activity in this f ield , with the real 
poss ibility that by the end of the next decade many of the 
ma j or pieces of the puzzle will have fallen into place . 
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1. Theoret ical Underpinn ings 

Un for tunately , we still do not have any Ae initio theory for 
the formation of protogalactic structures because we s imply do 
not know what the Un iverse was l ike before there were galaxies . 
Measurements of spat ial var iations in the aicrowave background 
a re of vital importance here s ince these saall-scale fluctua­
tions may well prove to be our only direct observat ional l i n k  
t o  galaxy format ion .  

Moat workers have c ircumvented th is obstacle to our knowl­
edge by postulat ing var ious poss ible protogalactic structures 
and working out the resultant processes of collapse and 
coalescence us ing impress ively detailed computer s imulations . 
However , the enormous complexity of three-d imens ional gaseous 
hydrodynamics has not yet been acdeled realist ically . The ac­
c umulat ing observational evidence see .. to favor protogalact ic 
structures that are largely gaseous as o�ed to stellar , but 
this point is still controvers ial . The more fundamental 
question of how the presence of the unseen mater ial aight have 
a ffected the initial format ion process has hardly been cons id­
ered . The cruc ial issue of t ime scales is also still very 
uncertain z At what epoch d id the coalescence into galaxies 
beg in , and bow rapidly did it occur ? What coalesced first--the 
ord inary gas or the mass ive , unseen stuff? What ca.e 
first--star clusters , galax ies , or clusters of galax ie s? 

2.  Heredity versus Environment 

The major revolut ion in our think ing about galax ies dur ing the 
last decade stemmed from the new realization that , after the i r  
formation , galax ies are not necessar ily the • island un iverses• 
they seemed to be, isolated from one another and from the rest 
of the Un iverse . On the contrary , they appear to interact with 
one another and with the ir environment in a number of ways that 
may profoundly affect their evolut ion . 

The f irst breakthrough in this area was the demonstratio n 
that many galax ies , even those of the most bizarre appearance , 
could be understood s imply as the result of the two galaxies in 
v iolent collis ion , tidally d istort ing one another . Qu ickly 
after th is discovery came the find ing that close encounter s  
could lead to outr ight mergers and that , stat istically speak­
ing , th is might have happened rather frequently s ince galaxies 
were f irst formed . Mergers may also be enhanced by the process 
of dynamical fr iction aga inst the background aass in cluste r s  
of galax ies , which should lead eventually to the format ion of a 
g iant cD galaxy at the cluster core . I f  there is any problem 
w ith this picture it is the fact that dynamical fr iction see .. 
to be too effic ient . For example , it is hard to understand 
theoret ically how binary galax ies or compact groups could per­
s ist for any length of t ime in orbits with mutually penetrating 
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aass ive envelopes , yet real galax ies seem to aanage it quite 
n icely . We urgently need to know whether our theoretical t ime 
scales for dynamical fr ict ion are reasonable . 

Several mechan isms were suggested that could influence the 
gas content of galax ies , a quant ity closely correlated with 
Hubble type . These processes include sweeping by galact ic 
wind s ,  ra.-presaure str ipping and evaporation by a hot inter­
g alactic -.d ium ( IGM) , heating and stirr ing by supernovae 
explos ions , and recent infall of intergalactic gas or gas-r ic h 
dwar f galax ies . Moderately convincing observat ional evidence 
was claimed for all of these poss ibilities . Attempts to 
d iscr iminate between them will continue , pr imar ily utiliz ing 
x-ray observations of the hot IGM and 21-cm data for neutral 
hydrogen in and around galax ies . 

The question of hered ity versus environment as the control­
l ing factor in galaxy evolut ion was crystallized by stud ies of 
the great clusters of galax ies . Much evidence was uncovered 
that bolstered the earl ier suspicion that these clusters repre­
sent an evolutionary sequence , from those j ust now collaps ing 
to those already well into dynamical equil ibr ium .  The cruc ial 
fact here for galaxy evolut ion is that morpholog ical types of 
galaxies in clusters also vary systemat ically along th is se­
quenc e ,  from spiral-r,ich clusters at the one end to clusters 
dominated by elliptical& and SO ' s  at the other . I t  has been 
tempting to attr ibute this progress ion of Hubble types to the 
str ipping of spirals by the hot IGM, produc ing SO ' s  that in 
turn perhaps collide or merge to for• ell ipticala . However , 
other evidence baaed on coapar isons of the underlying mass 
distr ibutions between spirals and SO ' s  and on more prec ise 
s tud ies of the d istr ibution of morpholog ical types with in 
clusters already seems to require s ignificant mod i f icat ions to 
this s imple picture . Th is par ticular question--the influence 
of environment on Hubble type--is likely to reaain one of the 
most act ive areas of research well into the 1980 ' s .  

3 . Lookback Studies of Galaxies 

Lookback studies of galax ies to s ignificant red shifts have 
only just begun dur ing the last few years , but they have 
already uncovered surpr is ing results . In stud ies of distant 
clusters and the general f ield at faint magnitudes , an 
unexpectedly large population of galax ies was found with mean 
colora much bluer than those of nearby galaxies . It seems 
l ikely that aoae strong evolut ion in galaxy propert ies is be ing 
detected , poss ibly s ignify ing the rapid transmutation of 
spirals into SO ' s  in at least the dense clusters s tud ied . 
Whatever the true explanation , these results suggest tha t 
lookback s tudies of the stellar populat ions , morpholog ical 
types , and magnitudes of galaxies will gradually eluc idate th e 
factors governing galaxy evolut ion , espec ially when pursued in 
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conj unction with studies of the evolution of galaxy 
c luster ing . The h igh spatial resolut ion of Space Telescope 
(ST) offers spec ial prom ise here in study ing the morphology o f  
extremely d istant galax ies . 

4 .  Elemental Abundances and Stellar Population s 

Compos it ion grad ients were d iscovered or conf irmed in the inner 
reg ions of virtually all galaxies stud ied , in rough agreemen t 
w ith the pred ict ions of gaseous-collapse models . Probable 
metallic ity var iat ions among ell ipt ical galax ies were found t o  
correlate with luminos ity and ax ial rat io in a complex way . 
These , too , seem eas ily explained only if protogalaxies wer e 
largely gaseous . 

Model ing of s tellar populations along the Hubble sequence 
generally confirmed the ear l ier v iew that the sequence is 
bas ically an order ing accord ing to the rate of recent star 
formation . It is becoming more and more obvious that if we ar e 
ever to understand Hubble types , we must f irst d iscover what 
factors controlled the gas content and the star-format ion rate 
in both the recent and the d istant pas t .  

Recent x-ray observat ions have revealed interest ing fac t s  
a bout stellar populat ions in external gal�ies . For examPle , 
x-ray emiss ion from ind ividual supernova remnants was detected J 
s tatistics concern ing these obj ects should help to f ix the 
supernova rate more accurately , determine the masses of 
supernovae progen itors , and study the interact ion between 
supernovae and the interstellar med ium . M dwarfs have also 
been found to be strong x-r ay emitters J  x-ray observat ions of 
nearby galaxies may thus be able to show whether the unseen 
matter surrounding galax ies is composed of low-luminos ity 
M-dwarfs . A strong class of x-ray sources has been discovere d  
in the inner bulge o f  M3 1 J  these sources a r e  presumably stellar 
or have stellar progen itors , but their nature rema ins a mys­
tery . Finally , the most luminous mass-exchange binar ies in the 
Large Magellan ic Cloud appear to be somewhat br ighter than 
their galactic counterparts , perhaps because the upper l imit to 
the ir luminos ity set by radiat ion pressure is h igher because o f  
their lower metal abundance . I f  this effect could be allowed 
for , x-ray binar ies might become yet another new standard 
candle in the 1980 ' s .  

s .  Dynamical Properties 

Advances in galaxy dynamics dur ing the last 10 years made it 
clear that cons iderable r ichness and novelty may still be found 
in the tradit ional celest ial mechanics that deals pr imarily 
with grav itation . This tru ism spans the whole extragalactic 
doma in ,  from great c lusters of galax ies to presumed black holes 
in galac t ic nucle i  (see Sect ion VI I ) . Even for allegedly 
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normal galaxies , however , an account of the progress s ince 197 0 
on s uch topics as dens ity waves , bar mechanics , global 
instabilities , and t idal interplay sounds somewhat like a n  
advert isement for the pleasures o f  space travel under the 
influence of gravity . 

We shall c ite the theoret ical accomplishments f irst , beg in­
n ing with spiral structure .  Prom several dec is ive 21-cm stud­
i es ,  it was established f irmly dur ing the past decade that at 
least the major spiral arms of galaxies like MSl and MS l ar e 
wavel ike in character . It was also shown by theor ists that 
s hear ing gas d isks in galax ies are very prone to develop spira l 
s hock waves when forced by quite modest but rotat ing d istur­
bance potentials , espec ially when bars were imposed . On the 
o ther hand , whether or not these structures are truly long­
l ived or merely trans ient responses is still uncertain . 

The main triumph of N-body s imulat ions of rotating galaxies 
was the development of mass ive oval or barred structures in the 
i nter iors of the model galaxies . In all probability ,  these 
long-lived computed shapes capture the essence of the bars or 
o vals actually observed in the inter iors of real SB or SAB 
galax ies . At the same t ime , these calculat ions d isclosed ver y  
s e r ious d ifficult ies in plaus ibly stabiliz ing •cool• d isks 
aga inst f ierce spiral instabilities . Poss ible solut ions put 
forward so far have emphas ized the presence of a massive , 
s pher ical , dynamically iner t halo of low luminos ity--unseen 
matter again . Much work and test ing remains before theor ists 
can feel secure about how galaxies stabilize themselves , with 
or without halos . 

Th ree shock ing observat ional results emerged dur ing the 
l970 ' s a  the flat outer rotat ion curves , the common occurrence 
o f  warps , and the slow rotat ion of ellipt ical galax ies . The 
f i r s t  two have been ment ioned ear l ier ' the th ird doomed most 
e x isting models of ellipt ical& and even cast doubt on their 
bas ic shapes--whether prolate , oblate , or triaxial . 

6 . The Interstellar Med ium 

We have already mentioned some of the new ideas about mechanisms 
that might control the interstellar medium within galax ies . 
O ther r ecent observat ional results include several high­
resolution 2 1-cm maps of H I d istr ibutions , wh ich showed tha t 
H I often extends to several t imes the opt ical radius of a 
galaxy . Since ablat ion by an intracluster med ium ought to be 
more effect ive at large rad i i ,  where the gravitat ional 
restor ing force is weak , 21-cm maps of clusters with the VLA 
may reveal ind ividual galax ies with abnormally small H I 
extent . I f  so , we will perhaps have found galax ies currently 
be ing shorn of their gas content . 

Carbon monox ide and other molecules were discovered for the 
f irst t ime in external galax ies dur ing the 1970 ' s .  In the 
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Milky Way , C O  studies have played a major role in locali z in g  
s ites o f  act ive star formation . co maps of galax ies over a 
wide var iety of Hubble types will illustrate how star foraatio n  
i s  tr iggered in other types of galax ies . 

B .  Prospects for the 1980 ' s  

1 .  Lookback Stud ies of Galaxy Evolution 

These observat ions should include galaxy surveys to the deepes t 
poss ible magnitude to measure luminosities , colors , counts , and 
pos itions , red shifts of a fair sample at each aagnitude and 
color are also needed to determine the d istance scale . Such 
surveys should be carr ied out in conj unct ion with the cluster ing 
s tud ies outl ined earlier to look for changes in galaxies dur ing 
the cluster ing process . Morpholog ical stud ies with ST of 
g alax ies at A • 0 . 5  or greater have h igh pr ior ity . 

The ult imate l imit in red shift for these stud ies l ies i n  
t he range A • 1-2 ,  somewhat h igher if  the luminos ity of 
galaxies was much greater in the pas t .  FOr measurements o f  
integrated magnitudes and colors a t  wavelengths beyond about 
0 . 9  pm, a large ( 10-m or greate r )  ground-based opt ical 
telescope and ST would be comparable . Th is equality is due t o  
the fact that the greater aperture o f  the ground-based 
telescope is offset by the br ighter n ight-sky a irglow bands , 
wh ich are absent in space.  For wavelengths between 0 . 3 and 0 . 7  
p m ,  the ground-based telescope is substantially more powerful 
than ST . The h igher angular resolution of ST makes it 
preferable for morpholog ical stud ies , however ,  wh ile the highe r 
photon f lux of the ground-based telescope is ind ispensable for 
accurate red sh ifts . The development of red-sh ift multiplexer s 
and h ighly effic ient two-d imens ional detectors in the range 
0 . 3-2 Pm is also essent ial to all aspects of this program , 
which strains the l imits of every fac i l i ty .  

Whether o r  not these deep surveys will actually detec t 
pr imeval galaxies cannot be pred icted , s ince no one has a very 
good idea what these objects should look like or what their 
luminos ities will be. Deep exposures with ST will certainly be 
analyzed for likely candidates . Since some models of pr imeval 
g alax ies pred ict a large initial burst of x rays from ear ly 
generations of supernovae , deep x-ray surveys with h igh angula r 
r esolution ought not to be over lookedJ the optimal energy band 
for such a search is near 1 kev. Stellar radiat ion from an 
early , intense per iod of star format ion may be thermally 
reradiated at infrared wavelengths by enveloping dust cloud& J 
advances in infrared sens it ivity beyond 10 p m  will play a 
crucial role in searches at these wavelengths . 
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2 .  Star Format ion and the Interstellar Med ium 

a .  'ftleory 

Our cont inuing lack of a theory for s tar format ion is a 
severe handicap to acdels of galaxy evolution . we need 
e xpressions for the rate of star foraat ion and the initial mass 
function as functions of the local gas parameters . 'ftlis is a 
t all order , and one would be surprised if f inal answers were 
forthcoming over the next 10 years . More realist ically , one 
m ight hope for substant ial progress on the more straightforward 
ques tions of mass loss among mass ive stars , the evolut ion of 
s tars of low metal content , and on the nucleosynthet ic y ields 
of helium and the heavy elements .  

b .  CO Maps of Galax ies 

High-resolut ion CO maps of other galaxies will allow us to 
study the d istr ibut ions of g iant molecular cloud complexes with 
r e spect to spiral ar• , H II r eg ions , dust lanes , and supernova 
remnants . 'ftle 2 5-m mill imeter-wave dishes now proposed in the 
Un i ted States and Germany will have angular resolut ions of 
about 20 arcsec , adequate for stud ies of Local Group galaxies . 
Fo r more d istant obj ects , millimeter-wave interferometers and 
low-noise receivers are required .  

c .  Infrared Cont inuum Fluxes from Cloud Complexes 

Infrared continuum measurements are needed to determine the 
i ntegrated emiss ion from early-type stars , including those 
obscured by dus tJ  these data will in turn help f ix the star­
formation rate and the init ial mass function . Observations 
between 10 and 100 pm are necessary , and they can be made at 
the required level of sens it ivity only with a cryogen ically 
cooled infrared telescope in space . Two-d imens ional panoramic 
detectors for direct imag ing over this wavelength range would 
speed measurements enormously . 

d .  Extragalactic Supernova Remnants 

Extragalactic supernovae have several potential appl ic a­
t ions . x-ray observat ions of many supernova remnants in the 
Large Magellanic Cloud have shown , for example , that remnant 
d iameters are inversely correlated with the dens ity of the 
surrounding interstellar medium .  This suggests a sens itive 
means of probing the dens ity of the interstellar med ium in 
nearby galaxies . Supernova stat istics also tell us much abou t 
t he init ial mass funct ion for new stars . Furthermore , the 
inter iors of all old remnants const itute the hot-gas phase i n  
t he interstellar med ium ,  wh ich has a n  est imated temperature of 
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106 K .  '.ftle fract ion o f  the volume occupied by this phase in 
our own galaxy is h ighly controvers ial . Mapping externa l  g a l­
ax ies at high spatial and moderate spectral resolution s hould 
determine whether there is a hot phase and how ita temperat u r e  
and dens ity vary with pos ition i n  the d isk;  this w i l l  requ i r e  a 
spectral resolut ion in x rays of 5 or greater over a waveleng t h  
r ange o f  0 . 1-2  keV. 

e .  Infrared Spectroscopy of the Interstellar Med ium in 
Galaxies 

Infrared spectroscopy of vibrational and higher rotational 
lines of H 2 ( 2  and 12 11m) , CO ( 2  and 5 11m) , OR and H :zO 
( 50-100 11m) , all of which are excited by shock waves , woul d  
provide d iagnostics o f  energy injection into molecular c loud 
complexes by stellar winds , H II reg ions , and supernovae . The 
temperature of the cold , neutral med ium whose dens ity is  found 
from 2 1-cm aaps can be inferred froa f ine-structure l ines 
of C II ( 156 11 m) and Si II ( 35  11 m) , and the arm and 
interarm propert ies of the cold gas can be compared . Any 
ionized med ium near 104 K will emit He I I  at 12 . 8  11 m ,  H I I  
a t  122 11 m, and other near-I R  f ine-s tructure l inea ; these 
l inea will be especially useful in determining gas temperature s 
because they are virtually insensit ive to dens ity . Furthermor e , 
ionization spec ies such as S I I I  can be observed , thus removing 
the need for model-dependent corrections to abundances for 
unseen ionization states . 

As this br ief summary i llustrates , the infrared req ion 
offers many exc it ing poss ibilities for spectroscopic stud ies o f  
the interstellar med ium that have hardly yet been exploited . 
In all of these appl ications , however ,  h igh spatial and high 
s pectral resolution are required. some of th is work can be 
carr ied out in spectral windows from the ground or from high­
f ly ing aircraft , but a cryoqenically cooled infrared telescope 
in apace would provide an enormous gain in sens itivity .  Two­
d imens ional panoramic detectors throughout this spectral reg ion 
would also speed measurements greatly . 

f .  Ultraviolet Absorption-Line Spectroscopy of Ga laxies 

'.ftleae stud ies us ing ST could do for external galax ies wha t 
t he Copernicus satellite d id for the solar ne ighborhood of our 
Galaxy . With quasars as background sources , abundances in 
g aseous coronas around galax ies at very large galactocentr ic 
distances can be measured . '.ftle relevant spectral features a r e  
resonance lines o f  several abundant atomic spec ies located i n  
the UV req ion ; a new UV echelle spectroqraph for S T  would b e  
ideal for this applicat ions . 

One especially s ignif icant req ion is the spectral range 
912 -1100 A ,  where very important trans itions--includ ing those 
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of molecular hydrogen , deuterium, 0 VI , and C I I I--ar e 
located . Th is reg ion will not be access ible with ST , and new 
i nstrumentation des igned for Shuttle payloads is required .  

g .  B I Maps of Galaxies 

Th ere is a lot of life left yet in this old warhorse , which 
will gallop afresh when the spectral-l ine systea for the VLA 
b eg ins full operation . With a spat ial resolut ion comparable 
with that of optical telescopes and an excellent beaa pattern 
over three quarters of the ent ire sky ,  the VLA will produce B I 
maps of unprecedented quality--the ultimate data for compar ison 
w i th theor ies of spiral structure.  The increased sens itivity 
of the VLA will allow measureaents of rotat ion curves and warps 
to greater rad i i ,  the B I d istr ibution and k inemat ics in cases 
of suspected accret ion of intergalactic H I clouds , and 
perturbed H I d istr ibut ions in interacting galax ies . H I aaps 
of individual galax ies in clusters of varying stages of 
d ynamical evolution should tell us d irectly how galax ies in 
clusters came to be gas-poor .  The VLA spectral-l ine system i s 
c lear ly an extremely important tool for extragalactic astronomy 
dur ing the 19 80 ' s .  

3 .  Theoretical Stud ies of Galact ic Dynamics 

Two areas here seem certain to show rapid progress dur ing the 
next 10 years . The f irst is understand ing the g lobal 
instabilities of d isks , wh ich would obviously y ield many s id e  
b enef its . We w i l l  know then , for instance , how much w e  really 
need those invis ible halos for stability ,  what it takes to make 
bars , and why spiral arms do not sprout all over the place . 
Computed gravitational interact ions of stable disk model s  
s hould also prove one o f  our best tools for probing the extent 
and shapes of the halos that we cannot see and for checking 
whether mergers can actually produce the slow rotations 
recently discovered in ell iptical galax ies . 

Th is leads us to the second major area a understand ing the 
halos and warps . It is clear ly the other important direction 
i n  which galactic dynamics will be tugged in the coming years . 
Here are a few typical quest ions a What sort of • isotherma l •  
s tat ist ical mechan ics o f  those unseen halos inv ites the f lat 
rotat ion curves? Could the warps result from the vis ible 
g alax ies remaining t ilted with respect to somewhat flattened 
halos? Might it not be poss ible for two galax ies to orbit one 
another steadily within a common halo and yet avoid dynamical 
f r ict ion? 

4 .  Abundance Studies 

Fu ture work in th is area will depend pr imar ily on long-s lit 
spectroscopy of galax ies , for wh ich the availability of 
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effic ient two-d imensional detectors in the reg ion 0 . 3-2 pm i s  
vital . The study o f  metall ic it ies , star by star and cluster by 
cluster , in our own Galaxy has inspired fairly detai led 
scenar ios for the early collapse and nucleosynthetic enr ichment 
of the Milky Way . The recent discovery of var iat ions in 
metallic ity from s tar to star within g lobular clusters has 
added an interest ing new dimens ion to this problem . 

S imilar measurements based on broadband colors of ind i­
vidual stars and globular clusters need to be made in other 
g alax ies using ST . An areal red-shift mult iplexer coupled t o  a 

larger ground-based optical telescope would allow deta iled 
spectroscopic stud ies of the nearer g lobular cluster systems , 
enabling abundances of ind ividual elements to be determined . 
Pe rhaps the miss ing stars of essent ially zero aetall ic ity w i l l  
be found at last among globular clusters at extremely large 
galactocentr ic distances in other galaxies . 

s .  The Ages of Galax ies 

Debate cont inues on the ages of galax ies , from ell ipt ical& and 
dwarf spheroidal& on the one hand to the disks of spirals and 
the Large Magellanic Cloud on the other . ST will provide new 
informat ion in the form of accurate R-R d iagrams below the 
main-s equence turnoff for the Magellanic Clouds and nearby 
dwar f spheroidal galax ies ; these should provide age est imate s 
based on cluster-dating techn iques . Lookback stud ies of the 
color evolution of distant galaxies us ing ST and large 
g round-based opt ical telescopes will place important constraints 
on the epoch of major star formation in normal galax ies as a 
f unct ion of Rubble type . 

VI . THE INTERGALACTIC MEDIUM 

A .  Review and Summary 

Dur ing the 197 0 ' s  a hot intergalactic medium ( IGM) was detected 
i n  groups and clusters of galax ies . Whether a diffuse gas o f  
lower dens ity also exists i n  space between groups and cluste r s  
i s  still a n  open quest ion , although meaningful l imits have been 
placed on the allowed temperature and dens ity of such a phase . 
We f irst cons ider results on the cluster IGM and second the 
question of a more widely distr ibuted IGM.  

