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Abstract

This paper provides two generalizations of differential and integral
categories: Leibniz and generalized Rota-Baxter categories, which capture
certain algebraic structures, and g-categories, which capture structures of
quantum calculus.

In the search for new examples of differential and integral categories,
it was observed that many structures were not quite examples but satis-
fied certain properties and not others. This leads us to the definition of
Leibniz, Rota-Baxter and proto-FTC categories.

In generalizing Rota-Baxter categories further to an arbitrary weight,
we show that we recapture Ribenboim’s generalized power series as a
monad on vector spaces with a generalized integral transformation. This
also subsumes the renormalization operator on Laurent series, which has
applications in the quantum realm.

Finally, we define quantum differential and quantum integral cate-
gories, show that they recapture the usual notions of quantum calculus
on polynomials, and construct a new example to indicate their potential
usefulness outside of that specific setting.
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1 Introduction

Linear logic began with the work of Girard in [21], and captures the struc-
ture of classical logic while also adding mechanisms to track resources and
make resource-dependent deductions. Its category-theoretic content was later
expanded upon by Seely in [39].

Shortly thereafter, Ehrhard began building categorical models of linear logic
[15, 16], and observed that in his models there were natural notions of differ-
entiation. This led him, along with Regnier, to introduce a differential logical
operator and the differential A-calculus [17, 18].

To reconstruct Ehrhard and Regnier’s abstract notion of differentiation in a
purely categorical setting, Blute, Cockett and Seely introduced differential cat-
egories in [7]. Their main ingredient was a differential combinator, an operator
that could be applied to maps that were in some abstract sense “smooth” and
that produced a smooth assignment of linear maps, inspired by the Jacobian
of multivariable calculus. This formulation was then transported across the
monoidal-closed adjunction to accommodate not-necessarily-closed categories.

The advent of differential categories launched an effort to categorify the
setting of smooth maps, differentiable manifolds and tangent bundles from dif-
ferential geometry and topology. Via the intermediary of cartesian differential
categories, also introduced by Blute, Cockett and Seely [6], and differential re-
striction categories, introduced by Cockett, Cruttwell and Gallagher in [11], this
culminated in the generalization by Cockett and Cruttwell in [12] of the tangent
categories first introduced in [37]. Tangent categories axiomatize the general
tangent bundle functor, which is a functor T: C — C satisfying certain equa-
tions. Current work expanding and unifying these concepts is being done by
many of the authors above, as well as others, with particular mention for work
in dualizing to the integral category setting due to J.S. Lemay among others
[3, 13, 31].

The work of this paper began with the observation that several well-known
structures satisfy the Leibniz rule of differential categories or the Rota-Baxter
rule (i.e. integration by parts) of integral categories, but not other rules like
the chain rule or U-substitution. These structures seemed important enough
to be worthy of axiomatization as generalizations of differential and integral
categories.

This led to exploring Rota-Baxter algebra in more detail, and remarking that
one of its applications to quantum renormalization, as studied by Ebrahimi-Fard
and Guo in [14], appeared to constitute an algebra modality. It was then natural
to further generalize the definition of Rota-Baxter category to include arbitrary
weights, and show that this does indeed relate to renormalization. In fact, it
turns out to categorically capture generalized power series, with the broad class
of Rota-Baxter operations on them explored by Ribenboim in works like [35].2

We proceed along this path first by following the construction of the free
differential Rota-Baxter algebra. We show that the free Rota-Baxter algebra

2We refer to these generalized power series as Ribenboim power series.
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(of weight 0) monad makes the category of vector spaces into a Rota-Baxter
category. We similarly show that the free differential algebra monad gives a
Leibniz category, before uniting the two structures to show that the free dif-
ferential Rota-Baxter algebra is an example of both. Next, we generalize to an
arbitrary weight, and describe precisely how Ribenboim power series constitute
a monad and induce a Rota-Baxter category structure of weight —1. Particu-
lar attention is given to the example of Laurent series and the renormalization
operator.

The second part of this paper is the definition and description of quantum
differential and integral categories. Studying the Leibniz and Rota-Baxter rules,
along with parallel study of categorical quantum information theory and a cog-
nizance of previous connections between categorical logic and quantum algebra,
led to an examination of quantum calculus. Quantum calculus, as an oversim-
plification, might be described as calculus without limits; that is, rather than
utilizing the continuous notion of an infinitesimal, quantum calculus instead
uses an incompressible discrete quantity in similar contexts. It turns out that
a surprising amount of calculus can be rederived in this setting, and leads to
formulations of the quantum Leibniz rule, quantum Stokes Theorem, and quan-
tum integration, among others. Much of this work is elucidated by Kac and
Cheung in [28].

It seemed natural then to categorify quantum calculus, following the model
of differential categories. In so doing we end up making use of the notions of
categorical scalar and categorical basis, already current in categorical quantum
information theory (see e.g. Abramsky and Coecke [1], Vicary [20]). After
showing that the categorical structure does indeed capture the basic notion of
quantum differentiation of polynomials, we proceed to the more interesting step
of describing a new quantum differential example on the category Rel of sets
and relations, based on the finitary multiset comonad. It is hoped that these
structures can provide further insight into the abstract quantum setting in the
future.