Dur ing the last 10 years , extended x-r ay emiss ion was 
discovered from clusters of galax ies , thereby confirming th e 
presence of a hot , d iffuse gas that had been suspected from the 
shapes of head-tail radio sources . Thermal bremsstrahlung 
s eems to be the pr imary x-ray emiss ion mechanism.  The mass o f 
gas in the cluster cores is comparable with the luminous mass 
in galaxies and is therefore substant ial , although not 
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s u f f ic ient to bind the clusters . I ron emiss ion lines ar e 
p resent , from wh ich the iron abundance is deduced to have 
approximately the solar value . This find ing strongly suggest s  
t hat the gas i s  not pr imeval but has experienced nucleosynthetlc 
process ing in stars . 

x-ray observations of small groups of galaxies showed that 
they , too , are somet imes luminous , extended x-ray sources . 
S ince the cooling t ime for the gas in such groups appears to be 
qu ite short ,  we may be viewing these groups at a late stage in 
their evolution . 

The x-ray morphology of galaxy c lusters is correlated with 
their dynamical age , as inferred from the d istr ibut ion of 
g alaxies within the cluster . In irregular clusters , which are 
probably still in the initial stages of collapse , the x-ray 
emiss ion is dominated by gas c lumped around ind ividual gal­
axles . In regular clusters , wh ich are in presumed dynamical 
e quilibr ium,  the x-ray emiss ion appears to come from a smoothly 
distr ibuted intergalactic med ium .  Apparently the x-ray mor­
phology thus offers the means for c lassifying c lusters , mapping 
their  gravitat ional potent ial , and examining the state of their  
dynamical evolution . S ince c luster x-ray emiss ion has  already 
been detected out to a red shift of � • 0 . 7 5 ,  we should be able 
to follow the course of th is evolut ion over a large span of 
look back t imes . 

There is the poss ibility that diffuse x-ray emiss ion was 
detected from superclusters of galaxies , although the point 
r emains uncertain owing to the d ifficulties of measur ing large , 
diffuse sources . These observations urgently need to be con­
f irmed . I f  real , the detection is interest ing because it sug­
gests the opportunity for study ing the gas distr ibut ion in the 
halos of clusters as well as in the space between c lusters . 
The detected mass is dynamically s ignificant and may be suff i­
c ient to bind the superclusters , although not to close the 
Universe .  

Radio galaxies i n  sparse c lusters appear to requ ire exter­
nal pressures s imilar to those in r ich clusters , implying tha t 
at least pockets of fairly dense , hot gas exist in those 
smaller aggregates , too . This idea is cons istent with the h ig h  
x- r ay luminos ities observed i n  some small groups o f  galax ies . 
More surpr is ingly , very large isolated radio galaxies with 
d iameters of 1 Mpc or greater have been d iscovered even in 
reg ions of l ittle or no clus\er lng . I f  thermally conf ined by a 
g as with a temperature of 10 K or less , these sources would 
need to be surrounded by a medium with a dens ity of at leas t 
lo -29 g/cm3 • I f  such a gas f ills all space uniformly , th is 
medium is c lose to the c losure dens ity of the Universe . 

We turn now to the quest ion of a uniform d iffuse med ium 
outs ide of clusters . Such a uniform med ium is potent ially 
important for several reasons . I t  could conta in a s ignificant 
fraction of all the mass in the Universe , and it also acts as a 
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•cosmic calor imeter •  for all the energetic phenomena in th e 
Un iverse . It may also have been important dur ing the format ion 
of galax ies . 

Observat ional evidence regard ing such a med ium is st i l l  
fragmentary . Dur ing the past decade , background rad iation a t  
hard x-ray wavelengths was detected , wh ich was found t o  be 
qu ite un iform and isotropic on large angular scales . Ita spec­
t rum from 3-50 keV is cons istent with emiss ion from a un iform 
IGM at a temperature of 5 x 108 K .  Note , however , tha t 
r ecent h igh-resolution High Energy As tronomical Obaervatory-2 
(BBAQ-2 ) observations suggest that a large fraction , and 
perhaps all , of this background is produced by quasars ( see 
Section VII ) . 

An ionized IGM might be detected through i ta d istort ion of 
the cosmic microwave background rad iation , as bremsstrahlung 
emiss ion could increase the observed flux above the blackbody 
curve at wavelengths below 20 em. Moreover , if the IGM is ver y  
hot , inverse-Compton scattering could decrease the observed 
flux at wavelengths shorter than 1 mm . Measurements at these 
s hort wavelengths dur ing the last decade establ ished that the 
observed flux d iffers from the expected Planck curve by les s 
than 10 percent . For an assumed IGM temperature of 5 x 10 8 K 
( the temperature der ived from the hard x-ray background ) , the 

allowed mass in the IGM is leas than 0 . 4 t imes the critical 
dens ity of the Un iverse . 

Rocket and satell ite observat ions of the far-ultraviolet 
background (1000-3000 A) placed strong l imits on emiss ion by 
the Be II l ine at 304 A ,  thus el iminating models in wh ich the 
IGM has a temperature of about 8 0 , 0 0 0  K and a dens ity equal to 
the c r i t ical dens ity . 

S earches for a neutral med ium in the form of B I clouds 
have been negat ive except near interact ing galax ies . In 
pr inc iple , a neutral med ium can also be detected by Lyman-alpha 
absorption in the spectra of distant objects . This test was 
extended to quasars with a red sh ift of 3 . 5 .  No evidence for a 
smoothlY d istr ibuted medium was foundr thus , any diffusely 
d istr ibuted IGM must be ionized out to this red sh ift . 
However , discrete Lyman-alpha absorpt ion l inea have been known 
in quasar spectra for some t ime , and recent tentat ive evidence 
suggests that at least some of these are due to intervening H r 
c louds at h igh z .  Whether these clouds are truly intergalac t ic 
or are merely assoc iated with d istant galaxies seen along the 
l ine of s ight is not yet certain . 

B .  Prospects for the 1980 ' s  

1 .  Cluster Evolution 

Several important quest ions concerning the evolut ion of the r� 
in clusters of galaxies seem r ipe for pursuit dur ing the nex t 
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decade . These questions are all intertwined with the evolution 
of c luster ing in general and with environmental influences in 
clusters that may mod ify Hubble types and otherwise affect the 
e volut ion of ind ividual galax ies . The cluster IGM thus becomes 
an important tool for study ing the more general quest ions of 
g r avitat ional cluster ing and galaxy evolution . 

x-ray observat ions are espec ially powerful in this connec­
t ion because of the ir great range in red shift . The next­
generation x-ray telescopes already being planned should be 
a ble to detect c lusters out to a red shift of 4 and iron-l ine 
emission to a red shift of 2 .  Thus the actual epoch of cluste r 
f ormat ion might be reached in deep x-ray surveys , part icularly 
s ince known x-ray clusters show two dist inct s ignatures : 
e xtended s ize and iron-l ine emiss ion . Observations of the 
x-ray luminos ity ,  angular d istr ibution , and iron-line strengt h  
c an tell us how the cluster potent ial , gas content , and iron 
abundance evolved with t ime . Models for the str ipping of 
spirals to make SO ' s  can be tested , and the role of cD galax ies 
in cluster evolut ion can also be better determined . 

It will be part icularly important to compare the x-ray 
p roperties of large clusters with those of small groups , whe r e  
e nvironmental influences o n  galaxies a r e  not expected t o  b e  so 
g reat . At the same t ime , we may learn the means by wh ich these 
s maller aggregates generate large x-ray luminos ities from the 
h igh-temperature gas . 

Much of this work was begun by the Einstein x-ray observa­
tory (HEAQ-2 ) , but h igher spat ial resolution and higher 
s ens itivity will be necessary to reach very d istant clusters 
and to obtain h igh spat ial r•solution on local clusters . 
Observations from 10-100 keV are also necessary to detect 
poss ible nonthermal contr ibut ions to the cluster x-ray 
l uminos ity , such as inverse-Compton scatter ing of the microwave 
background , which is pred icted to be a larger fract ion of the 
c luster x-ray flux at h igh red shifts . 

2 .  The sunyaev-Zeldov ich ( S- Z )  Effec t 

Th is effect is the d iminution of the microwave background by 
inverse-Compton scattering by the hot cluster IGM .  The 
f r act ional intens ity change for microwaves is approximately 
proport ional to the integral of �e+ along a line through the 
c luster , where n is the electronlaensity and T is the ga s 
t emperature withifn the c luster . By contrast ,  the x-ray emiss ion 
ar is ing from bremsstrahlung is approximately proport ional to 
t he integral of the square of Be t imes the square root of !•  
Since the x-ray spectral data bY themselves y ield !• the 
combinat ion of all quantities should g ive separate est imates of 
n. and the absolute length-scale of the cluster , independent 
oY any assumed value for the d istance . 
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Dur ing the 1970 ' s ,  the s-z effect was almos t certa inly 
detected in at least a few c lusters,  however , to make it  a 
practical tool , the accuracy and spatial resolution of the 
r ad io measurements must be increased by at least a factor o f 
1 0 .  At present , atmospher ic var iations and ground pickup 
appear to set the l imits to the attainable accuracy . Sens i t iv­
ity could be increased somewhat through use of low-noise , 
broad-bandwidth receivers on large ground-based mill imeter-wave 
d ishes . However , the ult imate limits will be ach ieved only 
w ith a space antenna--hence the earl ier suggest ion for a 3 0 -m  
space radio antenna t o  measure these smal l-scale inhomogene i t i e s 
i n  the microwave background . x-ray data having h igh spat ial 
resolution and moderate spectral resolut ion are also essent i a l  
here . 

I f  the x-r ay emiss ion is spher ically symmetr ic ,  compar i son 
of the absolute length scale with the angular s ize of the emi s­
s ion y ields the actual distance to the c luster . Th is is why 
the method has been mentioned as one fundamentally new approac h 
to the measurement of the Hubble constant , � ·  and perhaps 
ult imately even � ( see Section I I I ) . we are currently stil l 
a long way from having rad io or x-ray data accurate enough to 
carry out such a program, but it i s  poss ible that the microwave 
measurements and x-ray stud ies , if  pursued vigorously , may 
eventually have a s ignif icance that was quite unsuspected onl y  
a few years ago . 

3 .  Other Rad io Stud ies of Clusters 

Detailed maps of radio sources in clusters of galax ies wil l 
cont inue to provide a useful probe of the cluster IGM. Most o f  
this wor k can be done with the Very Large Array (VLA) . However , 
for est imates of confinement pressures , total source energ ies 
in magnetic f ields and part ic les must be known . For the power ­
law slopes that are typically observed i n  extended rad io 
sources , the total energy is determined by the low-frequency 
c utoff of the rad iat ion . Observat ions at low frequenc ies are 
therefore required to d iscover where this  cutoff occurs . As a 
f irst step, the frequency coverage of the VLA could be extended 
below its present value of 1 . 4 GHz to as low as 100 MHz . For 
some sourc�s , th is might suffice, eventually , however ,  a space 
synthesis radio telescope operating below 100 MHz should be 
cons idered . Th is fac il ity would also be important in study ing 
the diffuse low-frequency radio halos suspected in some 
c lusters , several of which also show a dramat ic increase i n  
flux below 50 MHz . (Further appl ications o f  a low-frequency 
synthesis array are ment ioned later . )  

4 .  Superclusters of Galax ie s 

It is important to ver i fy the recent tentative detect ions of 
x-ray emiss ion from superclusters s ince the amount of mass 
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involved would dominate the gravitational potential of the 
s upercluster . TO map these extremely diffuse sources of low 
sur face br ightness , we will require x-ray detectors having 
h igher sens itivity plus moderate angular resolut ion to 
eliminate any discrete background components . 

5 .  Ultraviolet and X-Ray Absorption-Line Spectroscopy 

Absor pt ion-l ine spectroscopy is by far the most sens itive way 
to detect a d i ffuse IGM outs ide of clusters that is not fully 
ion ized ,  since resonance lines become opt ically thick  at column 
dens it ies of only 10 13 atoms/cm2 in the uv and 10 15-1 6 
a toms/cm2 in the x-ray reg ions . I f  the IGM is uniform, we 
expect an absorption trough for frequencies greater than tha t 
at which the l ine is observed in emiss ion in the background 
source (the Gunn-Peterson test) . I f  the IGM is clumpy , we 
s hould see absorption l ines . 

A search for absorption aris ing from the 3 0 4-A l ine of 
He I I  in quasars with a red shift of 3 or g reater us ing Space 
Tel escope ( ST)  would set str ingent limits on the ionization of 
t he IGM. Metal-enr iched reg ions of the IGM could also be 
detected by x-ray observat ions with h igh spectral resolution , 
t he var ious ionization s tates of oxygen have a complex of l ines 
near 0 . 6 keV that should be observable if the temperature i s  
3 x 106 K or less . The corresponding complex for iron 
appears at 6-7 keV for a temperature of 3 x 107 K or less . 

6 . D istort ions in the Cosmic Microwave Background 

As noted above , this test detects absorption below 1 mm by 
Compton scatter ing and/or excess emiss ion due to thermal 
bremsstrahlung at wavelengths beyond 20  em by a hot IGM at high 
r ed shiftJ  the necessary fac i l i t ies were d iscussed in Section 
I I I .  

7 . The Diffuse x-Ray Background 

The challenge here is to d iscover what fraction of the genera l 
background ar ises from d iscrete sources , pr inc ipally quasars .  
x-ray observations with h igh resolution and sens itivity are 
c r u c ial . I f  poss ible , imag ing observat ions from 10 to 100 keV 
might also help because the relative contr ibutions of point 
sources and d iffuse background could d iffer at higher energ ies . 

8 .  The Diffuse Gamma-Ray Background 

As in the case of the x-ray background , we need to determine 
what fraction of the general background ar ises in d iscrete 
sources . As ment ioned ear lier , the spectrum of a truly diffuse 
component could tell us whether we live in a baryon-symmetr ic 
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universe with equal amounts of matter and antimatter . 
Ga�ray observations with moderate angular resolut ion and 
sens itivity at 0 . 5  MeV and below are required .  

9 .  Th e  Far-Ultraviolet Background 

Red-shifted Lyman-alpha and Be II 304-A l ines are expected t o  
dominate the far UV emiss ion from the IGM, rrovided the med ium 
spent much t ime in the temperature range 10 -106 K .  Hig h 
spat ial resolution might be needed to eliminate d iscrete 
sources such as stars , galax ies , and quasars r moderate spectra 1 
resolution is needed to recognize ind ividual sources . Because 
of the confus ion problem , however ,  a def in ite detect ion 
s trategy has yet to be developed . 

VII . QUASARS AND RELATED ACTIVE GALAXIES 

A. Review and Summary 

We can include only the h igh points of d iscover ies made ove r 
the past 10 years in this rapidly advanc ing f ield . 

Most importantly , the long-standing controversy over th e 
n ature of the red shifts came c lose to resolut ion . A number of 
low-red-shift quasars were found to res ide in groups of galax ies 
having essent ially the same red shift . Furthermore ,  some 
BL Lac obj ects , thought to be closely related to quasars , wer e  
also found to be embedded in galax ies , again with the same red 
shift . Both of these discover ies strongly support the hypothe­
s is that the red shifts of at least some quasars are cosmolog i­
cal . I t  seems l ikely that quasars as a class really are ver y  
d istant and hence have extraordinarily h igh luminos it ies . 

In several rad io galax ies , very-long-basel ine interferometr y  
(VLBI ) observat ions showed that small-scale rad io structure on 

the s ize of parsecs is al igned with the large-scale rad io lobe s 
having s i zes of up to several megaparsecs . Th is al ignment 
strongly suggests that the central energy source in the nucleu s  
has an or ientat ion that remains constant over long per iods of 
t ime r quite poss ibly , the central source is rapidly rotat ing . 
Th is observat ion also established a causal connect ion between 
the central energy source and the extended radio lobes , and i t  
i s  now thought that energy is suppl ied t o  the outer lobes by 
relat ivis it ic beams of some sort . 

D irect evidence for such beams came from rad io observat ions 
of beaml ike structures connect ing the nucleus with the outer 
lobes and also from x-ray observat ions of a beam in the nearby 
rad io galaxy Cen A .  Observations o f  small rad io •hot spots • i n  
t he lobes of extended rad io sources and poss ible opt ical emis­
sion from these reg ions are cons istent with this idea as well . 
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Apparent expans ion veloc it ies greater than the speed of 
l ight were found with VLBI techniques in several quasars and in 
one act ive galaxy . The rad io structure shows a one-a ided j e t  
i n  each case . Th is asymmetry provides strong evidence for 
relat ivis t ic motions in these obj ects . 

Recent x-ray observations establ ished that quasars and 
active galaxies const itute a class of luminous x-ray emitters . 
Th is class includes quasars , BL Lac obj ects , N galax ies , Seyfert 
type I galaxies , narrow emiss ion-line galax ies , and radio 
galaxies . Luminos ities in the 2 -10-keV band range from 10 4 1  

t o  lo4 7  ergs/sec . 
Di rect imag ing of the d iffuse x-r ay background ind icated 

that a large fract ion or poss ibly all of the background at a 
f ew keV is composed of d iscrete sources , mainly quasars .  

The quasar 3C 273  was found to have a gamma-ray luminos ity 
c omparable with ita opt ical and x-ray luminosit ies . Gamma-ray 
emission has also been reported from the Seyfert galaxy NC 4151 
a nd from Centaurus A.  S ince in all three cases the emiss ion 
per decade of energy may peak in the gamma-ray range , a new and 
d irect way of studying h igh-energy processes in at least some 
act ive galaxies may now exist . other quasars and act ive 
g alaxies were found to emit moat of their energy at infrared 
wavelengths . 

Rapid t ime var iability ind icating aaall phys ical s i zes was 
established for a number of quasars and active galax ies . At 
optical and infrared wavelengths , var iat ions on a time scale of 
one day were reported , and polar i zation in certain BL Lac 
objects and violently var iable quasars was seen to vary on a 
t ime scale of hours .  At x-ray wavelengths , there have been 
s uggest ions of var iability on t ime scales as short as 1000 
sec . All of these observations suggest that the central energy 
s ource is only 1014-1o15 em in s ize . Since an obj ect ' s  
mass is l imited by ita gravitational (Schwarzachild )  rad ius , 
the masses must therefore be smaller than 10 9-10 10 sola r 
masses . 

Observat ions at low rad io frequenc ies ( a  few hundred 
megahertz ) indicated var iations in some sources that are too 
r apid to be understood in terms of convent ional models , but 
r ather seem to require a coherent rad iat ion mechanism or 
r elat ivistic motions in the l ine of s ight . 

The structure of double-lobed rad io sources was found to be 
c or related with their  luminos ity .  FOr luminous sources , the 
outer extremit ies of the radio lobes have the h ighest surface 
br ightness . FOr fainter sources , the lobes are br ightest near 
the galaxy and tend to fade out gradually at large rad i i . 
Grossly speak ing , this correlat ion might result if the more 
luminous sources are moving supersonically with respect to th e 
external medium ,  while the weaker sources are pr iaar ily subson­
ic and are thermally conf ined . 
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Among rad io sources , the ex istence of a compact centra l 
object aseoc iated with a very luminous extended source appea r s  
t o  s ignify a quas i-stellar obj ec t .  Roughly 90  percent of the 
3CR quasars have nuclear sources , whereas , so far , none of the 
sources assoc iated with blank f ields or d istant galax ies has a 
nuclear component . S ince in virtually all cases the nuclear 
component contr ibutes s igni f icantly to the flux dens ity a t  
178  MHz , there appears t o  b e  a close phys ical relat ionship 
between the overall radio and opt ical emission . 

Dur ing the last decade it was also d iscovered that vio­
lently var iable opt ical and rad io quasars d iffer from normal 
quasars in having unusually f lat spectra and h igh fluxes at 
mill imeter wavelengths . The shapes of the spectra in the 
i nfrared reg ion and the observed constancy of the polar izat ion 
vector at all observed wavelengths shortward of a few centime t­
e rs both ind icate that the reg ions produc ing the mill imeter­
wave and optical rad iat ion are identical or are at least 
c losely related . 

S tudies of both opt ical- and rad io-selected quasars showed 
that quasars were much more numerous and poss ibly more luminous 
i n  the pas t .  However , a decl ine in detected quasars sets in 
beyond a red shift of 3 ,  and the most distant quasar known has 
a red shift of 3 . 5 .  Limits placed on d istant quasars by the 
x-ray background suggest that th is apparent decline in numbers 
i s  real and that the increase in quasar numbers does not 
cont inue beyond A • 3 .  

Recent stud ies have tended to conf irm the idea that the 
myster ious quasar absorption lines have mult iple or ig ins .  Some 
evidently ar ise in the quasar , some in a surrounding galaxy , 
some in intervening galax ies , and some perhaps in intergalacti c  
c louds . These l ines therefore provide a unique probe of gas 
dens ities and abundances under a wide var iety of cond it ions at  
very large red shi fts . 

Nuch evidence from the past decade strengthened the earlie r  
notion that there exists a wide and interrelated cont inuum o f  
g alax ies o f  which quasars const itute only the most extreme 
examples . Other members of this family include BL Lac objects , 
Seyfert galax ies of types I and I I ,  N galaxies , and broad- and 
nar row-lined radio galax ies . However , there are still few f i rm 
conclusions as to how the members of this family d iffer f rom 
each other structurally . 

On the theoret ical s ide , the most dramat ic success was the 
conclus ion that beams of particles or low-frequency rad iation 
emanat ing from galactic nucle i  are poss ible and can energ ize 
extended radio sources . Direct evidence for such beams was 
obtained in several cases , as noted above . 

Among the many poss ible models for quasars and active 
g alactic nucle i ,  accretion of mater ial onto a central black 
hole of mass between 106 and 1olO solar masses now appears 
to be favored . Regardless of whether th is spec ific model 
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eventually proves to be correct , however , a still more impor­
t ant conc lus ion has emerged . Despite the enormous energ ies 
involved in some of the outbursts observed in quasars and 
active galax ies , it has been poss ible to devise dynamically 
self-cons istent models of these outbursts . There is thus a t 
p resent no strong theoretical reason to doubt the cosmolog ical 
nature of the observed red sh ifts or to believe that •new 
phys ics• is required to understand these objects . 

B . Prospects for the 1980 ' s  

1 .  The Nature of the Central Energy Source 

There appear to be two bas ic k inds of measurements that can be 
m ade over the next decade that have d irect bear ing on the 
nature of the central source . 

a .  The Ooaplete Spectral-Energy Distr ibut ion and Its 
Behavior with Time 

The continuous spectra of quasars and active galax ies hold 
the key to determining the energy-emiss ion mechanisms in these 
objects . In the rad io reg ion it seems likely that most of the 
emiss ion from strong sources is synchrotron emiss ion , but i t  
r emains unclear what the particle d istr ibutions and geometry 
are and whether relat ivistic bulk veloc it ies are important . I t  
i s  also not known why most quasars are rad io-quiet . In the 
opt ical and infrared reg ions , synchrotron radiat ion is mos t 
o ften assumed because of the h igh polar ization in some sources , 
but inverse-Compton scatter ing or eaiss ion by warm dust migh t 
prove more important in some objects . 

A pr ime objective will be to observe quasar flares over a 
b road spectral range (rad io to gam.a-ray ) , to map the flares 
w ith VLBI , and to follow the development of each flare in 
t ime . With very h igh-resolut ion VLBI observat ions y ielding a 
spatial pos itions of 0 . 1  pc or better , it should be poss ible to 
m easure the exact locat ions of recurr ing flares . The black­
bOle model would of course pred ict a prec isely constant loc a­
t ion , whereas a d ispersed model based on recurrent supernovae , 
for example , might produce flares in slightly vary ing loc a­
t ions . Such h igh-resolut ion observations would also be cruc ial 
i n  determin ing the nature of the super luminal expans ions 
a ssoc iated with some outbursts . 