What’s New: The definitions of Leibniz, Rota-Baxter and proto-FTC cat-
egories are new to this paper, as are the proofs that certain known structures
(the free differential, Rota-Baxter, and differential Rota-Baxter, algebras) are
examples of them. The definition of a module modality associated to an alge-
bra modality is a new one, though examples of it have previously been implied
in the literature. The characterization of Ribenboim power series as an alge-
bra modality with Rota-Baxter category structure is new as well, as are the
particular distributive laws of monads used in the proofs. Finally, the defini-
tion of quantum differential and quantum integral categories in analogy with
Blute, Cockett and Seeley’s structures is new, as are the demonstrations of the
examples of them.

Acknowledgements: Many thanks are due to the author’s advisor Richard
Blute for his guidance and astute mathematical intuition, and to the Univer-
sity of Ottawa and the National Sciences and Engineering Research Council of
Canada for their financial and administrative support.



2 Differential, Integral and FTC Categories

In this section we’ll recall the fundamental definitions of differential and inte-
gral categories, and we’ll define the new Leibniz and (weight-zero) Rota-Baxter
categories, the utility of which will be argued in the following section. We also
demonstrate some propositions relating these categories with the structures of
modules with differentiation and integration in the category K-Vec.

2.1 Differential Categories

Differential categories were first described in [7] extending ideas from linear logic
and differential lambda calculus. In categorical logic, the internal hom models
classical implication in cartesian closed categories, and in certain categories this
can be decomposed into a linear implication and a comonad:

A= B=1A—8B

Note that the right-hand side of this equation has the form of a coKleisli map.
Then, with the intuition that maps in a given monoidal category should be
thought of as linear, and maps in the coKleisli category should be thought of as
smooth, the authors of [7] reasoned about the form a categorical “derivative”
should take by analogy with vector calculus as follows.

If f: R™ — R™ is a smooth function, then its Jacobian matrix J takes in
a choice of point = (z1,...,&;,) to produce a linear map J(z): R™ — R™.
Taking this choice of point is itself a smooth function, and so given a smooth
map f: R™ — R™ we get a smooth map D[f]: R™ — L(R™,R").

In the notation of categorical logic, this is D[f]: !A — A — B. For increased
generality, we would like to work in categories that are not necessarily closed,
so this map is shifted back across the monoidal-closed adjunction to obtain a
transformation of the following type:

f:l1 A= B +— D(f): AQIA— B

Keeping this intuition in mind, we now review the formal definition.

Let (C,®,I) be a symmetric monoidal category enriched over commuta-
tive monoids, where the tensor distributes over the sum of maps, and let C be
equipped with a comonad (!,d,¢), where ¢ is the comonadic comultiplication
and ¢ is the comonadic counit.

Such a comonad is a coalgebra modality if each object of the form !A is
equipped with a coalgebra structure (!4, A, e), where A: !4 —»!A®!Aande: 14 —
I and such that (14, A, e) is a comonoid and ¢ is a morphism of these comonoids.

Definition 2.1.1. A category C with such a coalgebra modality ! is a differential
category if it is also equipped with a collection of maps D4 p: Hom(1A, B) —
Hom(A®!A, B), a transformation natural in A and B called a differential com-
binator, satisfying the four properties below. For diagrammatic intuition, we
shall sometimes write f;9:=go f.



(Derivative of Constants rule) D(e) =0

(Leibniz Rule)
D(A;(f®g)) =(id®A); (D(f)®g) + (id® A); (0 ®@id); (f ® D(g))

where o is the monoidal symmetry, f: 1A — B, g: |A — C, and we have
omitted the monoidal associativity isomorphism.

(Derivative of Linear Maps Rule) D(e; f) = (1 ®e); f where f: A — B
and we have omitted the monoidal unit isomorphism.

(Chain Rule)
D(6;!f;9) = (id® A); (D(f) ®6!f); D(g)
where f:!A — B, g: !B — C and we have again omitted the associativity

isomorphism.

The definition of D4 g being natural in A and B is that it carries commuting
diagrams to commuting diagrams, like so:

a—1,p Azl 29
lu v = u®'u v
Ic —%4 D celc 29 p

In particular, employing two identity maps gives the following relation:

1A —id 14 AatAd 200 4
lid f = id®id f
a—1.B Axta 2Y) B

If we write D(idya) = da, this shows that D(f) = foda = da;f. Thus
da can in fact be used to express the entire range of the map D. We call this
da: AR!A —A a deriving transformation.

It is proved in [7] that an additive symmetric monoidal category with a
coalgebra modality is a differential category (i.e. it has a differential combinator)
if and only if it has a deriving transformation. Thus we may work exclusively
with deriving transformations, and their versions of the rules above, to prove
statements about differential categories.



(d1) Derivative of Constants Rule:

(d2) Leibniz Rule:
d;d = (id® A); (d®id) + (id ® A); (0 ®id); (id @ d)
(d3) Derivative of Linear Maps Rule:
die=(id®e);p

(d4) Chain Rule:
d; 6= (id®@ A); (d®d);d

The dual of a differential category is a codifferential category, built using a
monad and the analogous notions of algebra modality and coderiving transfor-
mation. We will sometimes be loose with the terminological distinction, some-
times referring to codifferential categories simply as “differential categories”.
Nearly all of our constructions later on will be codifferential categories.

2.1.1 Examples

1. Let Rel be the category of sets and relations, additively enriched via the
union and monoidal via the standard cartesian product. Let ! be the bag
functor on Rel; that is, elements of ! A are finitary multisets of elements of
A, or sets of elements of A where each element may be counted repeatedly,
up to finitely many times.

Define natural transformations d4: !4 —!'A and €4: !4 — A as follows:
0 relates a multiset X to all multisets of multisets whose union is X, and
¢ relates each singleton multiset in !A to its element. It is easy to see this
makes (!, 4, ¢) into a comonad.

Next, let A: 1A —!AX!A relate all multisets X to all pairs of multisets
whose union is X, and let e: !A — I relate only the empty multiset to the
single element of T = {x}. This defines a coalgebra modality for !.

We can define a natural transformation d4: Ax!A —!A by

da(ag, (a1,-..,a,)) = (ao,a1,...,a,)

which is just adding the extra element to the multiset. This is a deriving
transformation on Rel (see [7] for a sketch of the proof), and thus makes
Rel into a differential category.

2. The category K-Vec of vector spaces over a field K can be equipped with
the free commutative algebra monad .S, and we may then look at the op-
posite category, K-Vec®?. This opposite category’s coKleisli subcategory



(that is, the category whose objects and arrows are of the form S(V) and
S(f): S(V) = W for all K-vector spaces V and linear maps f: V — W,
respectively) is precisely the category of (multivariable) polynomial func-
tions on basis elements, and the opposite of the monad S gives a coalgebra
modality. Define a deriving transformation dy : S(V) — V®S (V) on basis
elements z; by

0
THEDIERS

This makes K-Vec? into a differential category, and moreover recaptures
the standard notion of polynomial differentiation, further justifying the
definition of differential category. For a more detailed treatment and proof
of this example, see [7].

2.2 Integral Categories

Next we recall the related notion of an integral category.

Let (C,®,I) be a symmetric monoidal category enriched over commutative
monoids, where the tensor distributes over the sum of maps, equipped with a
comonad (!, d, ¢) which is also a coalgebra modality (!, A, e), as in the differential
category case above.

Definition 2.2.1. The category C is an integral category if it is further equipped
with an integral combinator, a natural transformation Sy p: Hom(A®!A, B) —
Hom(!A, B), satisfying the properties below [13].

(Additivity) S(f+g) = S(f) + S(g) and 5(0) = 0.

(Linear Substitution) If the left square commutes, then the right square does

also:
AoA —L 4 B 4 29, g
h&lh k = h k
ColC —25 D o 29, p

(Integral of Constants Rule) S((id®e);p) = ¢ where pa: AQI — A is the
monoidal right unitor transformation.

(Rota-Baxter Rule) A;(S(f) ® S(g)) = S((id @ A);S(f) ® g)) + S((id ®
A); (o @id); (f © S(9)))-

(Interchange Rule) S(id ® S(id ® f)) = S((id ® S(id ® f)); (0 ®id)).



Similarly to the differential case, a consequence of the naturality of S is that
we can instead work with the map s := S(id), which is known as an integral
transformation. Once again, an integral category described via an integral com-
binator and one described via an integral transformation are equivalent [31].
The properties above are often more easily demonstrated in terms of s.

(s1) Integral of Constants Rule:
s;(id®e);p;=¢
(s2) Rota-Baxter Rule:
A;(s®s)=s;(id®A); (I d®id® s) + s; (1d @ A); (0 ® id); (s ® id @ id)
(s3) Interchange Rule:
55 (id® s) = s; (1d ® s); (0 ®id)

2.2.1 Examples

1. Rel is an integral category when equipped with the same finite bag comonad
as in the differential category example above. Define a natural transfor-
mation s4: !4 — AR!A by

((a(),...7an))SA(b0,((b1,...,bn))> A ((ao,...,an)) = ((b07b1,...,bn))

which is the converse relation to adding the extra element to the bag.
Then s is an integral transformation.

2. K-Vec®? is an integral category when equipped with the same symmetric
tensor algebra monad as in the differential category example above. Define
a natural transformation sy : V ® SV — SV on basis elements by

sy(ro® (21 @+ ®@xy)) = (Lo QT ® - @ p)

n+1

where —+- € K is notation for the n-fold sum inverse (1 + --- + 1)7L.

n+1
This requires that this sum not be zero; to ensure this without added
complication, we’ll specify that K must have characteristic 0. Then s is

an integral transformation.

2.3 FTC Categories

In calculus, differentiation and integration are famously related by the funda-
. x

mental theorem of calculus, (the first part of) which states - Jo f(t)dt = f(x).

After generalizing the two operations into the categorical setting, a natural next

step is to do the same for the fundamental theorem.