Judg ing from the prel iminary x-ray data now becoming ava il­
able , x-ray var iability appears to be particularly useful in 
e s t imating s izes of emitting reg ions . The small s i zes inferred 
f rom rapid x-ray var iability suggest that , in x rays , we are 
s ee ing much more deeply into the source than is the case at 
r ad io wavelengths . Simultaneous observations at rad io , opt i-
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cal , and x-ray wavelengths will pose a strong test of models . 
Por example , flares that show energy-dependent r ise t imes may 
ind icate an inverse-eo.pton mechanism, whereas substantial 
polarization at all wavelengths ( including x rays ) would favor 
synchrotron emission . High-energy fluxes above 10 keV are 
needed to establish overall spectral character istics and also 
to set total luminos it ies . High-sens itivity x-ray spectroscopy 
may also be able to detect absorption or emission features , 
which can provide informat ion about gas in or around the x-ray 
eaitting reg ion ,  as well as measure d istances from x-ray red 
sh ifts d irectly . 

1be observational facilities necessary to carry out this 
prograa enca.pass virtually the entire range of wavelengths 
used by astronomers . At the lowest frequenc ies , rad io and 
millimeter-wave astr� ma inly need continued support of 
exist ing instrWMnts and programs . Ar ec ibo ,  the VIA ,  and the 
proposed millimeter-wave telescope should all be adequate 
i nstrWMnts . Other smaller telescopes can contr ibute to 
var iability studies on br ighter objects . Between 1 mm and 
10 � m ,  space fac ilities are v ital to br idge the apparent 
spectral d iscontinuity seen in most sources between the IR  and 
mill imeter wavelengths . In the optical wavelengths , short­
t ime-scale var iat ions in polar ization are currently flux­
l imited , and larger collecting areas for ground-based optica l  
telescopes are essent ial . In the uv, S T  appears t o  b e  adequate 
for the present . Of special concern , however , is the h iatus i n  
x-r ay observat ions that began when the Einstein x-ray obser­
vatory ceased operations . Future space fac i l it ies for x rays 
should include a telescope with h igh sens itivity in order to 
detect rapid var iabil ity ,  polar iaeters to test for synchrotron 
emiss ion, and h igh- and moderate-resolution spectrometers to 
study emiss ion and absorpt ion l ines . Fac i l ities sens itive to 
energ ies about 10 keV (h igh-energy x-ray and ganaaa-ray )  are 
important to complete the spectral coverage , espec ially in view 
of the large ganaaa-ray flux from 3C 273 . 

Most importantly , we urge the planning of coord inated pro­
g raas to ensure thorough spectral and temporal coverage of at 
least a few carefully chosen objects . A relatively small 
number of such observat ions is worth much more than hundreds of 
observations of many d ifferent objects made at random wave­
lengths and t imes . 

b .  High-Resolution Iug ing 

D irect observat ion of the geometry of the central energy 
source requires h igh spatial resolution . This need is bes t 
f illed at present by VLBI , which can actually resolve structure 
in many sources . The angular resolution poss ible with VLBI a t 
wavelengths from 1 to 50 em is currently set by the Earth ' s  
diameter . As appl ied to ex ist ing sources , this l imit on angula r 
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resolution works out to a surface br ightness temperature of 
10 12  K. unfortunately 1012 K coinc ides with the l imit that 
inver se-Compton scatter ing should impose on the SYnchrotron 
process . Br ightness temperatures in excess of lOL2 K would 
ind icate e ither stimulated emiss ion , a coherent rad iat ion 
mechanism,  or relativistic mass motions in the l ine of s ight . 
Th e  br ightness temperature is thus a powerful c lue to source 
structure . One of the most fundamental pieces of evidence tha t 
VLBI can provide can therefore not be obtained from the Earth ' s  
sur f ace and requires an antenna in space . 

Recent VLBI maps suggest an exc iting new development :  the 
inner radio nuclei appear to show j ets s imilar in structure to 
the large j ets ment ioned above . In some cases these inner j ets 
appear bent . We do not understand how such j ets could be form­
ed or how they could remain stable long enough to carry energy 
from scales as small as parsecs out to distances of hundreds of 
k iloparsecs .  Th e  bend ing could be due to hydromagnet ic insta­
bil i t ies or perhaps to a precess ion of the reg ion producing the 
j e t .  VLBI observations c learly appear to contain important 
informat ion on both the structure of the energy source and the 
mechanism of energy transport to the outer structure . 

Although there seem to be no true quasars close to ou r 
Ga laxy , there are many act ive galactic nuclei relat ively near­
� .  Whereas the typical resolving power of VLBI on a quasar 
m ight be a parsec , for act ive nuclei l ike Cen A or M8 7  it is as 
smal l as a few hundredths of a parsec . The nucleus of even our 
own Galaxy may be act ive at a low level , and millimeter-wave 
VLBI observations in this case have the potential to resolve 
s tructure down to 1 AU. Cont inued VLBI stud ies of these near­
� active nuclei should provide models for the inner nuclear 
s tructure in quasars as wel l .  

Present fac ilities for VLBI observations need improvement . 
A practical problem has been the incomplete coverage in the 
Four ier-transform plane that is possible with exist ing VLBI 
telescopes on Earth r this situat ion could be improved by in­
creas ing the number of antennas . Another approach is to orbit 
an antenna in space and use the rapidly chang ing baselines with 
Ea r th-based telescopes to improve the coverage . A space an­
tei�a in a h ighly eccentr ic orbit could also push beyond the 
10 K br ightness temperature l imit , as noted above . Which­
ever approach is taken , VLBI in the 198 0 ' s  seems r ipe for a 
major advances . 

With its much shorter work ing wavelength ,  opt ical inter fer­
ometry offers a potent ial gain of 104 over rad io technique s 
for rece ivers operat ing on basel ines of the same s ize . Ground­
based opt ical telescopes do not usually exploit this  potential 
resolving power because of blurr ing by atmospher ic seeing . 
Although techniques have been devised to overcome th is deg r a­
dat ion (e . g . , speckle interferometry) ,  they can be appl ied at 
present only to obj ects br ighter than 15th magn itude , even with 
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large telescopes . We are not certain at th is t ime whethe r 
g round-based or space-based approaches to optical interfer� 
try will prove to be more fru itful , however ,  it is clear tha t 
much of the informat ion potent ially available in the opt ica1 
and infrared spectral reg ions is currently not being recover ­
ed . The 1980 ' s  are an opportune t ime to beg in ser ious des ign 
stud ies for opt ical interferometers , followed by prototype 
construct ion . As an ultimate goal , we should advance our 
knowledge of interferometr ic techniques to the point wher e  
construction of an instrument capable o f  attain ing a resolut ion 
of lo-4 arcsec down to � • 19-20 can be contemplated in 
the 1990 ' s .  -

2 .  Luminos ity Functions , Number Dens it ies , Evolut ion with Red 
Shifts r the Nature of the Diffuse X-Ray Background 

Indirect evidence about the nature of quasars and act ive 
galax ies can be obtained from their luminos ity functions a t  
var ious wavelengths and from evolut ion in these funct ions w i th 
red shift . This problem is be ing extens ively stud ied at rad i o  
and optical wavelengths . x-ray observations provide a new and 
power ful method for locat ing quasars and act ive galax ies , 
v i rtually all of which appear to be strong x-ray emitters . 
Furthermore , the confus ion due to background sources is a muc h 
less ser ious problem, s ince the areal dens ity of x-ray sources 
is  many orders of magnitude smaller than the dens ity of opt ica 1 
sources . x-ray observat ions should be capable of detect ing 
quasars at red shifts of 4 -10 ,  if such obj ects ex ist . Deeper 
x-r ay surveys will also help to establ ish what fract ion of the 
x-ray background ar ises in discrete sources , as noted pre­
v iously . 

Ground-based optical surveys for quasars have recently 
revealed hints of clumping . At present , this is our only 
evidence for dens ity inhomogene it ies at early epochs in the 
Universe . Purther surveys of this k ind carr ied out from spac e 
are strongly encouraged because freedom from atmospher ic see ing 
will ensure uniform magnitude l imits in all f ields . Lyman­
a lpha , the pr imary s ignature for quasars , will also be 
detectable at all wavelengths , el iminat ing the worry that th e 
detection frequency versus red shift is subtly modulated by 
atmospher ic transmiss ion or sky br ightness . Despite the rathe r 
small f ield of view of ST , init ial space surveys should be made 
with this instrument s ince the antic ipated population of 
obj ects is large . To study c lumping on larger angular scales ,  
however ,  a space survey instrument with a wider f ield of v iew 
may eventually be necessary . 
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3 .  The Phys ics of the Energy Ej ection Process r the Nature o f  
Extended Rad io Sources 

Th e  complex nature of rad io j ets and lobes is only poorly 
understood at this time .  Jets appear to offer evidence of 
e nergy transport from the nucleus to the outer structure . A 
complete descr iption of j ets would include the relativist ic­
partic le dens ity ,  the magnetic- f ield strength and con f igura­
t ion , the thermal-part icle dens ity ,  and the macroscopic 
veloc i ty f ield . 

Po lar ization and intens ity maps made with the VLA from 1 . 4  
t o  2 2  GRz will supply most of these quant ities , provided 
c ertain important model parameters are known . The low-energy 
part icle cutoff must be measured , s ince this usually f ixes the 
total energy in rad iating part icles . Th is lower cutoff has 
generally been assumed to be 10 MRz , s imply because that is the 
c utoff frequency of the Earth ' s  ionosphere . For th is reason , 
as noted ear lier , an important area of radio astronomy dur ing 
t he 1980 ' s should be the improvement in mapping capabilities 
below 1 GRz . The range of the VLA should first be extended to 
lower frequenc ies ( 100 MRz ) , but ult imately a facility above 
the ionosphere should be cons idered . 

The spectral cutoff at h igh energ ies is also impor tant , as 
i t  f ixes the decay time of the rad iat ing electrons and hence 
the l i fet ime of the source . Measurement of this cutoff in a 
g iven source will often require millimeter -wave observations . 
Dur ing the next decade , the two 2 5-m millimeter-wave telescopes 
proposed by the United States and West Germany should make 
progress here . 

Both optical and x-ray stud ies of the emiss ion from j ets 
and lobes are of growing interest . Opt ical emiss ion from one 
hot spot in a rad io lobe has been detected but suggests a sur­
pr is ingly cool gas at about 104 K. At least four opt ica l 
j ets are now known , in addit ion to the x-ray j et in Cen A . 
Radiation at such high frequenc ies impl ies very short l i fet ime s 
for the h igh-energy e lectrons , which must somehow e ither stream 
d irectly along the f ield l ines or be accelerated in s itu . 

x-ray observations of extended rad io lobes should allow a 
separate determination of the dens ity of h igh-energy electrons , 
w i th Compton-scatter from the microwave background . When 
combined with maps of the rad io intens ity ,  polar ization , and 
s pectral index , this informat ion should permit one to deduce 
the particle dens ity and the magnet ic-f ield strength and 
c onf iguration in the rad io source . 

These observations require the same instrumentat ion needed 
f or other studies . ST should revolut ionize the optical imag ing 
of j ets and hot spots in lobes . x-ray observat ions with high 
spatial resolut ion and h igh sens itivity are needed for rad io 
lobes . Imaging at energ ies above 10 keV, if poss ible , would 
help to separate thermal emiss ion from the nonthermal Compton 
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process . I t  is also essential to understand the theoretica l 
problems of the propagation of relativistic part icles through a 
magnet ized plasma . 

4 . The Relation between Active Nuclei and the Galaxies and 
Groups of Galax ies in Which They Are Embedded 

Because it is expected to produce sharp images of galaxies 
assoc iated with relatively nearby quasars ,  ST should be our 
s ingle most important instrument for studying the relat ionship 
between galaxies and quasars . The first pr ior ity here is s imply 
to test the basic hypothesis that quasars are superact ive 
galactic nuclei .  Assuming that answer to be affirmative , we 
will then need to study how the presence of the act ive nucleus 
or quasar depends on the morpholog ical type , mass , and environ­
ment of the ambient galaxy . Several puzzling facts are already 
known about such cor relations , but at the moment they seem to 
point to contrad ictory conclus ions . At low red shifts , for 
example , quasars are found only in sparse clusters , which are 
typically populated by spiral galaxies , this fact suggests that 
quasars may be more closely related to Seyfert nuclei ,  which 
are also found only in spirals . On the other hand , when 
quasars are rad io sources they show the c lassic double-lobed 
s tructure typical of g iant rad io galax ies , which are invariably 
elliptical galaxies . How does all of this evidence f i t  
together? Th is br ings us d irectly t o  our next point . 

s .  The Relationship between Active Nucle i  and Apparently 
Normal Nuclei 

The main question here is what factors induce activity in a 
nucleus . Are they to be found pr imar ily within the nucleus 
i tself , or is activity stimulated by the r ight combination of 
environmental influences? The relat ionship between the act ive 
nuc leus and its ambient galaxy discussed above is only one s id e  
o f  this coin . The other s ide will come from studying the 
properties of nearby , ostens ibly normal nuclei .  COuld it be 
that dormant quasars are lurk ing within many local galaxies , 
c urrently inactive because the ir fuel supply has been exhausted 
after billions of years? 

An important instrument here is again ST , which will be 
able to place much better l imits on the mass and dens ity of 
mater ial in the very centers of local galactic nucle i .  The 
direct-imag ing capabilities of ST will be adequate as currently 
planned . However , the telescope urgently needs a two­
d imens ional detector for spectroscopy that is capable of 
exploiting the h igh angular resolut ion of ST along the s l i t .  
This is needed t o  measure rotation curves and veloc ity 
d ispers ions as c lose as poss ible to the cores of nearby 
galactic nuclei .  This instrument could perhaps be combined 
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with the h igh-resolution ultraviolet echelle spectrograph 
mentioned in the previous sect ion . 

Sens i t ive radio and x-ray observations of large numbers o f  
normal and act ive galactic nuclei will reveal var ious levels of 
nuclear act ivity . Luminos it ies coupled with t ime scales for 
variab i l i ty can be used to constrain s izes of emitting reg ions 
and est imate masses of poss ible collapsed central objects . 

There are also many theoret ical questions to be investi­
g ated concerning the creation and refuel ing of act ive nucle i .  
S trong gravitat ional torques , as in bars , or gas accret ion 
dur ing mergers with other galax ies are just two of several 
poss ible mechanisms that might induce a rapid infall of gas 
into the nuclear reg ions , perhaps thereby tr igger ing the 
f uel-s tarved nuclear source . 

6 .  Sur round ing , Ejected , and Intervening Mater ia l 

Th e  gas produc ing the prominent opt ical emiss ion l ines seems in 
many cases to be only about a l ight-year from the central 
energy source . An understand ing of its dynamics and other 
phys ical cond itions could tell us much about the central sourc e 
i tself . ST will provide broadened spectral coverage at short 
wavelengths . Infrared spectroscopy is needed for observations 
of forbidden l ines in h igh-red-shift quasars , wh ich will yield 
valuable information on the dens ity , temperature , and dust 
content of the mater ial surround ing the quasar . For complete 
spectral coverage , these measurements should best be made from 
space at wavelengths of 2 . 5  � m  or greater . 

A r ich l i terature has sprung up on the absorpt ion-l ine 
components in quasar spectra . Recent stat istical analyses o f  
var ious types o f  lines suggest that some o f  these absorption 
lines or ig inate in the quasar itself , some in the sur round ing 
galaxy , and others in intervening galax ies or extragalactic 
clouds . The evolution in the space dens ity of these interven­
ing clouds (as ascertained from the ir frequency d istr ibut ion 
with red sh ift)  can tell us much about the evolut ion of 
c luster ing in the Un iverse and how and when gas accreted into 
galaxies . 

Further study of these clouds is today hampered by inade­
quate spectral resolution . The clouds are so numerous that the 
individual components are unresolved in most quasars . Higher 
resolution requires larger ground-based telescopes for mor e 
l ight .  

Another problem i s  that most o f  the absorption l ines are 
Lyman-alpha l ines and are therefore visible from the ground 
only in h ighly red-shifted quasars . ST could provide needed 
wavelength coverage in the uv reg ion , but a h igh-resolut ion UV 
s pectrograph with ample spectral range is required .  The 
two-d imens ional uv echelle spectrograph mentioned above could 
meet this need . A resolut ion on the order of 10 , 000 would be 
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appropr iate , with continuous spectral coverage from 1200  t o  
3 200  A in a s ing le exposure . 

VI I I .  GENERAL REMARKS 

We conclude this chapter with a few add it ional matters tha t 
could not be covered adequately in the preceding sect ions . Th e  
first point concerns the des irabil ity o f  a large computer de­
s igned espec ially for N-body computat ions . Such a computer 
could be extraord inar ily useful in several important theor e­
t ical stud ies , includ ing those of gravitat ional cluster ing , 
galaxy collis ions and mergers , galaxy collapse , and the evol u­
t ion of star clusters . We support the idea of such a mach ine , 
prov ided it would furnish a s ignificant increase in capab i l i ty 
over computers now ava ilable--that is , if it could ace� 
modate programs involving a minimum of 10 0 , 00 0  to 1 , 00 0 , 0 0 0  
particles . HOwever , we also bel ieve that progress on most o f  
these problems can still be made with facilities available a t  
typical un ivers ity centers and with the increas ingly powerful 
min icomputers , in view of the convenience and flexibility of 
s uch computers , cont inued support for these fac i lities mus t  
have higher pr ior ity . Furthermore , a huge computer cannot 
s ubst itute for the imag inat ion , ins ight , and expertise of 
wel l-trained theoret ic ians . In short , a large N-body compute r 
could be highly benefic ial , but not if it entailed a s ignifi­
cant decrease in exist ing levels of support for theoret ica l 
astrophys ics . 

Our review of extragalact ic astronomy dur ing the past 10 
years demonstrates that rapid advances are occurr ing on al l 
wavelength fronts s imultaneously and that the development of 
wavelength bands outs ide the traditional opt ical window has 
been essential to the present vigor of the f ield . At the same 
t ime , it is clear that virtually every new d iscovery in othe r 
wavelength ranges has placed new demands on exist ing opt ical 
fac il ities because some sort of opt ical measurement is usual ly 
r equi red to follow up the or ig inal observation . As a typical 
example , suppose a new , var iable x-ray source is found . An 
excellent photograph of the reg ion is requ ired to ident ify 
possible opt ical counterparts . Potential cand idates are 
locatedJ they are usually qu ite faint . Time-consuming optical 
spectroscopy is then necessary to ascertain the nature of the 
obj ect--whether QSO , d istant Seyfert galaxy , or star--and to 
determine its red shift if  necessary . Thus the or ig inal x-ray 
d iscovery , wh ich might have taken only an hour or so for each 
typical x-ray source , eventually requires many hours of 
opt ical-telescope t ime to be fully understood . The tragedy is , 
of course , that if these opt ical observat ions cannot be made 
soon enough to catch the obj ect in its misbehavior , or soon 
enough to suggest follow-up studies to the x-ray observers , t h e  
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full benefit of the h ighly expensive x-ray (or radio or UV )  
o bservations will be los t .  

Th is problem is exacerbated by the fact that there are 
essentially only two large telescopes--the 4-m instruments a t  
K i tt Peak Nat ional Observatory ( KPNO) and a t  the Cerro �lolo 
Inter-Amer ican Observatory (CTIO) --that are openly available to 
Amer ican x-ray and rad io astronomers for optical backup measure­
ments , and these instruments are both heavily oversubscribed . 
As a quantitative example , cons ider a recent collection of 
dark-time proposals for a 6-month period on the KPNO 4-m 
t e lescope . There were 7 1  requests , of which the great major ity 
were of high quality and clearly deserved to be granted . 
( Sixty-s ix of the proposals dealt with extragalactic astronomy , 

an overwhelming test imony to the present vitality of our field . ) 
Over half of all proposals expressed a need to follow up on 
d iscover ies made with x-ray , rad io ,  and ultraviolet satellite 
telescopes . Unfortunately , s ince a total of only 20 dark-t ime 
requests could be accommodated on the 4-m telescope dur ing thi s  
6-month per iod ,  most o f  these follow-up projects could not be 
car r ied out . 

EV idently the opening up of extragalactic astronomy to 
other wavelength bands , far from decreas ing the interest in  
optical observations , has actually increased i t .  S T  may be 
expected to increase the pressure still more , for its relatively 
small aper ture cannot provide the large light-gather ing 
capac ity necessary for optical spectroscopy , which is still ou r 
pr imary tool for determining the nature of astronomical sources 
and for measur ing their  red shifts . 

� resolve the optical logj am ,  we may follow two avenues : 
increase the number of optical telescopes , or increase the ef­
f ic iency of exist ing instruments . With regard to the former , 
the Work ing Group did not attempt to dec ide the number of tele­
scopes of a part icular s ize that would be optimal . However , we 
note that the demand for the smaller telescopes at KPNO and 
CTIO ( 2 . 1 m and smaller)  is not so severe as that for each 
4-m .  Thus , to b e  truly helpful , additional opt ical tele­
scopes should be of the 3-m c lass or larger . 

The other path open to us--increas ing the effic iency o f  
e x isting telescopes--is extraord inar ily cost-effective . 
Detector effic ienc ies are now near ing their theoretical max imum 
values as a result of the intens ive development over the last 
decade of charge-coupled devices and other high-effic iency 
detectors . We must now take vigorous steps to d isseminate 
these detectors as widely as possible throughout the 
astronomical community .  

I t would also be h ighly des irable to supply funds to ensure 
that the development of new detector chips is properly matched 
to optical telescopes . The main problem here is f ield s i ze :  
present , h igh-effic iency detectors are not large enough to 
c over the image plane of a typical telescope or spectrograph . 
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Since , for many extragalactic problema , the telescope time 
r equ ired is inversely proport ional to f ield covered , the devel­
opment of larger detectors is a straightforward way to increas e 
telescope eff iciency . Next-generation telescopes will have 
even larger field s i zes , mak ing the problem still more c r it ica l 
i n  the future . 

In summary , the goal of secur ing adequate access to opt ical 
observations for astronomers active in all wavelength bands 
should have h igh overall pr ior ity for the coming decade . 
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Related Areas of Science 

I .  INTRODOCTION 

Th e Work ing Group on Related Areas of Sc ience was charged with 
examining the ar eas of sc ience at the boundar ies of astrophysics 
a nd the ir likely interact ions with astrophys ics dur ing the 
coming decade , as radically new d irections are as l ikely to 
c ome from without as from with in .  We have not ventured into 
technology---detectors and the like fell within the purview of 
the Panels--but rather have cons idered only scienti f ic inter­
actions with other f ields . 

We have almost certa inly been too strongly guided by 
h i nds ight . Only a few years ago , the thought that solid-state 
phys ics or even elementary-particle phys ics would have much to 
do with the ma instream of astrophys ics would have seemed 
unlikely at best .  It is worth remembering too , that the ways 
we came to be interested in those f ields today are qu ite 
d iverse : sol id state and condensed matter , through the astro­
nomical discovery of pulsars •  and elementary-particle phys ics , 
on the other hand , through the development in that f ield of 
powerful gauge theor ies that are clar ifying old quest ions 
( e . g . , neutrino-powered supernovae) and are beg inning to allow 

us to ask new ones that heretofore seemed unanswerable . But 
h inds ight is clear , the reader will therefore see represented 
here f ields already influential in astrophys ical thought and 
may be alarmed by the absence of topics that s imply d id not 
occur to the Work ing Group--or , more precisely , to its Chairman . 