Definition 2.3.1. Let (C,®,1,!,6,e,A e, D,S) be a category which is a dif-
ferential category with respect to D and an integral category with respect to S.
Then (C, D, S) is an FTC category if for all f: !A — B we have

S(D(f) = f

or equivalently if
d;s=1id .

2.3.1 Examples

Both the Rel and K-Vec®? examples considered in the previous subsections are
FTC categories. It is particularly obvious in the Rel case, where the differential
and integral transformations are defined to be converse to each other. In the
Vec case, the differential mimics polynomial differentiation while the integral
mimics polynomial integration, so it is not difficult to show the fundamental
theorem.

2.4 Modules with Differentiation and Integration

The notion of a module with differentiation has long been important in algebraic
geometry and commutative algebra [3, 25, 34], and was first incorporated into
the differential categorical setting via Kéhler differentials as Kahler categories
in [5]. On the other hand, the notion of module with integration seems never
to have been defined before it was reverse-engineered from the study of integral
categories in [3]. We’ll recall both definitions here.

Definition 2.4.1. Let A be a commutative K-algebra, and let M be a right
A-module. Then M is a module with differentiation if it is equipped with a map
0: A — M such that Ya,b, € A we have

d(ab) =0(a) - b+ 0(b) - a

where jurtaposition is the algebra multiplication and - is the module action. Note
that this is just the Leibniz rule, and the map O is thus called a derivation.

Similarly, M is a module with integration if it is equipped with a map
m: M — A such that Ym,n € M we have

m(m)m(n) =n(m-w(n)) + w(n-w(m)) .

Note that this is just the Rota-Bazter rule, and the map w is thus called an
integration. We formally define the Rota-Bazxter rule in the next section.

We will be interested in these types of modules because in many cases they
constitute a preliminary step towards codifferential and cointegral categories.



2.5 Leibniz, Rota-Baxter and Proto-FTC Categories

As mentioned above, there appears to be some utility in describing category-
theoretic structures similar to differential and integral categories, but only sat-
isfying a subset of the standard rules. Specifically, we make the following defi-
nitions.

Definition 2.5.1. A monoidal category (C,®, I) equipped with a coalgebra modal-
ity (1,9,e,A,e) is a Leibniz category if it is further equipped with a natural
transformation d: AQ'A —!A satisfying the constant differentiation rule and
the Leibniz rule; that is, satisfying properties (d1) and (d2) of a deriving trans-
formation as given above. This d is then a Leibniz transformation.

Similarly, such a category is a (weight-0) Rota-Baxter category® if it is
further equipped with a natural transformation s: !A — ARA satisfying the
constant integration rule and the Rota-Baxter rule; that is, satisfying properties
(s1) and (s2) of an integral transformation as given above. This s is then a
Rota-Baxter transformation.

The structures dual to these will be of importance to us as well, but again we
will sometimes be loose with the terminology and refer to coLeibniz and coRota-
Baxter categories simply as Leibniz and Rota-Baxter categories, respectively.

Note that we define Rota-Baxter categories for weight 0 only here. Rota-
Baxter algebras (and categories) of arbitrary weights are discussed in section 4
below.

Clearly every differential category is a Leibniz category. That the converse
is not true is a demonstration of the utility of the Leibniz category definition,
and is what we will spend much of the first part of this paper showing. The
main Leibniz example for us will be the free differential algebra. Of course, the
same statements hold with respect to integral and Rota-Baxter categories, and
this will be likewise explored below. The main Rota-Baxter example for us will
be the free Rota-Baxter algebra.

Further evidence of this sort of utility would be if some structure existed
satisfying the Leibniz and Rota-Baxter category properties as well as the fun-
damental theorem of calculus, but not the other differential or integral rules.

Definition 2.5.2. A category (C,d,s) is a proto-FTC category if (C,d) is a
Leibniz category, (C,s) is a Rota-Baxter category, and d and s satisfy the dual
of the first part of fundamental theorem of calculus:

d;s =1id

The defined categorical structures work in the direction dual to the usual
rules of differentiation and integration, so it is sensible to stipulate that the
fundamental theorem hold in this direction also. Again, most of our examples
below are co-examples, if you will, and in these cases the fundamental theorem
holds in the usual sense.

3There is another, entirely different, notion of Rota-Baxter category defined in [10]. We
proceed with the name here because it is the most natural, and because the original structure
does not seem to have been much made use of.



3 The Free Differential Rota-Baxter Algebra

In this section we’ll introduce the Rota-Baxter equation, and present the free
Rota-Baxter algebra, largely following [22]. We’ll then show that the latter can
be captured in the categorical structure of a Rota-Baxter category. We’'ll pro-
ceed similarly with the free differential algebra, and show that it can be captured
in the structure of a Leibniz category, before finishing with the composition of
the two structures as a proto-FTC category induced by the free differential
RB-algebra.

3.1 Rota-Baxter Algebras (of Weight 0)

The primary new structure we’ll look at in this section is the Rota-Baxter
algebra. Let R be an algebra and P: R — R a linear map. (R, P) is a Rota-
Bazter or RB-algebra (of weight 0) if P satisfies the Rota-Bazxter equation:

P(z)P(y) = P(xP(y)) + P(P(z)y)
We specify weight 0 here because there is a more general formula for RB-
algebras of arbitrary weight, which we will discuss in the next section.
3.1.1 Examples

1. Any algebra is an RB-algebra in a trivial way if P = 0 is the zero map.
This is uninteresting, but does demonstrate that Rota-Baxter algebras are
not a restricted class of algebras, but rather a generalization of them.

2. The most relevant example for us is standard function integration. Let
R be the algebra of continuous functions on R, and let P: R — R be

the map defined by P fo t)dt. We observe that the Rota-
Baxter equation in thlb case is Just a rearrangement of the integration-by-
parts formula; if F(z) :== P(f =[5 f(t)dt and G(z) := P(g)(z) =

fo t)dt, then we have:

/OF’(t)G(t)dt t) 5 — /F HG'(t

=P(fP(g))(x) N(@)P(g)(z) = P(P(f)g)(x)
=P(f)P(g) = (fP( )+ P(P(f)9)

This example demonstrates that just as differential algebras satisfying the
Leibniz rule are a generalization of differential calculus, so are RB-algebras
satisfying the Rota-Baxter equation a generalization of integral calculus.

3.2 Shuffle Product and Free Rota-Baxter Algebra

As a preliminary, we’ll recall the definition of the shuffle product. Since the
formal statement is rather technical, we refer the interested reader to [22], and
proceed instead with the more intuitive version.



Let T'(A) be the tensor algebra on a commutative algebra (A4, -) over a field F
as defined above. If w; € A®™ C T(A) and wy € A®™ C T(A) are homogeneous
(i-e. pure) tensors viewed as words of length m and n respectively, a shuffle of wq
and ws is a permutation of the concatenated word wqws such that the internal
order of each of wy and ws is preserved. The set of all shuffles on a pair of words
is denoted Sh(ws,ws). The shuffle product of wy and ws is the sum of all their

shuffles:
w1 Wwe = Z w
weSh(wy,w2)
Equivalently, the shuffle product can be defined recursively [22], and this

definition is often more useful in proofs. If w = w1 @ w’ and v = u; ® v/, we
can define:
wwu = w @ (w Wwu)+u; @ (wuwu')

Denote by LA the underlying space of T'(A4) equipped with the shuffle prod-
uct instead of the concatenation product. Note that by convention, if one of the
shuffle operands is an element of the field F, the shuffle product reverts to the
scalar product. Then LA is a commutative algebra with unit 1.

It turns out we need to add a bit more to obtain the free commutative
RB-algebra on a commutative algebra. Define

O(A) = A WA

with the multiplication (ag ® a’) ¢ (bg ® V') := ag - by ® (a’ LW V'), i.e. multiply
the A factors together and the LUA factors together separately. We call this
the augmented shuffle product on A. Define also P: QA — QA to be the linear
extension of:

Plag®d) = 14®(ap®d), a’ € A®" n>1,

Plap®1p) = 1a®ag

This is a Rota-Baxter operator, and indeed (QA, ¢, P) is the free commutative
Rota-Baxter algebra on A [22].

3.3 Two Rota-Baxter Modules with Integration

We’d like to capture the free RB-algebra as a module with integration, and we
encounter two ways to do so. It turns out that each have their own advantages
and disadvantages, which we’ll explore below.

Since A ® LLIA already has the form of a module with integration, we might
like to use WS as our monad, where S is the free commutative algebra monad
on a vector space, which gives for a vector space V the same structure as the
tensor algebra T'(V) except with symmetrized tensors [20].

The first issue we encounter is that LLLS is not a monad, but a weaker struc-
ture called a quasimonad. We’ll give the details of this structure and prove that
LLS satisfies it in the next subsection.



Next we must define a map II,: V@ WSV — WSV capturing the structure
of P. Tt is easy to see that ImP C 1gy ® LLU(SV), and that we have an isomor-
phism «: (LWSV, W) = (1pQLUSV, ¢); this was proven for a general commutative
algebra A in [22], and so holds for SV. Thus we can define

Oy =a o Po(iy ®id)
where 7y, is the inclusion of V into SV.
Proposition 3.3.1. (V ® WSV 11,,)) is a module with integration.
Proof. a=! o P o (iy ® id) is linear since (iy ® id), P and a~! are. Then for
a=1uy® (a') and b = vy ® (V):
I (a) Wy, (b) = (up ®a’) W (v @ b')

= ® (' W (vg @) +vo® (up ®a’) LI Y)

=T (a T, (b)) + (b -y (a))
Above, - is the usual module action on the free LUSV-module on V. That is,

the action simply applies the multiplication of the LUSV factor, leaving the V'
factor untouched. O

We move on now to the second approach, which also gives a module with
integration over a vector space. Let By be a specified basis of V.

Now let’s make ¢ oS our functor (more precisely, Uo ¢ oS for U the forgetful
functor down to the category of vector spaces). Since ¢S gives the free Rota-
Baxter algebra on a vector space, we hope to obtain a true monad out of it, but
the situation is more complicated. We will explain in what sense this is true in
the next subsection; for now, we proceed assuming .S is a monad.