It must therefore be borne in mind that the report of th is 
Nork ing Group is not complete , and cannot be . Most of the ex­
c itement in astronOD¥ has come from d iscoveries that could not 
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have been predicted 1 there is no reason to expect that thing s 
w ill be d ifferent in the decade to come . One of the great dan­
gers of a decade review is that i t  can too strongly prescribe 
the development of the sc ience, the f ield (and this , of course , 
includes the fund ing agenc ies ) must remain flexible enough to 
deal with the unexpected . The very r ichness of the present 
interactions with other d isc iplines and the vast technolog ica l 
i nnovat ions occurr ing now in astrophys ics make i t  even more 
certain that the unexpected will occur . We should be ready . 

Th is chapter is d ivided into sections more or less in 
accord with the contr ibut ions from the individual Work ing Group 
members , but the Cha irman has taken the l iberty to rearrange 
and change emphas is extens ively where appropr iate . 

I I .  FLUID MECHANICS 

Contemporary problems in astrophys ics are coming more and mor e 
to demand the knowledge and sk ills of flu id mechanics for the ir 
understand ing and solut ion . Stellar pulsation , cloud collapse , 
a plethora of infall phenomena , accretion d isks , binary mass 
transfer--the l is t  of problems that have called on its tech­
n iques dur ing the past decade is long indeed . Recent develop­
ments in fluid dynamics promise to be of great utility in the 
solut ion of related astrophys ical problems , and foreseeable 
d irect ions in astrophys ics will continue to demand developments 
in flu id dynamics .  

A research tool that has seen vastly increased use in f luid 
problems in the recent past is numer ical nonlinear modeling . 
Some use has been made of it in astrophys ics , but the increased 
availabil ity of large , fast computers and the des ire for mor e 
rel iable and accurate models for problems than were poss ible in 
the past will surely br ing the technique into increas ing use 
for astrophys ical problems in the coming decade . The complex i­
ty of astrophys ical s i tuations will often preclude a completely 
r ealistic model ,  but much deeper ins ight will often be ga ined 
from deta iled model ing of s impler problems than can be provided 
by qualitat ive analytic arguments . 

Part icularly amenable to such techn iques are problems 
r elated to turbulence , for wh ich classical mix ing-length 
arguments are more and more recognized as be ing inadequate fo r 
understanding phenomena in the detail often demanded by 
otherwise soph ist icated models . The energy flux carr ied by 
convect ion , convect ive overshoot , hydromagnet ic dynamos , and 
turbulence in radiation-pressure dominated flu ids are all area s 
in wh ich cons iderable progress may be expected . It is also 
clearly of importance for astrophys ic ists to persuade fluid 
dynamic ists to incorporate more phys ics into the ir theor ies , i f  
only to broaden the ir appl icabil ity to the usually extreme con­
d it ions relevant to astrophysical problems . 
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Related areas in which cons iderable emphas is is being 
p laced in f lu id dynamics is the study of intermittency and of 
nonl inear waves , both of which have immed iate appl icabil ity to 
a s trophys ics through the phys ics of accret ion d isks , chromo­
spheres and coronas , and perhaps even the or ig in of spiral 
s tructure . Other areas in which progress may be expected are 
the following : 

• Two-phase f lows , such as stars with gas in galax ies , 
d ust  with gas in protostars , and rad iat ion with gas in hot 
s tars and the young Universe , 

• Dynamics of chemical waves , such as osc illat ing nuclear 
r eact ions in stellar cores and coupling to stellar pulsat ions r 

• Coupling of convect ion and pulsation for appl icat ion to 
variable stars , 

• In teract ion of flu id dynamics with spectral radiat ion 
for appl icat ion to the theory of spectral lines and the ir 

c hanges , and to the propagat ion of sound waves in an opt ically 
thin mediumr 

• Dynamics of laser fus ion , for understand ing dynamics 
w i th strong rad iat ive forces r 

• Theory of drops and bubbles , for appl icat ion t o  
format ion of dust through the l iquid-drop phaser and 

• Biofluid dynamics--fluids with very h igh molecula r 
weight may permit s imulat ions of small-scale he ights on Earth 
and would allow the study of the analog-to-compress ible con­
vec t ion in the laboratory . 

I I I . PLASMA PHYSICS 

In many respects the relat ionsh ip of plasma phys ics to 
astrophys ics is s imilar to that of fluid dynamics , particular ly 
i nsofar as the prospects for vastly increased use of nonlinear 
modeling are concerned . The s ituat ion is somewhat different , 
h owever , in that the outstand ing astrophys ical problems are in 
areas in which there is l ittle understand ing among practic ing 
plasma phys ic ists , and these will certainly not yield to 
extens ions of laboratory or terrestr ially motivated work  a l­
ready in progress . 

Pe rhaps the outstand ing example is the problem of magnetic­
f ield reconnection , wh ich has been and remains the elus ive key 
t o  many (perhaps almost all) h igh-energy phenomena in astro­
phys ics . Unless it  proceeds at the Alfven rate , as is usually 
assumed on the bas is of l ittle evidence , the magnet ic f ield in 
d i f ferentially rotat ing astrophys ical flu ids could be quite 
d ifferent from that usually assumed . Such important but h ighly 
uncertain processes as magnetoturbulent viscos ity depend cru­
c ially on reconnection as well as understand ing of compress ible 
magnetohydrodynamic (MHD) turbulence , wh ich will come--if at 
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all--through numer ical modeling . The emphas is so far in MH D  
theory baa been on laboratory (particular ly fus ion) plasmas , 
and much more research needs to be focused on astrophys ical 
problems . 

Some recent results in plasma phys ics have appl icability to 
astrophys ics directly , and applications of them will doubtles s 
be forthcoming in the near future . Two examples are the notion 
of stochast ic i ty--the transport of part icles in phase or conf ig­
uration space in violation of the adiabatic invar iants by the 
act ion of resonant effects--and the nonlinear l imiting of 
instabilities , which affect the propagation of energetic beams 
such as cosmic rays . 

There is perhaps no •related• sc ience of such immediate 
appl icabil ity to astrophys ics that is also marked by such d i f­
f iculty of communication as plasma phys ics . I t  is doubtless 
the complexity of the phenomena treated that is pr imar ily 
respons ible , but it seems clear that both f ields would benefit  
from closer t ies . Poss ible ways to fac ilitate this might in­
c lude the availability of astropbys ically or iented texts and a 
aer ies of joint conference-workshops . It has also been sug­
g ested that an encycloped ia of astrophys ical plasma phys ics , 
such as is be ing prepared for laboratory plasma phys ics , would 
be helpful . In any case , it seems h ighly des irable to 
establish closer ties . 

IV. ATOMIC AND MOLECULAR PHYSICS AND CHEMISTRY 

The considerations that led to the development of astrophysics 
at the turn of this century sprang from atomic spectroscopy . 
I t is therefore not surpr is ing that atomic phys ics--and later , 
w ith the cons ideration of lower temperature processes , 
molecular physics--should have remained closely connected with 
astrophys ics and its problems . Their impact is felt pr imar ily 
in problems concerned with relatively low-dens ity reg imes , from 
the extreme dilution of the intergalactic gas to the dens it ies 
found in stellar atmospheres , although in the study of 
opac it ies , conditions of very h igh dens ity are also encountered . 

The class ical problem with the application of laboratory 
a tomic and molecular research to astrophys ical problems--that 
of duplicating the cond itions and spec ies of interest--has i f  
anything become more acute s ince astrophys ical interest baa 
broadened to include cond itions of extreme dilution , very h ig h  
temperatures , and even more trans ient spec ies than before . 
Technolog ical progress in laboratory research has been exceed­
ingly rapid , but the exper iments are still d iff icult and are 
becoming increas ingly expens ive . A recent study for the Astro­
nomical Sciences Divis ion of the National Sc ience Foundat ion 
pointed up the fund ing crisis that astrophys ical applications 
of atomic and molecular phys ics suffer a there are people , 
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laborator ies , and probably suf f ic ient interest in problems 
c ruc ial to astrophys ics , but there is l ittle money to pursue 
them . Another problem is one of the same ones suffered by 
p lasma phys ics--namely , that astrophys ically related research 
is of greater interest to astrophysicists than to the atomic/ 
molecular researchers '  peers . The l inea of communicat ion in 
the past have been goodJ they are perhaps now not so good and 
i n  any case are in need of improvement . 

The general areas in which research in atomic/molecula r 
p hys ics and chemistry can be expected to affect the development 
of astrophys ics in the coming decade include the following , 

• Electron-atom collis ions , including exc itation and 
d ielectronic recombinat ion , 

• Electron-molecule collis ions , pr imar ily dissoc iative 
r ecombinat ion ,  

• At�a tom collis ions , pr imar i ly charge transfer J 
• Chemical reactions , including surface reactions , 

r ad iative assoc iation , and molecular exchange reactions J 
• Inelastic at�molecule and molecule-molecule 

collision& J and 
• Photo processes , includ ing photodissoc iation , photo­

ionization ,  photoexc itat ion , and photoprocesses in strong 
magnetic fields . 

As ment ioned above , laboratory technology in the last 
decade has advanced enormously and is still doing so , pr imar ily 
but not exclus ively through the development of tunable lasers , 
wh ich can soon be expected to cover the range from the near 
i nfrared through the energ ies relevant to the ground-s tate 
e lectronic exc itat ions of most of the abundant spec ies in 
astronomy . Other important developments have been in the pro­
duction of t ightly controlled beams--from very cold , s low ones 
t o  h igh-cur rent , highly ionized ones--and in the construction 
and use of h igh-intens ity synchrotron cont inuum sources for the 
UV and x-ray reg ions . A reg ion of g reat interest to astro­
physics that has been neglected in the laboratory is the region 
from 50  to 1000 p m ,  which contains important vibrational and 
rotat ional trans it ions pert inent to the interstellar med ium. 
Development of detectors for astronomy will doubtless aid thi s  
e ffor t ,  and exc iting results in the coming decade may b e  hoped 
for . 

The capability for laser techniques to prepare and monitor 
very shor t-lived spec ies , which are potentially of revolution­
a ry interest for laboratory astrophys ics , has j ust begun to be 
exploited . FOr example , the •resonance ionizat ion spectros­
c opy• technique makes i t  poss ible to detect even s ingle atoms 
of a spec ies , wh ich for the first t ime raises the poss ibility 
o f  study ing even extremely react ive and short-l ived spec ies and 
of studying directly extremely slow processes that are fre­
quently of interest .  
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The techniques for produc ing very slow and/or cold beams , 
i n  conj unction or not with laser techniques , are mak ing it 
poss ible to study collis ional processes at the very low 
temperatures found in molecular c louds , includ ing vitally 
important ion-molecule processes . 

The interests of h igh-energy astrophys ics can be (and to 
some extent are be ing ) served by the techniques of plasma f u­
s ion research utiliz ing very h igh-temperature , h ighly stripped 
plasmas . There is also renewed interest in the properties o f  
matter i n  ultrah igh magnet ic f ields , from 10 6 to 10�3 gauss , 
which is motivated by pulsars and magnet ic white dwarfs . Fields 
at the low end of this range are access ible in the laborator y , 
and work in this area may be expected to advance in the coming 
decade . 

Lastly , laboratory studies in the surface chemistry rele­
vant to grain-molecule reactions are cruc ially needed . Th e  
achievement o f  astrophys ical conditions in the laboratory i s  
difficult , but this work mus t  be supported . 

on the theoretical s ide , the areas in which recent progress 
has been made and which will cont inue to have an impact on 
astrophys ics include several techniques for the more accurate 
calculation of the phys ics of many-electron systems and for 
dealing with collis ion problems in which many states (usually 
of angular momentum) are present and relevant . Work in thes e 
a reas is expected to be fac i l i tated by the advent of the 
recently establ ished Nat ional Resource for Computation in 
Chemistry , both through the d issemination of the (usually very 
complex) codes required and through the provis ion of compute r 
t ime . 

Theory is currently having an impact on an area that is o f  
direct relevance to astron� but in which there is really no 
r elevant laboratory work , namely , in the calculation of 
low-energy charge-transfer reaction rates . one can expec t 
that , as computational techniques and facilities develop, 
accurate calculations for many processes of great interest t o  
astron� (but difficult or impossible to study in the 
laboratory ) will become poss ible . The interplay between theor y 
and exper iment , cruc ial in any case to ensure the val id ity of 
theoret ical results , is espec ially important in this wor k 
because of the vast gulf in phys ical cond it ions that must be 
br idged . 

V .  NUCLEAR PHYSICS 

Trad itionally , nuclear phys ics has been the handmaiden o f  
astrophys ics through the study and understand ing o f  nuclear 
processes in stars and in the low-energy component of cosmic 
r ays , this role can be expected to cont inue . The •winding 
down• of low-energy nuclear research in the United States ca n 
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b e  v iewed only with alarm by the astrophys ical community , which 
i s  and will cont inue to be dependent on low-energy laboratory 
work of ever better quality as better and more accurate models 
of stars in all stages of evolut ion are constructed . 

There are f ive areas that will probably greatly affec t 
a strophysics in the coming decade to which we wish to draw 
spec ial attention : the solar-neutr ino question , stellar 
n ucleosynthesis theory , cosmic-ray isotopic compos ition ,  
nuclear chronology , and supernova model ing . 

The solar-neutr ino problem remains one of the most perplex­
ing in astrophys ics , str ik ing as it does at the very roots of 
our understand ing of stars and stellar evolut ion . One important 
result of the last decade is , of course , the probable detect ion 
o f  solar neutr inos by the 3 7c1 exper iment , but st ill at a 
level ( 2 . 2  i 0 . 4  SNU) much smaller than that pred icted by 
theory . Recent laboratory results on an important cross sect ion 
[ for 3 ae (alpha , gamma) 7 Be] and new calculations for the solar 

opac ities have produced large differences ( in oppos ite direc­
t ions ) for the theoret ical flux , and it still rema ins about 
2 -1/2 t imes as large as the measured one . It  would seem of 
very h igh importance to re-examine carefully all the relevant 
c ross sections and atomic-phys ics calculations-that go into the 
n uclear reactions and stellar models . With the new h igh­
current accelerators ,  sens itive detectors ,  improved atomic 
models , and faster and bigger computers , this is all poss ible 
and should have the h ighest pr ior ity . 

Stellar-nucleosynthes is research is expected to take a new 
and qual itatively different turn in the coming decade , thanks 
to the large increases in computer capabil ity that we have seen 
and , it is to be hoped , will cont inue to see . Instead of the 
i deal ized , parameter i zed models of the past , calculat ions will 
be carr ied out in spec i f ic astrophys ical contexts for specific 
s tars of spec ific compos ition .  The sens ible applicat ion of  
these techniques requires not only large computers but also 
accurate reaction rates and real ist ic evolutionary models for 
stars (all of wh ich again points up the importance of the 
solar-neutr ino problem) . Such a program should produce test­
able pred ictions for d i fferences in nucleosynthetic products 
f rom stars of different metall icity ,  a rel iable framework for 
interpretat ion of astronomical abundance data , and information 
about the product ion of shor t-l ived nucl ides that may carry 
important evidence on the formation of the solar system and may 
produce decays that are observable from satellites such as the 
Gamma Ray Observatory . Most importantly , these calculations 
may provide a framework for construct ing accurate chemical 
evolut ionary models for the Galaxy , includ ing constraints on 
t he behavior of past stellar populations . Also emerg ing from 
these studies should be an understand ing of the puzzl ing 
i sotopic anomal ies now being found in pr imit ive solar-system 

mater ial-- if only by forc ing the admiss ion that postformat ioA 
processes might be respons ible for them. 
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S tud ies of cosmic-r ay isotopic compos it ion are expected to 
advance s ignif icantly in the next decade with the fl ight of 
planned satelliteborne exper iments . Isotopic ratios in 
pr inc iple carry a wealth of information about the abundance s 
and nucleosynthet ic history of the material at the source--much 
less ambiguously than do elemental abundances . Recently , 
numbers of exper iments have revealed isotopic rat ios that 
d iffer s ignif icantly from the solar-terrestr ial ones , and 
f uture work promises to be very exciting .  Quest ions that might 
be answered include the old one of whether the cosmic rays are 
accelerated f rom the mater ial of the interstellar medium or 
from fresh supernova ejectaJ if  the latter , what sort of 
supernova, if the former , what is the metallic ity · and overall 
abundance pattern of the reg ion from wh ich the cosmic rays 
come? For the l ight elements , of course , one gets information 
on spallation , which with laboratory data permit correct inte r ­
pretation of the results for the heavier spec ies . 

The great hope for nuclear chronology in the coming decad e 
i s  better understand ing of the potentially extremely powerful 
Re-Os chronometer ,  through better understanding of the relevan t 
neytron capture cross sections , thermal correctionf to that of 
1 870s for exc itat ion , a better measurement of the 87Re 
hal f-life , and better understanding of the abundances and at­
tendant geochemical effects for rhenium and osmium. S ign i f i­
cantly better understand ing of the uranium-thor ium system will 
probably also come through the inclus ion of more sophist icated 
nuclear phys ics and better r-process models . 

The important quest ion of how the products of nucleo­
synthes is are returned to the interstellar med ium may be an­
swered some day by the construction of supernova models . The 
mechanism of the explosion is still unclear , and many promising 
and excit ing effects of the last decade have not s ignif icantly 
improved the s ituat ion . The resolution of this problem may 
well come with accurate two-d imens ional models of collapse , in 
which the effects of rotation , nonlocal convection , and magne t­
ic f ields can be included . Improvements in computer technology 
will fac i l itate these developments , but much work at the con­
ceptual level remains to be done . 

VI . MB'l'EORITE STUDIES AND SOLAR-SYSTEM COSMOCHEMISTRY 

In the past few years a ser ies of excit ing observat ions has 
demonstrated that the solar system conta ins isotopically het­
erogeneous mater ials from different stellar sources . Some of  
these sources appear to have injected f reshly synthes ized 
mater ials formed immediately ( about 3 x 10 6 years ) before the 
solar system formed . Th is injected mater ial contained short­
l ived radioactive nuclei  and stable nucle i that can be used to 
establish the state of the interstellar med ium from wh ich the 
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solar nebula separated . Current estimates of the hydrogen 
dens ity in the medium from which the solar system formed based 
on the 26Al abundance (half-l ife • 7 x 105 year s )  ind icates 
a value of about 103 atoms/em, suggesting that solar-system 
material separated from a dense interstellar cloud containing 
massive , rapidly evolving stars . Demonstration of the exis­
tence of isotopic heterogene ities and of extinct short-lived 
r ad ioactive elements in the solar system has opened up the 
whole field of solar-system formation . In add ition ,  these 
observations g ive ins ight into the part icular nuclear astro­
phys ical processes within supernovae by revealing the isotopic 
and chemical state of supernova debr is and interstellar mat­
ter . It now appears that reliable data can be obtained in the 
laboratory on pr imitive solar-system mater ials (meteor ites and 
comets ) , wh ich furnish views of the early stages of condensa­
t ion in the solar nebula. These d iscover ies have g iven r ise to 
a new generation of exper imental and theoretical stud ies that 
w ill expand and def ine a major f ield of act ivity for the next 
decade , with the part ic ipation of d iverse groups with interests 
i ncluding nuclear phys ics , astrophys ics , and cosmochemistry . 
Because it is now poss ible to analyze directly in the labor a­
t ory aggregates from the early solar nebula , interplanetary 
dust grains , and par tially preserved pre-solar-system mater i­
a ls ,  there will be a major shift in experimental approaches .  
Many different laborator ies will expand their  exper imenta l 
activities to include the s tudy of these exotic mater ials and 
w i l l  move toward the use of sophisticated equipment and 
techniques that will allow the study of •grains• made up of 
1010-1011 atoms . Extended efforts will be undertaken to 
collect and study the morphology , chemistry , and isotopic 
composit ion of interplanetary and dust grains and cometary 
mater ial . Ser ious efforts will be initiated to study the 
mechanisms of grain condensation , grain formation , and plasma 
effects on Earth laborator ies and in space laborator ies under 
c onditions s imulating the solar nebula and some stellar atmo­
spheres . The distr ibution of different types of stellar debr i s  
i n the dust and g as phases o f  the interstellar med ium will come 
under close scrutiny ,  and the chemical interaction of these 
mater ials dur ing aggregat ion will be reasonably understood .  
The laboratory invest igations will provide suff icient clues t o  
permit the development o f  sound theoretical models for the 
formation of the solar system. In fac t ,  we shall see the 
g rowth of a truly mult idisc iplinary scientific community that 
i s  actively work ing to understand the detailed state of the 
i nterstellar medium and the mechanisms of accumulation of 
matte r  to form stars . 
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VI I . THE PHYSICS OF HIGHLY CONDENSED MATTER 

Th e  behavior of matter under extreme cond it ions of dens ity ,  
temperatur e ,  magnet ic , and gravitational f ields i s  one o f  the 
f ront ier problems in theoret ical phys ics . It  is not only a 
challeng ing problem in itself but also central to our under ­
s tand ing o f  pulsar s ,  compact x-ray sources (accret ing neutron 
stars , black holes , and wh ite dwarfs ) ,  gravitational collapse , 
and the early Un iverse . Dur ing the past decade , extended tem­
poral and broadband spectroscopic stud ies car r ied out by x-ray 
astronomical satellites have led to the identif icat ion of spe­
c i f ic compact x-ray sources as accreting neutron stars , blac k 
holes , and white dwarfs in close binary systems . Such sources 
provide a unique opportunity to study matter under extreme con­
d itions not access ible in the terrestrial laboratory . Quant i­
tat ive theoretical models demonstrate that detai led studies o f  
these sources will lead to a greatly increased understand ing o f 
dense and superdense hadron matter , hadron superfluidity ,  h igh­
temperature plasma in superstrong magnet ic f ields , and the 
poss ible existence of pion condensates , neutron sol ids , or 
quark l iqu ids in the cores of neutron stars . 

Among the topics related to neutron-star phys ics of cur ren t 
i nterest and in which one many expect s ignif icant progress in  
the coming decade are  the following : 

• The equat ion of state of cold neutron matter at 
dens it ies greater than that of nuclear matter , which determines 
the mass-rad ius relat ion , crustal extent , and maximum mass of  
neutron stars . The problem is d i f f icult both because the 
interact ion between neutrons is not accurately known and 
because the N-body problem is an extremely d iff icult one . 

• Neutron and proton superfluidity ,  wh ich strongly 
influences the •gl itch• behavior in pulsars , and for which 
those phenomena provide important diagnostics . Of particula r 
i nterest is the behavior of the inevitable vortex l ines in a 
rotat ing superfluid star . Several reg imes of superfluidity ar e 
expected to exist in most neutron stars , includ ing a super­
conduct ing proton f luid in the neutron fluid inter ior . 

• Poss ible new phases of matter at very h igh dens ities , 
includ ing a condensed Bose pion f luid , andVor a phase trans i t ion 
to a quark l iqu id .  Such states might affect both the evolut ion 
and dynamic response of mass ive neutron stars . 

• The equat ion of state of hot (about 10 MeV) h igh-dens i t y  
matter determines the behavior o f  collaps ing cores , and its 
understand ing is probably cruc ial for proper understand ing o f  
the supernova phenomenon and the product ion o f  supernova 
remnants . 

• Th e  behavior of condensed matter in superstrong 
magnetic f ields may well determine the behavior of the pulsar 
phenomenon through its influence on the conductivity and 
effective wor k funct ion of the neutron-s tar surface . 
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Th e  growth o f  h igh-energy observational astronomy wil l 
c erta inly continue to provide an arena for the interaction of 
the phys ics of condensed matter and astrophys ics , to the 
benefit of both . 