We want to give a module with integration structure using ¢.5; that is, we
want a map Il,: V@ 0S(V) — 0S(V) satistying the Rota-Baxter equation. For
w; € SV and yg € By, define

Ie: yo @ (wo @ (W1 @ - @ wy)) = lp @ (W @+ -+ @ wy,)
Yo ®@ 1 — 1y @ yo
and extend linearly.
Proposition 3.3.2. (V ® 0SV,IL,) is a module with integration.
Proof. Let = 20 ®@ (ug @ (U1 Q@ - @ Um)), ¥ = Yo @ (wo ® (w1 ® -+ @ wy,)),
U=U) R+ @ Up, UT = U @+ ® Uy, and similarly for w and wt. Then:
IIs(z) o s (y) = (1Ir @ u) © (15 ® w)
=1r® (uWww)

=1Fr® [u0®(u+LLlw)+w0®(w+LLlu)}
=1L, (xo ® (up ® (uh W w))) +1L (90 ® (wo ® (w* W u)))

=T, (2 Ta(y)) + o (y - Ta(2))

where we’ve used the recursive definition of the shuffle product. O
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3.4 The Rota-Baxter Quasimonad

As mentioned above, the LU functor is not a true monad, but rather a quasi-
monad, as defined in [3]. This structure is the same as what is called an r-unital
monad in [13]. We recall the definition and some basic properties.

Definition 3.4.1. Let C be a category, F': C — C a functor, and p: FF — F
and n: ide — F natural transformations.

1. (F,u) is a functor with multiplication if Fu;p = pp; p.

2. (F,u,m) is a q-unital monad if (F,u) is a functor with multiplication.
Note that nothing further is required of n at this stage.

3. A g-unital monad is regular if n = n; Fn; w.

4. A g-unital monad is compatible if u = Fnp; up; u, or (equivalently by the
functor with multiplication equation) if u = Fnp; Fu; p.

5. (F,u,m) is a quasimonad if it is a reqular compatible g-unital monad.

A monad is always induced by an adjunction; similarly, a quasimonad is
always induced by a regular pairing, defined as follows.

Definition 3.4.2. Let L: C — D and R: D — C be functors.

1. A pairing between L and R is a pair of natural transformations a s, p: Homp(LA, B) —
Hom¢(A,RB) and Ba p: Hom¢(A, RB) — Homp(LA, B).

2. A pairing («, B) is regular if a; f;a = « and B; ;8 = 5.
We then have the following theorem, proven in [413].

Theorem 3.4.3. A functor F': C — C is a quasimonad if and only if AL, R, o, B
such that F = L; R and («, 8) is a reqular pairing.

We claim that LS is a quasimonad. Before proving this, we must establish
some notation for writing elements of LUSV, LUSWSV and LUSWSLWSV.

If a basis element of LSV has the form
ijke
1mijk£

ijkt
Nijkel

ijkt
®s"'®svj z‘jk:l)

ke ijkl
wi; = (v @5 @s v
TijkeMn;ipp

ij )@ ® (v
then we can write a basis element of LUSUWISV as

ke ke ke 24
wre = (W] ®s -+ Vs wlm’f’f) ® @ (wh | @ @ wht e )
) e

and a basis element of LUSLLUSWSV as

19:(w11®s"'®sw1m1)®"'®(wnl®s"'®swnmn) .

11



Define py : WWSWSV — WSV by

p(wie) = g o= (wif W Wl ) @ -+ @ (whe,y W Wwkt )
1 ke
and ny: V — WSV by
n(v) = ((v))
which includes v first as (v) € SV and then as ((v)) € WWSV.
Proposition 3.4.4. (WS, ux,n) is a quasimonad.
Proof. This proof is similar to a result in [3]. First we show it is a functor with

multiplication. Observe:

po WSu(9) = (@11 @s -+ @5 Wimy) @ -+ ® (W1 R+ Rs Dramay))
:(THU—'"'Luiwlml)(g)"'@(winlLU"'Linnmn)

Meanwhile, we have:

o puus (V) = p((win W+ Wwim,) @+ @ (W1 W W wnm, )
= (@I W W B,) @ @ @1 W W W, )
The latter equality holds because the “outer” shuffle of ‘w’s and the “inner”
shuffle of ‘w’s don’t interact by definition of u. Thus the functor with multipli-

cation equation holds.
Regularity is shown as follows:

) 21, ((

Similarly straightforward is compatibility, when we use the equivalent for-
mulation:

Wie
/! IU—'SUuJS
((w'ff))®s~--®s((w’fﬁllfe)))®;’/--®(((w§‘;21))®s~~~®s((wﬁiemu )
:. IU-'SH

)
Wy

\ 4

\
\\ I
\

p(wre)

12

Thus (WS, p,n) is a quasimonad. O
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3.5 The Rota-Baxter Monad and Algebra Modalities

We are also interested in building an algebra modality with ¢.S. In general, a
composition of two monads may not be a monad; we need an extra property
known as a distributive law [4].