V I I I . RELATIVITY 

The interactions between the General Theory of Relativity and 
astrophys ics have always been c lose , s ince most of the in­
teresting class ical relativ istic effects occur on astronomica l 
scales . 

The General Theory of Relat ivity has reached a mature stage , 
at least as far as its long-range , nonquantum pred ictions go . 
Th e  important phenomena of the theory--such as black holes , 
gravitational waves , and big-bang cosmology--are thought to be 
f airly well understood ,  although some s ignif icant theoretical 
issues remain open . On the other hand , the theory has been 
t ested only in weak-f ield , solar-system exper iments . The agree­
ment with these tests is by now quite str ik ing because of major 
i nstrumental innovat ions in the last two decades (very-long­
basel ine interferometry and spacecraft tracking ) , but proof of 
the existence of black holes and gravitat ional radiation is 
still  lack ing and keenly needed . Black holes may be importan t 
i n  some compact x-ray sources J in one class of models they act 
as the •central machine • in quasars and act ive galactic nuclei . 
Gr avitational waves , when detected , will provide a new 
astronomical window . There are even some distant but admirabl e 
hopes that quantum gravity ,  which does not yet exist as a 
complete theory , could have some observable consequences .  

The pr imary areas of contact in the next decade will 
probably be mostly in the areas of the astrophysical stud ies of 
b lack holes and in the cont inued quest for detection of grav­
itational rad iation . The present s ituation regard ing the 
e x istence of black holes is well known : several binary x-ray 
sources provide plaus ible but not absolutely convinc ing can­
d idates , and there are dynamical and photometr ic data for the 
nuclei of a few galaxies imply ing that large central mass 
c oncentrat ions exist--again , plaus ibly , black holes . The 
search for further cand idates and further eluc idation of the 
n ature of currently known ones will come naturally from present 
s tud ies in observational astrophys ics in all wavelength r e­
g ions . The theoret ical support will come not from relat ivity 
theory but from fluid dynamics and rad iation phys ics . 

The proof of the existence of and/or the detection of 
g r avitational waves is expected to be a major area for study i n  
t he next decade . Improvements i n  resonant-bar detectors , laser 
interferometers , and prec is ion spacecraft track ing will all be 
i mpor tant in different frequency reg ions J the second will 
conceivably ach ieve sens itivities of about lo-21  in the 
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d imens ionless strain within the decade , allowing detection o f  
nonspher ical collapse o f  a star a s  distant a s  the Virgo 
cluster . It is important that the capability for suitably 
prec ise spacecraft track ing be built into the probe miss ions ' 
the incremental cost is small and the sc ienti f ic return pos­
s ibly very h igh . 

Observat ions of the effects of rad iat ion reaction (such as 
have recently been found for the binary pulsar ) are also 
important but do not have the same force as a direct detect ion 
of the waves themselves , wh ich carry attendant information o n  
t ransversality and polar i zat ion . One can a t  this t ime only 
speculate on the astrophys ical implicat ions of the detection o f  
gravitat ional waves , but i t  seems likely that if the collapse 
of stars generates them at all , they will be an important probe 
of the collapse phenomenon . 

Th eoret ical work of interest to astrophys ics is likely t o  
concentrate o n  the shor t-range quantum reg ions of General 
Relat ivity , for which no sat isfactory theory yet exists . It is 
conceivable that the next decade will br ing a satisfactory 
unif ied quantum theory of all forces , including gravity , which 
would doubtless have great impact on our ideas of the phys ic s 
of the early Universe . A poss ible macroscopic pred iction of 
such a theory might be the existence of a nonzero cosmolog ical 
constant or even (conceivably ) a small scalar part of the 
gravitat ional f ield . 

Quantum effects can also appear in the phys ics of the ex­
plos ion through the Hawk ing mechan ism of mini black holes ' i f 
these are produced in the ear ly Un iverse , their  existence would 
provide important clues to the cond itions then , and their  
demise now would provide data on elementary-part icle spectra 
and interactions at energ ies far beyond the reach of laboratory 
techn iques . Searches in the gamma-ray and rad io banda for 
these explos ions may well be justif ied , albeit as a smal l­
scale , h igh-r isk venture . 

Another area in which there will certainly be work with 
more prospects for progress is the or igin of the fluctuat ions 
f rom which galaxies and clusters form. The answer to this 
quest ion may again come through elementary-particle phys ics . 

I X .  ELEMENTARY-PARTICLE PHYSICS 

Unt il recently , the interact ions between particle phys ics and 
astrophys ics were essent ially nonexistent , but developments in 
both fields have brought them much closer--so much so now that 
perhaps the moat exc it ing problems in all of astrophys ics ( and 
perhaps even in part icle phys ics ) lie in the overlap between 
the two d isc ipl ines . 

Th e relations between astrophys ical theory and the theory 
of elementary part icles can be class if ied accord ing to the 

Copyright © National Academy of Sciences. All rights reserved.

Challenges to Astronomy and Astrophysics:  Working Documents of the Astronomy Survey Committee
http://www.nap.edu/catalog.php?record_id=19437

http://www.nap.edu/catalog.php?record_id=19437


2 3 5  

d irection in which information flows f r om  one f ield t o  the 
other and the nature of that information . 

First , there are astrophys ical-data-set constraints on the 
d evelopment of elementary-part icles theor ies . One example is  
the l imit on the sum of  all  neutr ino masses , set by l imits on 
t he present observed decelerat ion of the cosmic expans ion . 
With increasing accuracy , it will eventually be poss ible als o 
f or solar-neutr ino exper iments to set l imits on off-d iagonal 
e lements of the neutrino-mass mat r ix .  These are important 
r esults , because some current g rand unif ied gauge theor ies g ive 
the neutr inos small but nonzero masses . Another example is the 
l imit on the total number of neutr ino flavors , set by l imits on 
the helium abundance . At present , this provides the most 
s tr ingent constraint on expectat ions of new flavors of quarks 
and leptons . 

A very puzzling example is provided by the cosmolog ical 
constant . Even the crudest astronomical observations se t 
l imits on this constant that are incredibly small by elemen­
tary-particle standards . I t  is not known why quantum effects 
do not produce an effective cosmolog ical constant in excess of 
these l imits . 

Conversely , developments in elementary-particle phys ics 
have an impact on astrophys ical calculations . The beat-known 
r ecent example is provided by the change in our picture of neu­
tr ino interactions aris ing from the prediction and d iscovery o f  
neutral currents . Th is has led t o  a complete revis ion of the 
dynamical calculations of stellar collapse and explos ion i n  
Type-II supernovae . Another example is the ongoing improvement 
in calculations of gross neutron-star propert ies , including the 
maximum mass , made poss ible by improvements in strong-i nterac­
t ion theory . Perhaps the most dramatic example is the recent 
e stimate of the cosmic baryon-entropy ratio that would have 
been produced by poss ible baryon nonconserving reactions in the 
very early Un iverse . 

In addition ,  astrophys ical problems provide a context for 
calculations that test the s ignif icance of elementary-particle 
t heor ies . For example , it  is now believed that phase trans i­
t ions occurred in the very early Universe , in which the elec­
t roweak gauge symmetry and then the strong interaction chiral 
symmetry were success ively broken . These phase trans itions 
h ave no observational impl icat ions that are currently estab­
l ished , but there have been speculations about the development 
o f  cosmic domains , in which symmetr ies are broken in d i fferent 
ways . 

A possible consequence of these phase transit ions is the 
development of dynamical perturbations , which will eventually 
l ead to the dens ity perturbat ions f rom which structures now 
present in the Universe form. S ince those structures provide 
evidence on the form and spectra of those perturbations , there 
is an exc iting potential l ink between the interact ions in the 
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very early Universe and the macroscopic structure of the Un i­
verse today . 

X .  EPILOGUE 

I t  is not , after all , surpr ising that the connect ions betwee n 
astrophysics and other sc iences should grow r icher as astro­
phys ics matures . There are 15 decades between the larges t 
character ist ic lengths that can be invest igated by astrophys ical 
techniques and the largest ( the solar system) access ible to 
d i rect measurement by •laboratory• techniques , and nature has 
provided , in astrophys ical environments , extremes of almost al l 
phys ical parameters far surpass ing condit ions obtainable in the 
laboratory . Perhaps the most exc it ing unrealized area of 
over lap is with biology (or perhaps even psychology and 
soc iology) , but there may well be other unimag ined things 
wait ing . The next decade is a very promising one . 
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Astrometry 

•we don ' t  know what data astronomer s 
want in the next twenty years , but we 
are sure that they want it with much 
g reater accuracy . •  

--- Einar Bertzsprung 

I .  INTRODUCTION 

As trometry--the determinat ion of pos it ions , mot ions , and 
coord inate systems and the entirety of the products of thes e 
observat ions--was the f irst spec ialty in astronomy . The value 
of astrometry for all the f ields of astronomy does not have to 
be emphas ized hereJ it is clear that the foundat ion of astronomy 
and astrophys ics is provided � astrometry . Perhaps not so 
c lear is the fact that , although cons iderable progress was made 
in the 1970 ' s ,  the numer ical estimates for many fundamental 
quant ities are much less certain than the average user real izes . 
Fortunately , astrometry stands at the br ink of a technolog ica l  
r evolut ion that can provide a tenfold improvement in the 
prec is ion of most astrometr ic observat ions , with very exc iting 
impl icat ions for all f ields of astronomy . 

Por instance , reduc ing the standard error of cons iderabl e 
n umbers of tr igonometr ic parallaxes to 1 mill iarcsec will 
affect all the known distance ind icators and even allow the 
d irect determination of tr igonometr ic parallaxes of a few 
Cepheid var iable stars . Such prec is ion will also permit direc t 
d eterminations of tr igonometr ic parallaxes of the Hyades with 
an uncerta inty of less than 5 percent . Spec ial ground-based 
telescopes will even allow prec is ions of 0 . 1 mill iarcsec , 
lead ing to the determination of accurate parallaxes out to 1 
kpc for small numbers of stars and opening up all stellar types 
for accurate luminos ity calibrations . The impor tance of these 
advances cannot be overest imated . work toward this a im should 
be generously supported . 
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Th e  Work ing Group on As trometry here d iscusses the advance s  
that can be made i n  the 1980 ' s  and their impact o n  the enti r e  
f ield o f  astronomy . These poss ibilities and challenges are 
attracting sophist icated invest igators , theoretic ians , and 
part icularly instrumental ists to a f ield in which progress bad 
become somewhat slow .  Th e  WOrk ing Group believes that these 
new opportunit ies and challenges are of such a magnitude that 
they cannot fail to be g iven a very h igh pr ior ity commitment of 
f unds dur ing the 1980 ' s ,  espec ially s ince the requ ired expenses 
are quite small in the context of the enormous gains projected , 
thus mak ing the investment eminently worthwhile .  

I n  the three sect ions that follow , Section I I  l ists th e 
major contr i but ions of astrometry , mark ing the progress of each 
subarea in the 1970 ' s  and the hopes for the 1980 ' s .  Section 
I I I deals with programmat ic opportunit ies for the 1980 ' s ,  while 
Sect ion IV discusses the main instrumental advances that should 
be ach ieved , all within the current reach of technology . 

I I . ASTRONOMICAL CONTRIBUTIONS OF ASTROMETRY 

A .  Tr igonometr ic Parallaxes 

1 .  Astronomical Impact s Bas is of d istance scale . Only 
d irect measurement of stellar d istances that are the bas is for 
luminos it ies and the ensu ing stellar structure and evolution 
calculations . 

2 .  Current Precis ion s 16 mill iarcsec , Yale Catalog J 
3-5 mill iarcsec , present . 

3 . Progress in 1970 ' s s  Prec is ion improved , systematic 
errors reduced J many faint-star and degenerate-star parallaxe s . 

4 .  Hopes for 1980 ' s s  1 mill iarcsec ground-based accuracy , 
0 . 1  mill iarcsec accuracy from space J tr igonometr ic parallaxe s 
o f  Cephe ids and other now too d istant obj ects should be 
poss ible J parallaxes of faint , very red stars may y ield th e 
cutoff of the lower end of the main sequence , many more 
parallaxes for southern hemisphere stars . 

B .  Catalog Pos it ions and Motions 

1 .  Astronomical Impact s Observations of absolute 
pos it ions and der ivat ion of absolute motions J extens ion to 
fa inter magnitudes us ing differential reference pos itions and 
photograph ic catalogs , bas is of fundamental k inemat ics , cluster 
parallaxes , solar-system dynamics , contr ibutions to geodesy , 
e � .  

2 .  Current Prec is ion s ±2 0 milliarcsec pos ition at epoch 
(PK4 system) J ±1 mill iarcsec/year proper motions . 
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3 .  Progress in 1970 ' s :  ws 50 AGK3RJ SRS observations J 
i n i t ial development of automated trans it circle J radar rang ing . 

4 .  Hopes for 1980 ' s :  Automated devices should show 
increased observat ional precis ion J southern hemisphere trans i t  
program, new large-angle measur ing techniques , ground-based and 
spacecraftJ FKS J interferometers J atmospher ic stud ies . 

c .  Cluster Parallaxes 

1 .  Astronomical Impact : First step beyond tr igonometr i c  
p arallaxes in determinat ion o f  distance scale , used i n  
cal ibration o f  other d istance ind icators . 

2 .  Current Precision : o . s milliarcsec or o . o s  magnitude . 
3 .  Progress in 1970 ' s :  Systemat ic errors for Hyades 

h opefully reducedJ distance est imated now 10-15 percent farther . 
4 .  Hopes for 1980 ' s :  New parallax and proper-motion 

s tudies now under way should be completedJ new techn iques will 
allow application to other clusters : Pleiades , Perseus , 
P raesepe . 

D .  Stellar Motions 

1 .  Astronomical Impact : Provides cluster internal mot ion s 
a nd mass estimates , statistical and secular parallaxes , data 
for the velocity distr ibution function , and stud ies of Galact i c  
k inemat ics and dynamics . 

2 .  Current Prec is ion : About 20 milliarcsec/year for 
surveys to 0 . 0 1 milliarcsec/year for some stud ies .  

3 .  Progress in 1970 ' s :  Luyten and Giclas surveys 
completed for h igh proper mot ion stars J Lick survey with 
r espect to galaxies 2nd epoch plates J increased precis ion . 

4 .  Hopes for 1980 • s :  Improved techniques will allow 
i ncreas ingly accurate mot ions , increas ing accuracy of secular 
parallaxes , etc . J also expect secular acceleration deter­
m inations , which , combined with rad ial-veloc ity measurements ,  
allow d irect parallax measurements . 

E .  Binary Stars 

1 .  Astronomical ImPact : Determination of stellar masses J  
b as is for stellar structure and evolution stud ies . 

2 .  Current Precision : 4 0  milliarcsec visual observat ions , 
+2 0 percent for masses calculated from reliable orbits J 
3-milliarcsec speckle interferometry observations . 

3 .  Progress in 1970 ' s :  Speckle interferometry became 
pr act ical . 
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4 .  Hopes for 1980 ' s :  Improvement of speckle inter­
ferometry; s ingle- and double-aperture interferometers 
developed to aid/complement visual observations . 

F .  Stellar Diameters 

1 .  Astronomical Impact : Necessary for the study o f  
s tellar atmospheres , structure , and evolut ion .  

2 .  Current Precis ion : 1 milliarcsec . 
3 .  Progress in 1970 ' s :  Major ity of measurements made i n  

this decade , by occultations and interferometry . 
4 .  Hopes for 1980 ' s :  Improvement in inter ferometr ic tech­

niques should allow many more observations . 

G .  Astrometr ic Binar ies 

1 .  Astronomical Impact : Discovery of low-mass stella r 
companions ' most promis ing method to search for extrasolar 
planetary systems . 

2 .  Cu rrent Prec is ion : 7 mill iarcsec smallest detected . 
3 .  Progress in 1970 ' s :  Discovery rate increased mainly 

d ue to increased accuracy of measur ing and reduction techniques . 
4 .  Hopes for 1980 ' s :  Improvements expected in instrument a­

t ion should allow the determination of the proport ion of stars 
with stellar companions and poss ibly the d iscovery of other 
planetary systems . 

H .  Solar-System Obj ects 

1 .  Astronomical Impact : Testing of gravitational theor ies r 
d iscovery of unknown obj ects J determination of astronomical 
constants ; evolution of solar systemJ use for space navigation . 

2 .  Current Prec is ion : 0 . 3 -arcsec trans it c ircle J 
70-mill iarcsec photograph icr  250-m radar ranging , 15-cm lase r 
r ang ing J 100-m orbiter rang ing r 0 . 1-0 . 0 1 sec of t ime in 
occultat ions . 

3 .  Progress in 1970 ' s :  Introduction of laser and 
spacecraft rang ing techniques r d iscovery of satellites and 
r ings around planets J new generat ion of planet and satell ite 
ephemer ides . 

4 .  Hopes for 1980 ' s :  Cont inued systematic observat ions 
us ing improved techniques and with improved accuracy; observa­
t ions from Space Telescope; increased knowledge of astro­
nomical constants , gravitat ional theor ies , evolution and 
structure of solar system, and objects in solar system. 
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I I I . PROGRAMMATIC OPPORTUNITIES FOR THE 19 80 ' S 

A .  Parallaxes 

The improvement in the prec ision of tr igonometr ic parallax 
measurements from the early 1960 ' s  through the 1970 ' s  amounts 
to a factor of about 4 .  Much of this improvement has been 
achieved with conventional long-focus astrometr ic refractors 
that have been in use for decades . The h igher prec is ion has 
been due to the introduction of automatic measur ing mach ines , 
automatic guiding , h igh s ignal-to-noise emuls ions , and mor e 
r igorous computer model ing of the telescopic f ield , often 
coupled with the use of stellar image profi les . The use of the 
u . s. Naval Observatory ' s  1 . 55-m reflector has introduced a 
further reduction in error among parallaxes ' this telescope wa s 
des igned to eliminate many of the problems inherent in the 
older refractors and has provided not only a large number of 
h ighly accurate parallaxes but also a benchmark against which 
new parallaxes determined with the old refractors can be com­
pared . The 4-m reflector at Kitt Peak National Observatory has 
been used recently in a pilot program to determine the most 
prec ise unit-weight parallaxes measured to date . Finally , most 
existing parallax programs , internationally as well as with i n  
t he Un ited States , are n ow  becoming coordinated through the use 
of a list of parallax standard stars cover ing the entire sky . 
Th ese efforts will cal ibrate all telescopes onto a common sys­
tem with a known zero point for the first t ime . 

We are now at the threshold of be ing able to determine 
parallaxes with an accuracy of �1 mas ( throughout the rest o f  
t h i s  chapter 1 ma s  • 1 milliarcsecond • 0 . 001 arcsecond) from 
only a few dozen plates , us ing f iner-grained emuls ions and 
s oph isticated image analys is . It should be noted , however , 
that in add ition to parallaxes with +1 mas prec is ion for some 
of the most important stars , a much larger number with the 
currently attainable prec is ion of about �4 mas will be obtained 
in the 1980 ' s .  There are several reasons for continuing 
long-term support of the present parallax efforts as well  a s  
e ncourag ing the development o f  new equipment and procedures 
that are expected to offer the greater precision .  First , the 
equipment is in place and operating , and the programs have 
already amassed large numbers of photographic plates . Second , 
i t  is not likely that parallaxes with an accuracy of 1 mas can 
be determined for more than a few stars of any one k ind even by 
the end of the decade . Parallaxes of large numbers of stars 
must be measured to answer many questions , and these will only 
be available from cont inuing programs . 

The l ist of stars that have had a tr igonometr ic parallax 
measurement reflects the programs at the var ious observator ies 
that make these measurements . Because the accuracy of a tr ig­
onometric parallax is a function of the equ ipment and measure-
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ment procedure a t  a particular observatory , there is  a roug h 
correlation between the type of star and the precis ion of its 
parallax . Generally speak ing , the stars with measured t r igono­
metr ic parallaxes (published pr ior to 1980) that will appear in 
the new Yale Parallax Catalog fall into three groups : 

1 .  Almost all stars br ighter than magnitude 4 and a 
substantial number with magn itudes between 4 and 6--typica l 
accuracy !10 to !15 maa r 

2 .  A substantial number of fainter stars of h igh proper 
mot ion , largely lower-main-sequence stars--typical accuracy 
!15 to !2 0 maa r 

3 .  A smaller number of intr ins ically faint stars , largely 
K and M main-sequence stars and wh ite dwarfs--typical accurac y 
!4 to !8 mas . 

It should be noted here that the old Yale Parallax Catalog 
has an average standard error of 16 mas , with poss ibly larg e 
additional systematic errors . Yet this catalog is used regu­
larly by astronomers who are interested in individual distanc e s  
andVor luminos ities o f  a star o r  of a whole class o f  stars . 
The new Yale Catalog , now in preparation , will still leave 
large gaps in the completeness of the parallax data , and many 
parallaxes of br ight stars can be vastly improved us ing the 
currently attainable 4-mas accuracy . 

S ince current programs concentrate on the wh ite-dwarf and 
lower-main-s equence stars , the data being accumulated will bear 
on the lower par t  of the H-R diagram. The low-luminos ity c u t­
off of the main sequence,  f ine structure in the lower main 
sequence arising from differ ing chemical compos ition ,  the rel a­
t ion of this f ine structure to the age of the Galaxy , and f ine 
structure in the lower part of the mass-luminos ity d iagram ar e 
among the problems that can be d iscussed us ing the results of 
current programs . The parallax prec ision attainable at presen t 
and the improvements ant ic ipated for the near future promise 
parallaxes that will provide detai led information about star s 
i n  other reg ions of the H-R d iagram .  The new questions that 
will be addressable include the following : 

1 .  Fine structure in the central main sequence . It has 
been suggested that var iat ions in helium abundance may produce 
detectable f ine structure along the main sequence . 

2 .  Metal abundance versus age .  This question cannot b e  
adequately approached until  separate evolutionary sequences c an 
be traced for stars with different chemical compos ition . 
Accurate parallaxes are required . 

3 .  Luminos ity class if ication . Good parallaxes ar e 
i mportant for luminos ity c lass if ication over a cons iderable 
part of the H-R d iagram ,  and luminos ity class i f ication i s  
central t o  problems such a s  the zero-age main sequence , 
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evolutionary tracks , and the Galactic and cosmic distance 
scales . A substantial number of g iant-branch stars are c lose 
enough for good parallaxes with current prec is ion . 

4 .  Stellar masses . Only a few subg iant stars and one 
g iantstar system have accurate masses . Lists of binary star s 
bel ieved to be •nearby• (based on dynamical parallaxes ) include 
not only several red g iants but also Ap and Am stars and 
main-sequence stars up to middle B .  Masses of s ingle stars , 
although not fundamental in nature , can be determined from 
detailed spectroscopic analyses . Such analyses yield the 
sur face gravity , which , coupled with the rad ius , g ives the 
mass . The greatest uncertainty in the rad ius now comes from 
the parallaxes . 

s .  Age of the Galaxy . The age of the halo population of 
our Galaxy is obtained by f itting theoretical evolutionary 
t racks to color-magnitude d iagrams of globular clusters J the 
latter requires accurate parallaxes of subdwarfs . 

In add ition to the above (admittedly incomplete ) list ings , it 
should be noted that as +1 mas accuracy is approached , a few 
r are but extremely interesting stars will come within range of 
parallax measurements , including some RR Lyrae and Cepheid 
var iable stars . 

One should bear in mind that the correction from relative 
to absolute parallax , and its uncertainty , are currently also 
of the order of 1 mas . Hence , care will have to be taken to 
determine th is cor rection more prec isely . This ma inly requires 
good spectrophotometry of the reference stars . I f  we assume a 
cor rection from relative to absolute of 1 mas for 16th-magni­
t ude reference stars , an error of the spectrophotometr ic 
parallax of o . s  magnitude , and 10 reference stars , we f ind a n  
error o f  0 . 1 mas for the correction . Therefore , there will 
ar ise an extens ive need for excellent photometry connected with 
parallax measurements , but absolute parallaxes with 1-mas 
accuracy can easi ly be attained . Other poss ible methods ar e 
deconvolution of the parallax d istr ibution , measur ing the 
parallaxes of a large number of reference stars as well as o f  
the target star , and the unlikely presence o f  a quasar in the 
parallax f ield . 

In conclus ion , i t should be emphas i zed that the maintenance 
of support for exist ing parallax programs and the need furthe r 
to develop and ref ine parallax methods of even higher prec is ion 
are mutually supportive J both should rece ive high pr ior ity .  
S ince most parallax programs are conducted a t  colleges and 
universities , a vigorous endorsement is espec ially called for 
i n  view of the ir well-known reluctance to encourage long-term 
research , wh ich is often without immed iate or sensational 
results . 
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B .  Stellar Diameters 

Recent developments in stellar inter ferometers have made the 
regular measurement of stellar diameters and such extended 
objects as c i rcumatellar dust shells a probable activity for 
the 1980 ' s .  The development and use of a Michelson interfer­
ometer on the 5-m Hale Telescope , together with the devel­
opment of infrared and opt ical two-telescope interferometers , 
i nd icates that resolutions of 1 mas or better may be regularly 
obtained dur ing the 1980 ' s .  Poss i ble programs include the 
following a 

1 .  Emergent fluxes and effective temperatures for s ing le 
stars r 

2 .  Stellar rad i i J  
3 .  Limb darken ing r 
4 .  Stellar rotation , 
s .  Extended atmospheres of early-type star s r  
6 . Ci rcumatellar dust clouds r 
1 .  Emiss ion-line star s r  
a .  Interstellar ext inction, 
9 .  Cepheid var iables r and 

1 0 .  Ga lactic nuclei and quasars . 

This list is not intended to suggest an order of impor­
t ance , nor to be exhaust ive , but rather to ind icate the wide 
range and potent ial of stellar interferometry . 

c .  Double Stars 

The number of known visual double stars exceeds 7 0 , 000  and 
cont inues to grow .  The number of observers , however , cont inues 
to decline r as a result , thousands of pairs showing orbital 
motion are necessar ily neglected . At the same t ime ,  prospec­
t ive improvements in parallax techniques dur ing the 1980 ' s 
afford the opportunity of increas ing the number of accurately 
determined stellar masses from about 50 to some 50 0 ,  provided 
that double-s tar observations are continued . (Note that the 
percentage error in the masses is three times the error in the 
parallaxes . )  Intr ins ically br ighter s tars will thus have good 
mass determinations for the first time , and the entire empir i­
cal mass-l uminos ity relation will be both broadened and 
strengthened . Fine structure of the M-L relation aris ing from 
d ifferences in age , chemical compos ition , and poss ibly other 
parameters may become vis ible for the f i rst time , with obvious 
impl icat ions for stud ies of stellar structure and evolution . 

The appl ication of interferometr ic techniques holds br ight 
promise for the resolution of close binar ies in the range 
0 . 01-2 . 0  arcsec and in addition appears to be more accurate 
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than the visual measures made heretofore . A cons iderable 
number of spectroscopic binar ies can already be resolved by 
ex isting techniques . Moreover , the development of rapid and 
much more accurate means of radial-veloc ity determination will 
cons iderably increase the number of suitable systems for which 
the combination of prec ise interferometr ic and spectroscopic 
observations will permit the determination of absolute paral­
l axes and masses . Already over a dozen reliable orbital 
parallaxes have been measured . 

var ious types of interferometers are e ither in use or under 
active deve lopment at present . All of these have the potential 
t o  contr ibute to binary-star studies . By the end of the decade , 
long-baseline opt ical interferometers may be operating in the 
milliarcsecond range or below. At present , the speckle tech­
n ique is yielding extremely valuable results in the range 
0 . 0 4-1 . 0  arcaec . It appears likely that a relatively s imple 
and compact speckle system can be constructed for use on 
telescopes of moderate as well as large aperture . In view of 
the high rate of data acquisition of this technique , a s ignif i­
c ant increase in pos it ional data for at least the br ighter 
b inary stars is poss ible . Development of such a system should 
therefore have h igh pr ior ity .  TOward the end of the decade , 
long-baseline systems may f inally eliminate the class ical gap 
between the visual and spectroscopic binaryr such systems 
should be supported as a follow-on to the more modest capabi l­
i t ies of the s ingle-aperture systea. 

The benef its of improved prec is ion and h igher acquis ition 
r ate are not merely a l inear function of these data because of 
the long per iods of moat visual binar ies , which does not allow 
accurate determination of the major aemiaxis . The improved 
precis ion and data dens ity that we expect for the 1980 ' s ,  
however , will permit the determination of orbits ( and thus 
masses ) for many more long-per iod pairs . Finally , it must be 
emphasized that because of the t ime constraints imposed by 
nature , programs must be planned and suffic ient telescope t im e  
a llocated o n  a more o r  less continuous bas is t o  def ine the 
orbital motion rel iably in each individual case . 

D .  Extrasolar Planets 

The search for (and , it is to be hoped , the study of ) 
extrasolar planetary systems is most eas ily carr ied out by 
astrometr ic techniques . The resolution of a planet from its 
parent s tar is cons idered near ly imposs ible for all but the 
very eas iest cases , and the rad ial-veloc ity v�r iations (wh ich 
amount to 10 .Vsec or less ) require extremely sophist icated 
equipment for the ir measurement . Therefore , astrometry remain s  
the most sens itive technique for f ind ing extrasolar planets . 
The near-c ircular orbits assumed for planetary systems induce 
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perturbat ions i n  the motion o f  the pr imary stars that ar e 
a lmost equally detectable from any or ientation in space.  
Fur thermore , these deflections from linear proper motion ar e 
r elatively large' there are 15 stars observable from northerly 
lat itudes whose perturbation by a Jupiter-like planet would be 
g reater than or equal to 4 . 5  mas . 

The mass of the smallest detectable planet is almost a 
l inear function of the precis ion of the astrometr ic instru­
ment . An Earth-like planet would induce a perturbation of 
approximately 3 p arcsec in the motion of a solar-type star 
s een at a d istance of 1 parsec . Th is effect may poss ibly be 
detectable with a spec ialized astrometr ic telescope in space . 

The l imit to detectable masses probably comes about as a 
result of the apparent photocentr ic shifts caused by star­
s pots . However , the effects of the largest starspots can be 
recognized and modeled , yield ing rotation rates and axis 
pos itions for the star and the spot ' s  latitude--extremely 
important astrophys ical quant i t ies . The l imit to detectable 
planets will be encountered when large numbers of starspots 
cause an apparent random noise , which , for the Sun , may at 
t imes be large enough to conceal the pull of Mercury . 

Planetary detection is one of the most exciting new f ield s 
o f  modern astronomr . Each study will produce accurate 
astrometr ic parameters for at least one target object (two for 
b inar ies) and a score of reference stars . Studies of stars 
with unseen stellar companions (neutron stars , black holes ) 
f all  in the same category . Studies of such objects with inter­
ferometers or spec ialized astrometr ic telescopes down to 0 . 1 
mas will dramatically alter this f ield of astronomical research . 

E . Proper Motions 

A knowledge of the proper mot ions of large numbers of stars has 
a direct and fundamental impact on many basic areas of 
astronomy . Three such areas are stellar k inematics , stellar 
dynamics , and clusters and assoc iations . Each of these , in 
t urn , can be broken down into a number of subareas or problems 
as follows : 

1 .  Stellar Kinematics 
a .  Local space motions �f different types of stars 
b. Velocity grad ients 
c .  Solar motion 
·d . Galactic rotation (Oort • s  constants )  
e .  Statistical and secular parallaxes 
f .  Compar ison with k inematics of gas and dus t 
g .  Determination of precess ion 

2 .  Stellar Dynamics 
a .  Tidal effects--age/s ize/density of clusters and 

assoc iat ions 
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Spiral structure and its  evolution 
orbits of halo and disk objects 
Galactic gravitational potentia l 

and Assoc iations 
Membership 
Distance and cal ibrat ion of the magnitude scale 
Expansion/contraction , internal k inematics 
Relation between k inematics and age/chemical 
compos ition 

Improved observational techniques of the next decade ( e . g . , 
photoelectr ic trans it c ircles , space and inter ferometr ic 
a s trometry) will ultimately lead to proper mot ions of sub­
s t ant ially better accuracy and prec is ion than any currently 
ava ilable . Furthermore , the extens ion of a proper-motion 
system with improved accuracy to a fainter magnitude range wil l  
l ead to the expans ion of the sphere around the Sun i n  which an 
unb iased k inematic sample may be obtained . 

At this t ime , l imitations of accuracy and prec is ion of the 
mot ions themselves , together with the small s ize and h ighly 
b iased nature of the sample for which these are ava ilable , are 
forcing on us a highly s impl if ied and certainly unrealistic 
model (Galactic rotat ion , ellipsoidal d istr ibution) for Galac­
t ic k inemat ics , with the concomitant pauc ity and uncertainty of  
t hose data against which the var ious theor ies of  Ga lact ic 
dynamics are tested . It will require a mass ive effort for the 
i mprovements of all aspects (quantity ,  precision ,  accuracy , 
d iversity , uniformity of sky coverage ) of proper mot ion 
r esearch before this s ituation will be more favorable . 

An immed iate result of eventually available proper motion s 
w i ll be improved k inemat ic parameters , including more accurate 
secular and statistical parallaxes for the disk stars and the 
h a lo stars on which stud ies of their luminos ities and k ine­
matics depend . These stars include types cruc ial to the 
d etermination of the d istance scale and to our understand ing of 
the details of stellar evolution , such as the RR Lyrae and CH 
s tars .  An unbiased sample of low-luminosity main-sequence 
s tars will help to determine the luminos ity function in thi s 
r ange . The Lick Proper Motion Survey with respect to faint 
galax ies in the northern hemisphere and its southern counter­
part organized by Yale Univers ity at El Leonc ito ,  Argentina , 
are des igned to provide some of the above listed bas ic data . 
For example , they might improve the parameters describing the 
veloc ity f ield of the centroids ( in s implif ied form these ar e 
Oort ' s  rotat ion constants of the Ga laxy) and the determinat ion 
of an inertial frame of reference (precess ion , mot ion of the 
e qu inox ) . The second phase of the Lick Survey will cont inue 
through the 1980 ' s .  It is at th is t ime planned to have the 
th ird phase of the Lick Survey beg in in the 1990 ' s  when i t  will 
be poss ible to ut ilize the first-epoch yellow plates taken in 
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the 1970 ' s  and the blue plates taken around 19 5 0 .  The expecte d 
i ncrease in accuracy , prec is ion ,  and quantity of available 
proper motions makes this a program of very h igh pr ior ity , 
espec ially in view of the fact that the contemplated tie-in to 
extragalactic (and therefore presumbly without detectable 
motion) objects should const itute a large step in the d irection 
of substantially improved accuracy by shedding the traditional 
dependence on the Earth ' s  k inemat ics . Yale , for the purpose of 
ita Southern Survey , was for tunate to have had both lenses 
installed in t ime for the f irst-epoch photography , so that ita 
second-epoch photography (planned for the late 1980 ' s )  will use 
both blue and yellow plates . The measurement and analys is of 
these data will extend at least well into the 199 0 ' s .  

More prec ise proper mot ions will allow one to investigate 
more closely the internal motions in an increas ing number of 
Ga lactic and g lobular clusters and , among other things , to 
determine their ·  vir ial masses . These data are of great value 
to theoreticians who need measurements of the degree of isot­
ropy and the rad ial d istr ibution of the internal motions to 
d iscr iainate between the stellar dynamical models of star c lus­
ters . In the next 10 years we should have avai lable accurate 
measurements of the internal motions of several globular and 
open clusters of a var iety of types to aid in the definition o f  
su itable dynamical models and i n  the determinat ion o f  vir ial 
masses and kinematical d istances to these clusters . 

Other study areas of the future that depend d irectly on 
accurate proper motions include investigations concerned with 
more adequate modeling of the veloc ity f ield of the veloc i ty 
centroids and the establ ishment of the dependence of the 
parameters in the veloc ity-d istr ibut ion funct ion on location 
within the Galaxy , for example , poss ible asymmetr ies of stella r 
motion perpend icular to the galactic plane and the behavior of 
the Galactic potential in this direction . It should also 
become possible to d iscover the relationship between k inemat ic 
propert ies and phys ical characteristics , such as chemical com­
pos ition in var ious parts of the Galaxy , to teat the reality of 
the miss ing-mass hypothesis , to improve the determination of 
the dynamical local standard of res t ,  and to der ive a better 
understand ing of star format ion and spiral structure from 
improved analys is of Gould Belt dynamics . 

Finally , increased accuracy and fainter l imiting magnitude s 
w ill permit proper mot ions to be used for membership segr ega­
t ion of intr ins ically faint stars in clusters at increas ing 
d istances and over a wide age r ange . Th is will allow the 
determinat ion of the faint end of the luminos ity function i n  
these clusters , the location o f  the lower end o f  the main 
sequence in an H-R diagram ,  and a search for white dwarfs , a s  
well a s  determining the membership status of ind ividual stars 
of interes t .  
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F .  Catalogs o f  Relative Star Pos it ions 

Th e  • fundamental system, • wh ich is the best approx imation to an 
inert ial system currently available , consists of about 2000 
pos it ions and proper motions , which were compiled to form the 
FK4 J these are the fruit of the labors of several generations 
o f  mer idian astronomers who have worked with the world ' s  trans it 
circles for almost the last 200 years . These observations wer e 
largely made absolutely--that is , in such a way that the estab­
l ishment of the coordinate system to which they are referred i s  
a n  integral part o f  the measur ing process . 

Within the last 2 5  years , a secondary system of referenc e  
s tars based on trans it-c ircle observations ( and referred to the 
fundamental system ment ioned above) was established , cons isting 
o f  about one star per square degree . These stars served as a 
reference system for a tertiary set of photographic catalogs , 
e . g . , AGK3 and Cape Photograph ic Catalogue . 

Finally , a fourth , photographic , tier is provided by the 
a strographic catalog , the f irst huge international astronomi­
cal enterpr ise , which involved about 20 observator ies , with an 
average of about 50 stars per square degree to about 13th 
v isual magn itude with a total of about 2 . 5  million stars . Th i s  
mater ial provides the pos itions o f  stars for a n  average epoch 
of about 1890 with a standard error of 0 . 25 arcsec or better . 
Combination of these data with modern data can provide proper 
motions for all the stars in the or ig inal catalog with a 
s tandard error of no more than 4 mas/y r . In view of the 
importance of the availabil ity of a large number of precise and 
accurate proper motions , this project should receive h igh 
pr ior ity . 

!he s trengthening--that is , improving the accuracy , 
prec is ion , and dens ity--of the stellar reference frame is a 
never-end ing process , and several projects in several countr ies 
are contemplated in pursuit of this goal . The most ambitious 
i s  a 10-year program now under way at the u . s .  Naval Observa­
tory : an astrographic survey of the entire sky down to 13 . Sth 
magnitude in two colors , yellow and blue , which will lead to a 
pos itional catalog of 10 mill ion tertiary standard stars , free 
of the magnitude and color errors known to affect earl ier 
work . Provisional results ind icate that pos itional accuracy 
between � . 1- 0 . 2 arcsec is being ach ieved . 

G .  Fundamental Astrometry 

The fundamental reference systems and the system of rad ial 
veloc ities are the foundat ion upon wh ich essent ially all knowl­
edge of the k inematics of the Un iverse rests , either d irectly 
or indirectly . In add ition , there rests upon this foundat ion 
the calibration of a vast inductive astrophys ical extrapolat ion . 
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The fundamental system ,  i n  turn , rests exclus ively upon s o­
called •class ical•  mer id ian astrometr ic observations . Dur ing 
the last one half to three quarters of a century , the commonly 
recognized astronomical community of the United States , i . e . , 
var ious universities and assoc iated or independent observa­
tor ies , together with their  fund ing sources , have contr ibuted 
noth ing to the establ ishment or improvement of the fundamental 
system. Bence , when one speaks of fundamental astrometry , one 
is speak ing of the astrometr ic efforts of the u . s .  Naval Obser­
vatory . The contr ibut ion of the United States to fundamental 
astrometry is that which is g leaned as a by-product of sat isfy­
ing the requirements of the Navy .  The pr inc ipal reason for the 
lack of research in fundamental astrometry in other groups has 
obviously been the long-term nature of the observat ional pro­
g rams , wh ich do not lend themselves eas ily to the publ icat ion 
requirements imposed by teach ing institut ions and fund ing 
agenc ies . FOrtunately , the s ituation is chang ing . 

Dur ing the past decade several new techniques have emerged 
that can contribute to fundamental astrometry . These tech­
n iques range from the appl ication of new technology to 
c lass ical methods , on the one hand , to the new observing 
techniques exemplif ied by interferometr ic methods on the 
other . Observat ions from space have been planned or proposed , 
but as currently envisaged they will not be absolute in natur e 
but provide only internally self-cons istent systems of pos i­
t ions and proper mot ions . In an interact ive mode , space and 
g round-based systems may become mutually suppor t ive . 

One of the most exc it ing developments of the 1970 ' s  was th e 
development of rad io astrometry , to the point where absolute 
declinat ions and absolute r ight ascens ion differences of ob­
j ects with suff ic iently strong rad io br ightness (quasars ) can 
be determined more accurately than the correspond ing data for 
opt ical objects (stars ) . Dur ing the 1980 ' s ,  developments a imed 
at increas ing the sens it ivity of the rad io-pos ition ing methods , 
as wel l  as the plac ing of an act ive satellite into a helio­
centr ic orbit for the purpose of determin ing the vernal equ inox 
( and thus essent ially an inertial system) by radio means , 

deserve strong support .  It should be noted , however , that suc h 
r adio methods will essent ially be l imited to a small number of 
extragalactic obj ects and will by no means remove the burden of 
f undamental opt ical astrometry needed in stud ies of our stellar 
environment . 

The coming decade should see much act ivity and progress in 
fundamental astrometry , part icularly in the following broad 
areas 1 improvements to current methods , interferometry , astro­
metr ic invest igat ions , and observat ions from space . These are 
d iscussed in the next sect ion of this chapter . 

In pr inc iple , stellar proper mot ions can be referred to a n  
inertial reference frame determined by galax ies and quasars . 
In add ition ,  the quasar reference frame determined by rad i o  
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astronomical methods is a system o f  fundamental posit ions with 
potentially a much greater accuracy than the optical system . 
Unfor tunately , the f in ite s ize of galax ies and the pauc ity and 
f a intness of quasars has so far prevented the establ ishment of 
a fundamental proper mot ion system referred to extragalactic 
objects . The major effort by the Lick Observatory , as well as 
other efforts in this direction ,  should be strongly supported 
i n  the 1980 ' s .  

At the same t ime ,  trans it-type observations must be con­
tinued to provide input into the empir ical establishment of th e 
k inemat ics of the Earth , which cannot be obta ined from an 
inertial system of proper mot ions establ ished only by referenc e 
t o  extragalactic obj ects . Th is is the more important s ince the 
improved prec is ion of trans i t-type observations (trans it 
c ircle , PZT)  has opened the door to fuller empir ical monitor ing 
of the deviations of the Earth ' s  rotat ion from r igid-body 
behavior . These observat ions will have continued und iminished 
value for astronomy as long as there remain the currently un­
e xplained d i fferences in the precess ional parameters ( includ ing 
mot ion of the equinox) obtained from observat ions by trans it 
c ircles and the extragalactic reference frame ,  respectively . 
Even so, certain branches of geophys ics and geodesy depend on 
t rans it-c ircle observat ions for the ir only source of certain 
types of data , and fundamental astronomers must continue to 
f ulfill the ir h istor ical obl igat ions to geodesy and geophys ics . 

H .  Solar-System Astrometry 

Co nt inuous ser ies of accurate observat ions are required for 
solar-system bodies in order to determine the orbital motion o f  
the bod ies . These observations must b e  referred t o  a n  inertial 
system, because only in such a system can the results from the 
properly integrated equat ions of motion legit imately be com­
pared with observations , such observations should be made by a 
var iety of means , including radar and laser rang ing , photog­
raphy , occultations , trans it circles , and spacecraft , by 
s everal observator ies on a regular basis . 

The wide range of magnitudes and s izes of solar-system 
bodies presents special problems : the different observat ions 
must be placed on the same coord inate system, which requires 
s pec ial efforts for faint obj ects and nonopt ical observa­
t ions . In many cases , the accuracy of the reference-star 
pos i t ion is the l imiting accuracy for the observations . 

Spec ial efforts are required to obtain observat ions o f  
f a int satell ites , satellites close the pr imary , and r ings . 
There should also be concerted efforts to search for undetected 
satellites , asteroids , and comets . Unexplained perturbations 
in the orbital parameters of the outer planets make the 
presence of add itional planets a likely occurrence, they will 
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probably b e  quite faint , however , and w i l l  require g ood  pr e­
d ict ions or thorough searches . 

The instrumentation discussed in Section IV for both 
f undamental and relative pos ition measurements , ground- and 
space-based , will be used for many of the solar-system observa­
t ions in the radio, infrared , and optical wavelength reg ions . 
We wish to highlight two additional methods here that will have 
a cons iderable impact on the f ield in the 1980 ' s .  

1 .  Direct Distance Determinations 

Un til the 1960 ' s ,  celestial mechanics had only angular pos itions 
of obj ects to use as fundamental data for orbital theor ies . 
Distances had to be inferred ind irectly . Even the fundamental 
scale of the solar system was known to only three s ignif icant 
d ig its , and , as it turned out , there were important· systemat ic 
errors in that determination . 

The building of large radar •d ishes• in the 1960 ' s  funda­
mentally changed this s ituation . It became poss ible to deter­
mine the d istances to the planets with far greater accurac ies 
than before , measurements to a fract ion of a k i lometer became 
rout inely ava ilable . Th is increased accuracy made possible far 
more prec ise determinations of planetary orbital parameters 
than ever before , as well as improved masses of the planets . 
Track ing data from planetary probes provided add it ional prec i s e  
determinat ions o f  planetary masses . So accurate were these new 
data that the effects of the General Theory of Relativity had 
to be included in the mathemat ical models used to reduce them. 

The landing of Apollo 11 on the Moon in 1969 led to another 
era  in the f ield of d irect-d istance measurements . The retro­
reflectors left by Apollo astronauts and unmanned Sov iet lunar 
landers have been used in a continu ing laser-rang ing program 
ever s ince they were emplaced . So prec isely can the returning 
l ight be t imed that the distance to the Moon can now be deter­
mined routinely to 10-15 em . The impl icat ions of th is in many 
areas have been profound . The accuracy of these data challenges 
the prec is ion available from present-day orbital theor ies of 
the Moon .  They have made poss ible new tests confirming 
E inste in ' s  General Theory of Relativity ,  and independent dat a  
o f  great prec is ion have been obta ined on the rotat ion o f  the 
Earth and the librat ions of the Moon .  These data will also be 
important in the next decade as part of efforts to determine 
whether , indeed , the constant of gravity is chang ing with t ime , 
a s ituat ion that would have profound astrophys ical as well as 
cosmolog ical consequences .  Closer to home , lunar laser rang ing 
is provid ing fundamental geophys ical data , which , in the next 
decade , will provide direct measurement of cont inental dr if t 
and better understand ing of earthquakes and their  causes . 