Definition 3.5.1. Let (T, ", nT) and (S, u®,n°) be monads. Then a distribu-
tive law (of T over S) is a natural transformation £: ST — TS such that the
following diagrams commute:

STT = 75T Tt TTS S

[sur e NG

S 12

ST ¢ TS ST ——*t 7§
SST -S54, 517§ 54 78S LT

lﬂi W y ﬁ
ST ¢ TS ST — %t .78

The following theorem is well-known; for one proof, see [1].

Theorem 3.5.2. If { is a distributive law of T over S, then TS is a monad
with p"% = Tls; TTp®; p§ and 0™ = n%n§.

To show that (.S is a monad, we will define a distributive law of { over S
below, but first we need to explicitly construct u® and n®. These are implicit
in works like [22] and [23], but never seem to have been made explicit.

Let A be a commutative algebra and (R, P) a Rota-Baxter algebra. It is
proven in [22] that the freeness adjunction is given by:

HomCAlg(A, UR) = HomRBAlg(OA, R)
(e £(@) = (w0@(ar19-+-@an) > flao) - P(f(ar) - P(-++)))
Tracing id: UR — UR through this adjunction gives the counit:
€: a0®(a1®"'®a7n)HaO'P(al'P('“)>

We claim that the unit is
n:a—a® ly,

since tracing this map through the adjunction and recalling that P: 0A — O A
is defined by P(w) = 1p ® w gives the map

ap ® (a1 @ -+ @ an) = (ag @ 1) o P((a1 ® 1) o P(---))
=ap® (a1 ® - @ ay)

which is id: A — QA.

13



Our monadic unit is then simply 7 := 7, and our multiplication Uega: 0OA —
QA is then given by:

pf:we ® (w1 @ - @ wy) = wo o (1Ip @ (wy o (Ig @ (---)))
We now define a natural transformation £: SO — .S by

fvl (’Ul() ® (Ull ®--® Ulml)) Qs+ s (UnO 2 (Unl & ®vnmn))
= ((UIO) ® ((Ull) K- ® (Ulml))) G0 ((UnO) 02y ((Unl) PR ('Unmn)))

where (v;;) :=n°(v;;) € SV.

Proposition 3.5.3. The natural transformation £ is a distributive law of ¢
over S.

Proof. For the top-right diagram, we have:

0o 8P (v @y -+ @5 vn) = L((v1 ® 1) Qs -+ R (vn @ 18))
:(U1®1]F)<>"'<>(Un®1]F)
:(U1®s"'®svn)®1F
:ng(vl ®s"'®svn)

For the bottom-right diagram, we have:

Con(ve® (11 @+ ®vn)) = (00 ® (11 ® -+ @ vp)))
= (v0) @ ((v1) ® - @ (vn))
=0 (v ® (V1 @ ®vy))

For the bottom-left diagram, we first establish some notation. Write U; =
Uj‘o ® (”;‘1 Q- ® vémj), w; = vk R ®s v;i, and then write v§ = Ons(v;:).
Then the diagram is verified by:

. __ J— - ) -
W1 R+ Qg W % (U%O"'Ovél)@s'"®S(’Uf<>"'Ovﬁik) }—S> (’U%O"'O’U}H)Q"'O(’Ufo

L‘g IO#S

U%®S...®szk; Ulo...ovﬁk

The top-left diagram is the most involved. First, we modify some of the
notation used above. We again write v} = v, ® (v}; @ -~ @ vl ) and v} :=
On®(vh), but we redefine w; so that w; := v ® (v} ® - @ v},).

A general term in SOOV has the form wy ®; - -+ ®, wi. We’'ll demonstrate
the £k =1 and k = 2 cases; the general k case is analogous to k = 2, but using
the multi-factor Rota-Baxter rule and the multi-recursive property of LU instead
of the usual two-factor versions.

When k£ = 1, writing w := w; we have:

14
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(w) ———— () @ ((U1)®~-~®(vn)) SLAEN R MI®- - @Ty)

ISHO I“g

(vo o P(vy 0 P(--+))) : T o P(Uro P(--+))

When k = 2, observe that we have

o Sp®(wy ®, wy) = 6((1;3 o P(vl o P(--+))) @4 (vF 0 P(v? o P(- ..))))
= (v o P(of o P(---))) o (] o P o P(-+-))
= (i ovd) o (P(wioP(--+)) o P(v}oP(-+)))

as well as

Ol by (w1 @ ws) = OL(((Wh @ (WD) -+ @ (v3,))) @ (W) @ (WD) © -+ @ (van)) )
= ot(((wh) e, 3) (D@ e E)w(eh) e o 12,))
= (jou)® (i@ - @ul)wwie---l,)
=: (%)

We claim that
18 (%)) = (vh o v2) o (P(vf 0 P(-+-)) o P(v} o P(---)))

which would complete the proof. We prove this by induction on n; and na.
Suppose first that n; = no = 1. Then we have

pg (o) (EDwED)) = g (Clerd) @ (De @] + (DerD))