It is the nature of observat ions of the mot ions of celes­
t ial bod ies , such as these , that they need to be carr ied out on 
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a sustained and syst ... t ic bas is . Valuable as the data already 
obta ined by these techniques have been , unless they are follow­
ed up, the ir ultiaate value will be greatly d iainished . 

Lunar laser-rang ing equ ipment has come a long way , and the 
r etroreflectors on the Moon are l i kely to remain effect ive for 
many decades . Improvements in lasers and control electronics 
have aade poss ible much more compact equipment utiliz ing small­
er dedicated telescopes . Geophys ical as well as astronomical 
cons iderat ions ind icate the need for a well-d ispersed network 
of lunar-rang ing stations , includ ing mobile ones , to exploit 
this technique maximally . 

2 .  Occultation Observat ions 

In the 1970 ' s ,  a marr iage between h igh-speed electronics and 
microcomputers made h igh-speed occultat ion observat ions 
poss ible in the visible and infrared part of the spectrum . 
Three aain results of this work have been obtained : prec ise 
observations of the motion of the Moon ,  observat ions of 
mult iple stars and stellar diameters , and new information on 
the nature of bod ies in the solar system. The observat ions of 
lunar mot ion have been important in research suggesting tha t 
the constant of gravity may be var iabler this fundamentally 
important quest ion has not been resolved , however , and more 
occultat ion data are needed . Very prec ise observations of 
c lose mult iple stars have been made us ing occultation tech­
n iques . These data cover a range of separat ions that have been 
very difficult to obtain heretofore ,  a range where stat istics 
on stellar duplicity are poorest . Although only about 10 
percent of the area of the sky is access ible to such 
observations , the quest ion of the frequency of duplic ity is of 
fundamental importance in understand ing the formation of 
b inar ies and in helping to resolve the quest ion of the 
existence of extrasolar planetary systems . Observations o f  
occultat ions by minor planets have revealed the surpr ising 
poss ibility of the existence of minor planets with one or mor e 
satellites , as well as providing d irect information on the 
shapes of minor planets . Occultat ion observat ions of Uranus 
revealed f irst the existence , and then the surpr is ing dynamical 
features , of its r ings . 

New techn iques will make the pred iction of occultat ions of 
stars by planets and minor planets a rout ine operat ion . Sup­
port is needed in the 1980 ' s  for the implementat ion of these 
techniques and for doing the actual predictions . 

Ins trumentat ion for h igh-speed occultation observat ions is 
cheap and is gett ing cheaper . There are many small telescopes 
both in the Un ited States and around the world that could make 
such observat ions rout inely if they were properly equipped and 
funded . Moreover , there is a great deal of interest among 
astronomers and phys ic ists at institut ions with small tela-
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scopes in performing observat ions of th is k ind ,  wh ich are bot h 
w i thin the ir reach and of sc ient ific value . A network of 
occultat ion observat ion stat ions , associated with existing 
small observator ies , should be supported . 

This program would provide data for the improvement of th e 
l unar theory and for the detection of a poss ible variation of 
the constant of gravitY J i t  would also provide rout ine observa­
t ions of mult iple stars , both for the detect ion of dupl ic ity 
and for the determination of orbits (wh ich in turn will help 
improve our knowledge of the mass-luminos ity relat ion) . I t  
should b e  noted that it  takes t wo  stat ions , observing the same 
occultat ion event , to  measure both separat ion and pos it ion of a 
pai r  of stars . 

I • Earth Mot ions 

Dur ing the 1980 ' s ,  act ivity in the f ield of Earth motions wil l  
be concerned with the cont inuation of regular observat ions of 
the or ientat ion of the Earth in an inert ial reference frame , 
improvements in present observational techniques ,  development 
of new observational techn iques , and the analys is of the 
observat ions in relat ion to geophys ical phenomena . Class ical 
observations descr ibing the motion of the Earth in the funda­
mental opt ical reference frame will be cont inued international­
ly ( i . e . , photographic zenith tube , Danjon astrolabe , visual 
zenith telescope) . Present techn iques , which show an 
approximate accuracy of �9 mas for 5-day means of the angles 
describing the Earth ' s  mot ion (der ived by averag ing data from 
about 60 observator ies ) , may be improved with continued 
r esearch into the effects of refract ion in systemat ic errors . 
Available technology will allow the descr ipt ion of refraction 
anomalies , which can be used to improve these data . Doppler 
observations of mil itary navigational satell ites will continue 
to provide independent est imates of the pos ition of the pole . 
Currently achievable accuracies of �6 mas in the polar coor­
d inates will permit the evaluat ion of the systemat ic errors in 
the class ical data . The poss ible replacement of these satel­
l ites with the Global Pos itioning Satell ites and the result ing 
loss in accuracy for the polar coord inates suggests , however , 
the cons iderat ion of the poss ible need for the establ ishment of 
some satell ites ded icated to the Doppler determination of polar 
coord inates . Laser rang ing to the Moon and to art ific ial Earth 
satellites will be further developed in the future . Prelimi­
nary results f rom these techniques ind icate that the 1980 ' s  
might well see accurac ies of approx imately �2 mas in descr ib­
i ng the or ientation of the Earth in the dynamically def ined 
coordinate system. Ful l  use of these techniques , however , 
r equires ded icated day-to-day operat ion in order fully to 
evaluate poss ible systemat ic differences . The use of both 
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i n termed iate and very-long-basel ine interferometry (VLBI ) i s  
c urrently being developed . Once the influence of the Earth ' s  
atmosphere can be corrected for , accurac ies as h igh as +2 mas 
m ight be poss ible for the determinat ion of the or ientation of 
the Earth within a reference frame defined by the pos it ions of 
r ad io sources . Again,  full ut ilization of th is technique will 
depend on the existence of a ded icated dai ly operat ion . 

COnt inued observat ions , together with ant ic ipated improve­
ments , us ing the class ical instrumentat ion along with the full 
d evelopment of the new techniques will provide the most accur­
ate set of data avai lable to descr ibe the or ientation of the 
Ea r th in var ious reference frames . Analys is of these data will 
l ead to a more complete evaluat ion of the mot ions of the bas ic 
a stronomical reference frames , including precess ion , nutat ion , 
and polar mot ion . In add ition ,  the validat ion of geophys ica l 
t heor ies and nonrig id Earth models will be poss ible with im­
proved accuracy in the Earth-or ientat ion parameters . 

IV.  INSTRUMENTATION 

A .  On-Line Measur ing Devices 

F i ve character ist ics that should be embodied in an ideal 
astrometr ic detector are the following : 

• High spat ial resolut ion , 
• High quantum effic iency, 
• Freedom from sensible systemat ic error J 
• High prec is ion , and 
• Ab ility to provide concurrent records of a suffic ient 

number of reference stars to allow opt imum use of the optical 
system . 

As trometry ' s  standard •detector • is the photograph ic 
plate . This detector has unmatched storage and archiva l 
propert ies , but recent stud ies ind icate that it may l imit the 
u l t imate accuracy achievable by astrometric methods . The 
deleter ious effects on the accuracy s tem not only from the in­
t r ins ic properties of the photograph ic plate ( e . g . , relat ively 
low quantum eff ic iency , emuls ion shifts , and nonl inear ity) but 
also from the need for an add it ional manipulation involving 
measur ing mach ines . A measure of the accuracy attainable on a 
h igh-qual i ty telescope , such as the u . s .  Naval Observatory ' s  
1 •. 5 5-m telescope at Flagstaff ,  Ar izona , is  that a good-quality 
exposure yields pos it ions accurate to 20 mas ( s . e . ) .  This 
e r ror includes contr ibut ions from measur ing errors and from 
emuls ion shi fts . The use of f iner-grained emuls ions ( e . g . , 
I I I aJ ) and improved measur ing mach ines increases the attainable 
accuracy by a factor of 2 to 3 but seems unlikely to yield 
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gains of a factor of 10 to 30 that appear to be realizable with 
photoelectr ic detectors . we do not suggest that further 
attempts to improve the accuracy of photographic astrometry b e  
ignored' the photograph ic plate w i l l  s t i l l  have a role to 
play . Rather , we suggest that an increased emphas is be placed 
on the development and test ing of new detectors that could 
provide a quantum-leap increase in accuracy . 

Recent advances in photoelectric sensors and inexpens ive 
computers have spawned several proposals for new high-precisio n  
focal-plane detectors .  These fall into two groups--those that 
measure the pos ition of each reference star and those that sense 
the average pos it ion of a large number of faint reference s tars . 
Detectors in the latter class must be mounted on spec ially 
des igned telescopes that would be free of sens ible systematic 
er rors . 

There are two subclasses to the f irst group of focal-plane 
detectors--those emplQ¥ing photomultiplier technology and 
h igh-prec is ion ruling , and those employing charge-coupled 
devices (CCD) and charge-inject ion devices (CID) .  The high­
prec is ion ruling type detectors can generally cover larger 
f ields and have a h igher potential spatial prec is ion than the 
CCD ' s .  They are also self-cal ibrat ing . The CCD ' s  and CID ' s  
are currently conf ined to small f ields . While the approaches 
of these two subclasses are more costly than the other group 
(those f ind ing a s ingle average photocenter for all the back­
g round stars ) , they retain all the d imens ional informat ion 
available for each star and for the optical system . It is 
therefore possible to model act ively and to r..ave the sources 
of error introduced by changes in the optical system and the 
atmosphere . 

The devices proposed to date vary cons iderably in detai l  
and t o  some extent in application . ceo arrays a r e  ideal for 
very small f ields and speckle interferometry . Image d issector 
tubes or moving f ine-l ined rulings combined with h igh-speed 
photometry can be used to measure the fr inge visibil ity in 
Michelson stellar interferometry . Both approaches offe r 
eventual sub-mas prec is ions in the measurement of double-star 
separat ions and can also yield photometry and colors for the 
components . 

The wider-f ield detectors now be ing developed use e ither a 
mask or a Ronch i ruling as a spat ial metr ic . Those detector s 
employing Ronchi rulings generally require a separate photo­
metr ic system for each star and are thus l imited to a small 
number of reference stars , but they have the advantage that the 
informat ion for each star is retained . Such a prototype detec­
tor has been tested and has achieved prec is ions of 4 mas in 8 
min 1 this system promises to achieve l mas/hour prec is ion in 
i ts f inal form, a l imitation set by atmospher ic turbulence . 
Unfor tunately , existing telescopes will probably not be stabl e 
to these prec is ions and will l imit astrometr ic observations 
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w ith them to prec is ions of a few •as/hours . Thus , new spec ial­
ized telescopes will have to be des igned to make full use of 
e xpected detector accurac ies , as discussed below. 

In view of the information that will be made available to 
a stronomy by the quantum leap in prec is ion offered by the new 
on-line focal plane detectors , the WOrking Group favors the 
following a 

1 .  The development of several detector des igns , 
2 .  The deplQ¥ment of these new detectors on existing tel e­

scopes , and 
3 .  Studies to determine how the character istics of these 

detectors will influence the des ign of new ground-based and 
s pace-based astrometr ic instruments . 

Interfera.etr ic instruments attached to existing telescope s 
constitute an entirely d ifferent class of on-l ine devices . The 
Michelson interferometer in its var ious forms , as well as the 
speckle interferoaeter , have ca.e into the ir own dur ing the 
1970 ' s  as powerful means of reaching the theoretical telescope 
r esolution in spite of atmospheric effects . For the determina­
t ion of stellar diameters and in double-star work , these 
instruments have already proven the ir worth . In both cases , 
the next step forward will come , as in the case of one group o f  
focal-plane detectors ,  with the advent o f  large-array detec­
tors . We can look forward to direct imag ing capabil ities of 
small f ields in the f irst half of the 1980 ' s ,  combined with a 
much larger dynamic range than is generally available photo­
g raph ically . 

The Work ing Group believes that these detector developments 
should be vigorously supported . They promise a major improve­
ment in accuracy and in fact will open up an ent irely new 
field , imag ing at the 0 . 1-arcsec level and beyond , with a mino r 
expenditure of funds . 

B .  Telescope s 

Th e  greatest part of narrow-f ield astrometr ic work has been 
done with old refractors , few of wh ich were des igned for that 
purpose . Some astrometry has also been done with Cassegrain 
and Ritchey-chret ien reflectors ,  but they too have not usually 
been des igned for astrometry . Only in recent years have 
reflectors been built spec i f ically for astrometr ic stud ies J th e 
most active of these is the 1 . 5 5-m reflector of the u . s .  Naval 
Observatory (USNO) at Flagstaff , Ar izona . 

An � astrometr ic telescope should have the following : 

1 .  Symmetr ical images ( i . e . , no coma) J 
2 . Complete uniformity of images over the f ield ( i . e . , no 

axis or no field center ) J  
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3 .  No dr ifts due t o  temperature ,  f lexure , o r  aging effect s 
� a means for check ing these stabilities , 

4 .  No chromatic aberrations , even when the atmosphere i s  
c ons idered ( i . e . , the telescope-atmosphere system should be 
achromatic ) ,  and 

5. Al l  opt ical components located at the system ' s  pupi l .  
Existing refractors have some res idual coma , large chromat ic 
aberrat ion , and flexure of the long tube ( at f/15 to f/20 ) . 
Flexure and temperature effects within the lens have also been 
noted . Either s low unchecked ag ing or abrupt changes ( after 
dismount ing and remounting the lens , for instance ) are ser ious 
defects for very long-term programs . 

The USNO astrometr ic reflector has relatively large bu t 
h ighly s table coma . However , the effect of coma can be mini­
mized with a narrow f ield of view and with linear detectors . 
Fr om recent results , it appears that this reflector is free of 
systematic errors down to the present accuracy l imit for 
photograph ic results (e . g . , a mean 1-mas error in parallax 
stud ies ) . It is also clear that one cannot speak of telescope 
errors independently of plate-reduction techniques . Modern 
error-model ing procedures are able to accommodate f ield effect s 
that used to be d isastrous , hence , the des ign details of a new 
astrometr ic reflector are not yet certain . 

unfortunately , only one such telescope is available full­
t ime for astrometr ic work .  Us ing some of the on-line measur ing 
devices described above , both the magnitude l imit and the ac­
curacy could be improved cons iderably . Even more importantly , 
however , the fact that no such capability exists in the southern 
hemisphere prevents the invest igation of objects in almost hal f 
the sky and part icularly l imits the study of obj ects concen­
trated toward the Galac t ic center and the r ichest par t  of the 
M i lky Way . 

The case for plac ing the next astrometr ic reflector in the 
southern hemisphere is c lear-cut . First there is the problem 
of stat ist ical completeness . Such quest ions as a poss ible 
asymmetry of the stellar luminos ity function ,  the out-of-plane 
mot ion of the Sun , the complete local structure of the Galaxy , 
and galact ic k inematics beyond the s imple rotation models can 
only be answered with comprehens ive full-s ky astrometry . The 
r ichness of the southern Mi lky Way , in contrast to that visible 
f rom the northern hemisphere , allows much more intens ive 
stud ies of both open and globular star clusters . Determination 
of  parallaxes of southern stars of spec ial astrophys ical 
interest (as contrasted to a general parallax survey) wil l 
r equire large amounts of astrometr ic observing t ime . Parallaxes 
of stars in the direction of the Galactic center suffer from 
the large zenith angles at wh ich they have to be observed . 
And ,  even in the parallax case , we might well run into stat i s ­
t ical completeness problems : I s  it really evident that the 
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stellar populat ion i n  the celestial northern hemisphere i s  
representative of the whole? 

Th is Work ing Group therefore believes that h igh pr ior ity 
should be g iven to a des ign study and subsequent construction 
of an astrometr ic reflector in the 1 . 5- to 2 . 5-m class in the 
southern hemisphere , equipped with state-of-the-art measur ing 
devices . 

Wh ile existing large Ritchey-chretien telescopes , bOth in 
the northern and southern hemispheres , lend themselves to 
narrow-f ield astrometry with surpr i s ing accuracy , such tele­
scopes are so heavily oversubscribed that astrometr ic wor k 
occupies only a small fraction of the observing t ime . In 
part icular , the long-term nature of astrometr ic proj ects is a 
great drawback for the appropr iate allocation of observing 
time . The Work ing Group urges that , in view of the importanc e 
of some programs , adequate observing t ime be granted on these 
telescopes in the early 1980 ' s ,  wh ile waiting for the construc­
t ion of new astrometr ic telescopes . Such projects might 
include parallaxes of faint stars , notably at the lower end o f  
the H-R diagram (stellar evolut ion) , accurate measurements of 
the internal mot ions in c lusters (dynamical models ) , parallaxes 
of some selected stars , and the measurement of double stars by 
visual and interferometr ic methods (stellar masses ) .  

As ment ioned above , photoelectr ic detection methods cur­
rently under development will be cons iderably more prec ise than 
current photograph ic methods . Whereas such methods could 
poss ibly reach accurac ies of the order of 0 . 1  mas , even the 
best exist ing telescopes are probably l imited to 1 mas . It is 
therefore important to incorporate as well as poss ible the 
ideal des ign character ist ics l isted abOve in any new telescope 
des ign . In addition , the relat ive complexity of photoelectric 
systems will probably requ ire a constant temperature and 
gravity environment , i . e . , a f ixed focus , in order to reac h  
the ir ult imate accuracy . Two promis ing des igns , bOth featur ing 
only one moving plane mirror , have been proposed . The Work ing 
Group be lieves that further des ign s tudies should be conducted 
lead ing ult imately to construction of ground-based astrometr ic 
telescopes in both the northern and southern hemispheres in the 
mid-1980 ' s .  Technical stud ies indicate that a 1-m class tele­
scope allowing 0 . 1 mas is technically feas ible . The effects of 
the Ear th ' s  atmosphere allow an accuracy of l mas per night , 
leading to 0 . 1 mas for parallax determinat ions . Although the 
number of stars measured with such telescopes is very much 
smaller than the current output of the 1 . 5 5-m USNO astrometr ic 
reflector , reliable parallaxes at 1 kpc ( 10 percent er ror ) wi l l  
be obtainable . 

Th e ability to ach ieve a parallax accuracy of 1 or 0 . 1 mas 
depends also on the determinat ion of the correction from rela­
t ive to absolute parallax for each f ield to even better accur­
acy . S ince the typical cor rect ion to absolute parallax for 
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faint stars is approx imately 1 mas , we expect the error of th e 
absolute parallax to be dominated by the error of the correc­
tion and n�t the error of the measured relative parallax . Two 
approaches may be used to determine the correct ion : 

1 .  The method of spectrophotometr ic parallaxes ' and 
2 . Deconvolution of the measured d istr ibution of the 

relative parallaxes of the reference stars and the ir errors to 
obtain the correction . 

In some cases , the measured relative parallax of a nearby quasar 
or star known to be very distant will provide the correction , 
but these cases will be rare , and the accuracy will be l imited 
to the accuracy of the quasar ' s  measured relative parallax . 
The on-l ine measur ing devices proposed to date are l imited to 
approx imately 10 reference stars , which eliminates the 
deconvolut ion method as a poss ibility s ince several hundred 
reference star parallaxes are required to def ine the 
d istr ibution accurately . On the other hand , if we assume a 
correction to absolute of 1 mas for 16th magnitude , and 10 
r eference star s ,  we f ind an error of 0 . 1 mas for the 
correction . It seems unl ikely that deconvolution of the 
parallax d istr ibut ion in the photograph ic cases , where many 
reference stars are available , will provide a more accurate 
correct ion . 

I t  seems , therefore , that the usefulness of relat ive 
parallaxes will be fundamentally l imited to accurac ies of 
somewhat less than 0 . 1 mas . Our conclus ion is that parallaxes 
with accuracies of 10 percent or better will be l imited to 
d istances of equal to or leas than 1 kpc , except for cases in 
wh ich the star is measured relat ive to a br ight quasar or 
obj ects known to be d istant (such as stars in the Magellanic 
Clouds ) . 

Finally , it should be noted that such spec ialized tele­
scopes , wh ich are able to reach 0 . 1-maa relat ive pos itional 
accurac ies , will allow a vast improvement in our knowledge of 
the nearby stars . A survey of the known stars within a g iven 
volume (say , the 500 or so s tars with in 12 parsecs of the Sun) 
with a prec is ion more than 10 t imes that available dur ing the 
1970 ' s  will reveal the following : 

1 .  The vast major ity of the currently undetected stella r  
companions ( the exceptions should be detectable by rad ial­
veloc ity s tud ie& ) J  

2 .  The frequency of occurrence and mass d istr ibut ion of 
substellar ultraplanetary masses ( 10-60 Jupiter masses ) ' and 

3. Vi rtually every planetary system with a planet 
exceeding 0 . 2  Jupiter mass and an orbital per iod in excess o f  
10 years ( in some instances planets as small a s  0 . 0 2  Jupiter 
mass could be detected ) . 
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Besides the detection of new objects , such telescopes would 
measure the characteristics of the visible objects to unprece­
dented precision . For example , the errors in the luminosity 
a r ising from errors in the measured parallax would be reduced 
to o . s  percent or less , and in some cases to as little as o . o s 
percent . The errors in stellar masses will be s imilarly 
affected . Because the main source of error in these calcula­
t ions has always been the error in the parallax , a number of 
masses with an error of only a fraction of one percent will 
become available to theor ists dur ing the first few years of 
operation . Thus , these expected new developments in telescope 
c onstruction will have a major impact on many areas of 
astrophysics . 

c .  Fundamental As trometry Instrumentat ion 

The global large-angle measurement characteristics of fund­
amental astrometry lead to unique instrumentation require­
ments . The fundamental reference system is based exclus ively 
on absolute trans it-c ircle mer idian observat ions . These 
observations result in catalogs such as PK4 and the forthcoming 
FKS , which are the closest approximat ions to an inert ial 
reference system available . At epoch , the mean errors of such 
absolute catalogs amount to perhaps a few hundredths of an 
arcsecond . Errors then accumulate because of errors in the 
proper motions . These errors are be ing reduced , and the 
reduction process can be accelerated , by incorporating new 
technology into the classical observing systems , because of the 
following : 

1 .  New large-angle measur ing techniques . Highly prec ise 
and accurate divided circles are probably near their ult imate 
l imit around o . o s  arcsec for a s ingle , mult istation reading . 
The use of inertial and/or r ing-laser gyro methods appear s 
promising and should be investigated . 

2 .  Improved focal-plane mensuration and integration 
m ethods . Photoelectr ic devices in general have made valuable 
contr ibutions , and solid-state photosens itive devices , as 
d iscussed earl ier , offer great future promise . 

3 .  Atmospher ic investigations . 

D .  Fundamental Interferometry Instrumentation 

The h igh-resolution characteristic of interferometers has been 
s uccessfully used at var ious wavelengths ,  viz . , measurements of 
source structure at rad io frequencies , observations of circum­
s tellar dust shells in the infrared, and of course the early , 
and recently ref ined , determinations of stellar diameters at 
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visible wavelengths . The adaptat ion of this resolution t o  
astrometry , and i n  part icular t o  large-angle astrometry , has 
progressed unevenly in these var ious spectral reg ions . I n  
g eneral , the longer the wavelength , the further the development 
has been carr ied . This is to a great extent (but not exclu­
s ively ) due to the increas ing complexity of the instrumental 
techniques as one goes to shorter wavelengths . 

1 .  Radio As trometry 

Radio astrometry has already produced excellent results . The 
methods currently used can measure absolute decl inations and 
absolute r ight ascens ion d ifferences . Observations of minor 
planets and/or pulsars may allow a determination of the equ inox . 
Depending on baseline or ientat ions , geometr ical correlations 
can cause the prec is ion to vary with pos ition . Var iable sourc e 
s tructure appears to be near ly the rule at the mill iarcsecond 
leve l .  

Th e  quest ions to be addressed i n  the 1980 ' s  include the 
following : 

o The cont inu ing ident if icat ion of those sources most 
amenable to astrometryJ 

o Improvements to the correct ions currently applied for 
the var ious atmospher ic effects , which currently l imit accur­
ac ies to a few hundredths of an arcsecond J 

o The interelat ing of the opt ical and rad io reference 
frames on a g lobal bas is--in this way the assumed inert ial 
characteristics of the quasars can be most prof itably used J and 

o The commitment of rad io fac ilities , in a pred ictable , 
cont inu ing fashion , to longer-term astrometr ic programs , 
including those in the southern hemisphere . 

2 . Infrared and Opt ical As trometry 

Infrared interferometry can util ize the heterodyne technique s 
used in the rad io reg ime . The fr inge-phase techn ique used in 
radio astrometry is applicable here , and the observed quant itie s 
are generally the same as in radio. Infrared also has the 
advantages of •medium-scale• wavelength , and , perhaps mos t 
importantly , it is relat ively ind ifferent to the compos it ion of 
the atmosphere , i . e . , to  the part ial pressures of  dry air and 
water vapor . In addition , many fundamental stars can be 
observed directly . Despite these apparent advantages , no 
large-ang le infrared astrometry has been accompl ished to date . 

Ne ither have large-angle astrometr ic observations been made 
by an optical interferometer .  Progress regard ing instrumenta­
t ion is , nevertheless , be ing made . The problems of baseline 
s tability ,  common to all interferometers , is naturally more 
difficult at these wavelengths . In addition , the compos ition 
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of the atmosphere must be taken into account , even i f  two-colo r 
i nterferometers are used . I t  is clear , however , that bOth 
instrumental and atmospher ic problems can be reduced, the 
p roblems are understood ,  and solutions have been proposed . 

In view of the tremendous importance of these techniques i n  
t he determination o f  fundamental s tellar pos i tions and mot ions , 
down to the 10-mas and poss ibly 1-mas level , their  use in 
d etermining Earth rotation parameters and the additional 
small-angle capabilities ( s tellar structure and diameters ) ,  the 
d evelopment of multiple-e lement interferometers in the 1980 ' s  
should be strongly supported . 

E .  Atmospher ic Investigation 

All types of ground-based astronomical observations ar e 
a ffected by atmospher ic effects to a greater or lesser extent . 
As far as large-angle astrometry is concerned , unmodeled 
r efract ion and phase e ffects can cause systemat ic errors in 
both direct- imag ing and interferometr ic methods . These error s 
r ange from 0 . 005  to 0 . 1 arcsec , generally averag ing to a few 
hundredths of a second of arc . In shor t ,  it is •easy• to 
account for 9 9 . 8 percent of these effects , but when one talks 
o f  centiarcseconds or milliarcseconds , the remain ing 0 . 2 
percent becomes important . Complementary improvements can be 
made as follows in the 1980 ' s :  

1 .  Atmospher ic probing , with particular emphas is on 
water-vapor prof il ing . Several methods--acoust ic , rad iometric , 
a nd l idar--are poss ible . The last is probably the most 
promis ing for real-time atmospher ic probing . 

2 .  An allowance for anomalous refract ion ( i . e . , isopycnic 
t i lt)  by e i ther two-color dispers ion measurements or by 
a tmospher ic probing as in 1 abOve . The two-color method is 
intended to measure the total refraction regardless of or ig in , 
but the proper index of refract ion must be known , which 
necessitates a knowledge of water-vapor content . In addition , 
nonzen ith two-color observat ions must be corrected for the 
effects of a spher ical atmosphere , and at large zen ith 
d istances ( in common with any approach) for atmospher ic 
structure . 

Note that a new theory of refract ion is not requ ired , but 
rather the use of more observed informat ion in the reduction o f  
observat ions . Obviously , such atmospher ic s tud ies will also 
a id in the correct ions to spectroscopic and photometr ic obser­
vat ions . 
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F .  Measur ing Eng ines 

Wh ile instrumental developments dur ing the 1980 ' s  will 
undoubtedly see the mount ing of photoelectr ic or sol id-stat e 
measur ing devices d irectly in the focal planes of telescopes , 
such dev ices will probably be restr icted to small angular 
f ields in the sky .  The observation of larger f ields will s t i ll 
require the use of convent ional photography and the subsequent 
measurement of photographic plates on some form of measur ing 
eng i ne .  Future astrometr ic programs will also require the 
r emeasurement of some of the extens ive plate collections already 
in ex istence . Accordingly , there is a continuing need for the 
development of measur ing eng ines of ever greater speed , 
accuracy , degree of automation , and capac ity for on-l ine stor ­
age and analys is of data . 

At present , there are only three automatic measur ing eng ines 
in the Un ited States that are dedicated to astrometry--two at 
the USNO and one at the Lick Observatory . A new mach ine now 
undergoing commiss ioning tests at Yale Observatory will be 
part ially used for astrometry . All four of these machines are 
fully committed to research programs that represent only par t 
of the total act ivity going on in the f ield of astrometry . 
Microdens itometer-type measur ing mach ines in other institu­
t ions , i f  carefully adj usted and maintained , could in pr inc iple 
also be used for astrometry . However , the need for dedicated 
astrometr ic mach ines and for measurements of h igher prec is ion 
in the 1980 ' s  leads the Work ing Group to conclude that three 
addit ional measur ing machines , incorporating the latest 
state-of-the-art instrumental des ign and techniques , should be 
f unded and built . 

At the same t ime , the creative use and upgrad ing of exist­
ing conventional machines should be supported and funded . As 
examples , we note the exper imentat ion with sol id-s tate array 
detectors and the poss ible appl icat ion of high-speed flying­
spot scanners to prec ision measurement . 

Finally , the success of the Control Data Corporation 
automat ic plate scanner in blinking plates for a proper motion 
survey of very faint , h igh-proper-motion stars should be 
spec ially noted . Every effort should be made to extend the 
capabilities of this unique mach ine to other survey-type proj ­
ects , such a s  the detect ion o f  var iable s tars and very blue or 
red stars . 

G .  Space As trometry 

Two major sources of error in astrometry are atmospher ic and 
f lexure effects . As trometr ic observat ions made from space 
el iminate the former and greatly reduce the latter . The f irs t 
astrometr ic efforts in space are scheduled to be made dur ing 
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the 1980 ' s  and consist of NASA ' s  Space Telescope ( ST)  and the 
European Space Agency ' s  High Prec is ion Parallax COllecting 
Satellite (BIPPARCOS) . 

1be pr imary astrometr ic inatru.ent of ST is the Fine 
Guidance System (PGS) , which is des igned to permit relative 
astra.etr ic measure .. nts of objects in the magnitude range 10 
to 17 , over a 60 square minute-of-arc field to an expected 
accuracy of !2 mas . Additional astrometry will be poas ible 
with one or more of the imag ing cameras available for use on 
ST. 1bese relative astrometr ic capabilities are ant ic ipated to 
result in parallaxes at or sl ightly below the millisecond of 
arc level of accuracy . The lack of a large-angle measuring 
ability severely restr icts ST ' s  appl ication to fundamental 
aatrometryJ however , it may provide some information useful for 
the adj ustment of ground-based fundamental astrometr ic observa­
t ions . The h igh resolution of ST will bear on the problem of 
close binar ies ( about 30 mae ) using a var iety of instrumenta­
t ion that includes the PGS and imag ing cameras . A related 
effort involves the search for unseen planetary-mass companions . 
A f inal area of astrometr ic interest is the occultation of 
stars by solar-system objects . 

HIPPARCOS , if successfully built and launched , will measure 
a large f ixed angle (about 70°) .  Thus , large arcs betwee n 
suitable pairs of objects can be measured . These arcs then 
will form the bas is for a g lobal solution for pos itions , 
motions , and absolute parallaxes for some 100 , 0 00 stars with 
blue magnitudes leas than 11. The pos itions and motions are 
descr ibed as defining a •r ig id• system with an unknown or ienta­
tion and res idual rotat ion . Although , therefore , not a funda­
mental system ,  if the predicted accuracy of internal pos ition 
and proper motions is reached (+2 mas and +2 mas/year ) the 
system can be used in an interactive way wlth ground-based 
fundamental astrometr ic observations in order to improve both 
the g round and space systems . HIPPARCOS ia pr imar ily an abso­
lute parallax-measur ing satellite with relative pos itions and 
motions der ived as necessary •by-products . •  HIPPARCOS , it is 
expected , will also discover thousands of close binar ies . 

Both ST and HIPPARCOS represent valuable f irst astrometr ic 
steps into space . The former is pr imar ily an astrophys ical 
instrument with l imited astrometr ic potential , whi le the latter 
would be truly the first ded icated astrometr ic satell ite . The 
experience gained from these f irst efforts will lead to further 
improvements and capabilities . ST may be character ized as 
•small-angle relat ive , •  HIPPARCOS as • large-angle relative . •  
An obvious extens ion involves an • absolute• capabil ity coupled 
with the dynamic range necessary for directly relat ing the 
radio and optical reference frames on a global basis . 

Shuttle-based systems and free- f lying satell ites will both 
have tremendous potential in all the var ious areas of aatrom­
etry . The Work ing Group favors the cont inued study of long-
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focus astrometr ic telescopes with sophisticated focal-plane 
devices for Shuttle-baaed systems and development of such a 
telescope for deployment dur ing the 1980 ' s .  Such deployment 
should be a forerunner to a dedicated free-flying astrometr ic 
satellite with the capability of measur ing arbitrar ily large 
angles on request (requiring the development of large-angle 
measur ing devices ) ,  coupled with sophisticated focal-plane 
measurements . Such an astrometr ic space telescope will 
revolutionize both fundamental and relative aatrometry in a 
comprehens ive and complementary fashion . It is not c lear at 
th is t ime whether such an ult imate astrometric telescope would 
take the form of an interferometer , a s ingle-focus instrument , 
or a combination of these . But , in any case , it is already 
c lear that accurac ies in the fundamental system of 1 mas , or 
perhaps cons iderably better , will become a reality in the 
1990 ' s  if s tudies and prototypes are funded in the 1980 ' s .  
Prel iminary studies indicate that 1-microarcaec accurac ies i n  
r elative mot ion might not be out of the question , thus opening 
up the Magellanic Clouds to study and allowing the detection of 
Ea rthlike planets in the solar neighborhood . 

Copyright © National Academy of Sciences. All rights reserved.

Challenges to Astronomy and Astrophysics:  Working Documents of the Astronomy Survey Committee
http://www.nap.edu/catalog.php?record_id=19437

http://www.nap.edu/catalog.php?record_id=19437


7 ___ _ 

Search for 
Extraterrestria l  Inte l l igence 

I .  SUMMARY AND CONCLUSIONS 

The Work ing Group on the Search for Extraterrestr ial Intel­
ligence ( SETI ) has reviewed the arguments for and against a 
SETI program dur ing the 1980 ' s ,  tak ing the substantial body of 
l i terature on SETI as background for this task . We have 
a ttempted to remain mindful of the wide range of controversy 
concerning the prospects for the detect ion of nonterrestr ial 
intell igent l ife . While we recognize that there is as yet no 
d irect sc ient ific evidence for its existence , we believe that 
t he detection of extraterrestr ial intelligence would const itute 
one of the most profound discover ies of this or any age . 

Our conclus ions are as follows : 

1 .  The WOrk ing Group bel ieves unanimously that searche s 
f or extraterrestr ial intelligence are both j ustif iable and 
timely for the 19 80 ' s .  

2 .  SETI activity should b e  under taken o n  a long-term 
bas is , involving the part ic ipation of the general sc ienti f i c  
community ,  rather than as a s ingle project o f  f ixed duration .  
Most arguments o f  which we are aware suggest that the chances 
for ETI detect ion in any few-year t ime per iod are small J 
negat ive results are to be expected in early phases of the 
program.  

3 .  Only modest funding for SETI is warranted at present , 
because of the presumably small chances for ear ly success of 
SETI and because of the competition for fund ing by other 
high-qual ity programs . Moreover , a port ion of those funds tha t 
a re committed to a SETI program should be reserved specif ically 
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t o  support or iginal o r  unconventional approaches to overal l 
SETI program goals . 

4 .  One worthy program for the 1980 ' s  is the study of 
s ignals in the microwave reg ion of the spectrum in support of a 
SETI effort rather than for poss ible benef its to any area of 
astrophys ics . However , innovative projects in other frequency 
r anges should be cons idered and evaluated on their mer i ts .  

5 .  Concurrent with a SETI initiative , a program for the 
d etection of extrasolar planetary systems should be vigorously 
pursued . Such a program would not only be relevant to SETI bu t 
would also address a range of important questions in Galact ic 
astronomy and astrophys ics . Astrometr ic techniques appear to 
offer a promis ing approach to the detection of extrasolar 
planets . 

I I .  BRIEF REVIEW OF WORltiNG-GROOP DISCUSSIONS 

A .  Th e  Concept o f  Spec ial SETI Searches 

As tronomers are continuously mak ing observations of ever­
increas ing refinement , which , in pr inc iple , could detect some 
evidence of alien life .  Th e  real issues are whether speci f ic 
searches for extraterrestr ial intelligence are appropr iate fo r 
u . s .  astronomy in the coming decade and , i f  so , by what means 
and on what scale . Related issues include poss ible spinoff& t o  
r ad io astronomy and other areas o f  sc ience and technology , 
together with such questions as the abundance and character­
istics of planets around other s tars . 

The Work ing Group is unanimous in the belief that the t im e  
h as come for sens itive and long-continued SETI programs t o  be 
undertaken . Technology is now avai lable , at a reasonable cost , 
to make meaningful searches in a much more effective way than 
would be poss ible through the use of conventional astronomica l 
instruments and programs , with reliance on chance alone . 

I t  is hard to imag ine a more exc iting discovery , or on e 
that would have greater impact on human perceptions , than the 
unambiguous detection of extraterrestr ial intelligence . On the 
other hand , the complete failure to f ind any evidence of alien 
life , after long and careful searches of many k inds , would have 
i mportant implications and probably consequences . 

B .  General Context o f  the SETI Activity 

Ce rtain arguments combine to s uggest that the likelihood of ETI 
detection in any few-year t ime per iod ia very small . These 
i nc lude considerations of interstellar distances , the vastness 
of the mult id imens ional SETI-parameter •phase space• ( see 
Section D) , the speed with which a s ingle energet ic spec ies 
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could populate an entire galaxy ( and if this bas been done i n  
o u r  own Ga laxy , where are they? ) ,  and the uncertainty of 
assu.ptions that our own technology is s imilar to that of 
poss ible other c ivilizations . Because of this presumed small 
chance of early success , together with the severe compet ition 
for funds from expenditures with demonstrable short-tera 
payoffs , SB'l'I should be IIOdestly funded at this ti• .  Moreover , 
i t  should not be thought of as a •project , • but rather as a 
long-tera activity that will surely evolve and perhaps even 
change radically in its search techniques , and that may involve 
a nu.ber of specific progr ... directly and indirectly related 
to SB'l'I (see Section B ) . 

In this context , we note that NASA ' s  •Life in the Un iverse• 
program includes SB'l'I activity . we support NASA ' s  current SB'l'I 
Science Work ing Group approach des igned to open a microwave 
( indeed any reasonable) SBTI program to continuing competition 
and initiative from the full scientific community , with peer 
reviewr to encourage imag inative and low-cost approaches to th e 
development of SB'l'I hardware and softwarer and to cons ider 
carefully the tradeoffs of scope and scale versus cost and 
performance . 

c .  Possible SB'l'I Approaches for the 1980 ' s  

We are agreed that the microwave approach offers great promis e 
in the coming decade . However , four general classes of 
potential SB'l'I opportunities were discussed a 

1 .  Phys ical Presence 

Th is category aight include , for example , the search for 
art ifacts , •DNA capsules , •  and UPO ' s .  These are controvers ia l 
s ubjects , which for adequate trea�nt would involve f ields 
other than astronomy and would require a far acre time-consuming 
s tudy than the Working Group was able to undertake . According­
ly , we did not cons ider such topics to lie within the scope of 
our charge , apart from the poss ibility ( in pr inciple detectable 
with astronomical techniques ) that one or acre minor bodies of 
our solar system may have been altered or may even be 
artificia l .  

2 .  x-Ray , Gam.a-Ray ,  o r  Optical Bmiss ions 

Advanced technolog ies might well rely heavily on high frequen­
c ies for s ignal ing and communication because of the h igh 
information-rate poss ibilit ies and the relatively small phys ica l 
s ize of systems able to generate t ight be... . Unfortunately , 
many natural sources are quite br ight over much of this 
frequency rangeJ also the t ightness of poss ible beamed 
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transmiss ions makes the chance of acc idental eavesdropping very 
small . Although an open mind should be kept for good ideas , a t  
least for the present this may be left pr imar ily as a n  area for 
acc idental discovery . 

3 .  In frared and Submillimeter 

Th is category includes at least three qu ite d ifferent types of 
possible indicators of  extraterrestrial intelligence : 

( a )  The infrared and submillimeter spectral reg ion appears 
to be favorable for interstellar communicat ion on s ignal-to­
noise grounds but along with the h igher frequencies may suffer 
from diff iculties in our eavesdropping on beamed transmiss ions . 

(b) Laser power beams in the multig igawatt range have 
already been contemplated by our youthful technology, advance d  
c ivilizations might make widespread use of those i n  far more 
powerful forms , with spillover or scatter detectable at some 
d istance . 

( c ) Waste radiation from a c ivilization that utilizes a 
large fraction of the energy emitted by its central star woul d  
b e  detectable as a mixture of lower-temperature flux from the 
art ifacts and high-temperature flux from the star . 

Dur ing the coming decade our technology in this spectral domai n  
w i l l  not b e  suffic iently r ipe t o  conduct a major search for any 
of the above . In itial infrared surveys able to reach sources 
faint enough to be interesting will be made dur ing the 1980 ' s r  
i n  the following decade it may be appropr iate to cons ider the 
question of deeper , SETI-motivated infrared and submillimete r 
searches . 

4 .  Microwave 

Any major SETI program in the 1980 ' s  should concentrate in the 
cent imeter and perhaps mill imeter reg ion of the spectrum ,  for 
the following reasons : 

( a ) Ex ist ing antennas can n icely handle this k ind of search . 
(b )  OUr microwave technology is now advanced enough for 

near-opt imum rece ivers and correlators to cover substantial 
amounts of the SETI •phase space . •  

(c ) Under plaus ible scenar ios , for a g iven amount of 
transmitted power the received s ignal-to-noise ratio should b e  
most favorable i n  the 1-100-GBz reg ion .  

(d)  A t  least by our present understanding o f  technology , 
some types of power ful •broadcasts• on which we might hope to 
eavesdrop (such as relatively broadbeam radars or scatter from 
power transmiss ions ) are l ikely to l ie in this general part of 
the spectrum . 
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D .  A Poss ible Microwave SETI Program 

P revious SETI attempts have explored only very small slices of 
the potential SETI parameters of frequency , bandwidth , d i­
rection , intens ity ,  pulse duration , and search t ime . S ix or 
more orders of magnitude improvement over previous searches can 
now be achieved , for example , by an approach being developed at 
the NASA Ames Research Center in cooperation with the Jet 
Propuls ion Laboratory (JPL) , wherein near-opt imum low-noise 
amplifiers would feed 106-107-channel spectrum analyzers 
with resolution from 1 Hz to 1 kHz .  The system would include 
novel pattern-recognition algor ithms of a type far more ef­
fective than those used in previous SETI searches . The full 
system as currently proposed by Ames-JPL for the 1980 ' s  would 
be powerful and effic ient , although we believe it is likely 
that a cost-e f fective program of this type could be carr ied out 
at a somewhat lower level or rate of expend iture . 

Th is activity could make modest but helpful contr ibutions 
to radio astronomy . Some useful equipment would be produced , 
s uch as broadband low-noise front ends , power ful spectrum 
analyzers , and data-handl ing un its . The discovery of new 
s pectral l ines , pulsars , and other astronomical sources can 
conf idently be expected , and there is the further poss ibility 
of d iscover ing totally unexpected natural phenomena produc ing 
extremely narrow spectral lines . Other branches of sc ience and 
technology , such as seismic surveying , may also prof it from 
some of the technology developed to handle and analyze the SETI 
data . However , we do not bel ieve that a large fraction of the 
cost of such a program could be j ustif ied by its spinoff ap­
p l ications to radio astronomy and other f ields . 

E .  Other Stud ies Relevant to SETI 

O ther s tudies relevant to SETI include those on biogenetic 
molecules here and elsewhere in the Universe , as well as on 
evolut ion of l i fe and its effects on planetary atmospheres and 
sur faces . Beyond g iving general encouragement , we do not fee l 
competent to offer advice in these areas . Two other areas do , 
however , fall within our astronomical purview . 

The f irst , mentioned ear l ier , is the quest ion of whether 
astronomical searches for extraterrestr ial intelligence should 
i nclude the solar system. The Universe is , after all , very 
old . According to some scenar ios , ETI may be ubiquitous . Dur ­
i ng the past several billion years , our solar system may have 
been vis ited before--perhaps often . Interstellar travel , at 
least as now generally conce ived , would appear to demand large 
quant itites of matter if  only for reaction mass , together with 
h eavy reliance on utilization of matter and energy at the 
dest ination . Some reasons have been g iven to suspect that 
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minor bod ies o f  the solar system could be attractive sources o f  
mater ials o r  could even be altered to serve a a  •stations• for 
travelers .  However unl ikely these caaea may appear , it may 
s t ill be worthwhile to extend the stud ies of minor bod ies in 
the solar system and to look closely at any anomalous ones . 

A second program, and one certain to y ield scienti f ically 
useful data , ia the search for planets around other stars . 
Al though most astronomers believe that planetary systems must 
be common ,  we have aa yet no conclus ive evidence for even a 
s ingle one apart from our own . It ia important to beg in a 
major program dur ing this decade to study the nearby stars , 
b inary as well aa s ingle , from this point of view .  Several 
approaches to extrasolar planetary detection , includ ing radial­
veloc ity stud ies , should be supported, however , we bel ieve 
that , over the next several decades , aatrometry ia the approac h 
most likely to develop the potent ial for the detect ion of 
planets much smaller than Jupiter . 

New astrometr ic techniques us ing old telescopes already 
permit work on selected nearby stars at the aeveral-milliarc­
second level . One or more new telescopes of modest s ize and 
relatively low cost , spec if ically des igned and located to 
facil itate this work ,  should g ive an order of magnitude further 
improvement in accuracy . Support for these is needed , not only 
for the planet-detect ion problem but also for the detailed 
information such astrometr ic measurements will yield on the 
f requency and nature of binary systems , on prec ise masses of 
star s ,  and on very accurate parallaxes and proper motions , 
wh ich will markedly improve our calibration of d istance scales 
in the Universe . Several further orders-of-magnitude improve­
ment in astrometr ic accuracy will come with the use of 
appropr iately des igned apace telescopes , mak ing it poss ible t o  
detect Earth-s ized planets out t o  10 l ight-years .  Study and 
development of such systems should be pursued . 
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