1

0

= (0§ 0 08) o (P(v] o P(@})) + P(sF o P(0])))
= (vjoud vl)o

ovg) o (P(vi) o P(v}))
by definition of LU and the Rota-Baxter rule for P.
Now assume the inductive hypothesis for n; and ny and all shorter lengths,
and add one tensor factor to one of them; without loss of generality, suppose
we're adding a factor (¥) to the beginning of the first tensor. Then, writing

<
O O»—A

() i= (o) @ (M@ @D e-o @) w (@) e o @7,)

15



we have

P =g (@ o) @ (@ e (D e o) w (@) e ()

+ P70 P30 P(-+)) o PTo P o P(-+)))]
= (o) o [P(voP(fo () o P(iF o POFo P(---))]

by the recursive definition of LU, commutativity of ¢, and the Rota-Baxter rule
for P. This proves the inductive step, completing the proof of the top-left
diagram. Thus ¢ is a distributive law of monads.

O

As for the algebra modality, we can in fact define almost the same structure
on both our (quasi)monads. For LU, define (my,en) = (W,ir), and for ¢S,
define (ms, e5) = (©,iF ® i), where 7 is the inclusion.

Proposition 3.5.4. (WS, my,,en) and (OS, mo, es) are algebra modalities (ex-
cept that LS is a quasimonad instead of a monad).

Proof. That each acts with an algebra structure is clear. It remains to show
that each p is an algebra map for the respective modality. We’ll show this holds
for LU; the proof for ¢ is similar.

Using the same notation as above, the multiplicative and unital diagrams
are:

np

1 2 €
Whe ® Wiy = Wiy @ W7y Ip > 1p
Im Im X IM
1 2 ® 1 2
Wie W Wiy — Wiy Wwi, 15

As in the proof that (LS, 1) is a functor with multiplication, we have used
the fact that the shuffle internal to each w does not interact with the shuffle of
the two ‘w’s together.

O

3.6 Rota-Baxter Category Structures

The calculations above showing that LU and ¢ are modules with integration
are also precisely those demonstrating that they each make K-Vec into a Rota-
Baxter category. It remains to examine which other properties of an integral
category they satisfy.

It turns out that neither L nor ¢ in general satisfy any of the other integral
category structural properties, lending support to the utility of the Rota-Baxter
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category definition. First we show that the constant rule is satisfied for each.
For LUl we have the following diagram:

v —" ISV Vv
- I 1
VoF —— VeUWsVv VR Ip —— v ® 1p

For ¢, we similarly have:

Vv — 08V T — 1p @2
= n.] | I
VeF 4% v o osv tQ1lp — @ Ip

Now recall that the integration of linear maps rule states:
2-Mlo(id®n) = mo(n®n)

In the W case, we have:

2 -0 (id®n)(a ®az) =2 I, (a1 @ (az))
=2-a1®as
=a1 @ag+a; P ag
#a1®az+ a2 ®ay
= (a1) w (az)
=mo (n®mn)(a1 ® az)

A similar argument for ¢ shows neither satisfies the linear rule in general.
Next, recall the Fubini rule states, for o the tensor symmetry:

MMo(id®Il) = o (id®II) o (0 ®id)

But observe for LL:

My, 0 (id ® Iy ) (a0 ® ag @ (a1 ® -+ @ ay)) = Hw(ao @ (af ® a1 ® -+ @ ay))
:a0®a6®a1®"'®an
#ay®@a)®@a; @ Qay
=T, 0 (id® Iy )(a)®ay® (a1 @ -+ ® ay))
=Ty o (id®y) o (0 ®id)(ap @ afy @ (a1 @
A similar argument for ) shows neither satisfies the Fubini rule in general.

Thus both provide examples of Rota-Baxter categories that are not integral
categories.

17
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3.7 Free Differential Algebra

Before we combine Leibniz and Rota-Baxter structures using the W and ¢
(quasi)monads, we’ll define the free differential algebra on an algebra and prove
that it provides another example of a Leibniz category structure on Vec. We’ll
also make use of the free differential algebra monad later on.

Let S be the free symmetric algebra construction as above. For a set X, let
A(X) := X x N, and in particular we can apply A to a vector space V over
a field F. It is clear that A is a functor, and so Z := U o S o A is a functor
Vec — Vec.

It is proven in [23] that (SoA(X),dx) is the free (commutative) differential
algebra on X, where dx is defined as the linear and Leibniz extension of:

dx((z,n)) = (z,n+1)

dx(1p) = 0

Thus we’d like to show that =, when equipped with an appropriate deriving
transformation capturing dx, induces a Leibniz category. We’ll start by de-
scribing the monad structure on =.

Define:

ny:V =2V
x> (z,0)
py: 28V = EV
(w1, m1) ® -+ ® (we,myg) = diy* (wr) @ - - - @ di* (we)
lp e EEV = 1y € EV
Proposition 3.7.1. (Z,u,n) is a monad.

Proof. We must show commutativity of the following monad diagrams:

Ep

1]
[

]
R
=

=3
lu I
=2

(1]

"
For the unital equations, we have:

woZny((vi,n1) ® -+ & (vg,ng)) = w(((v1,0),n1) @ - ® ((vg, 0),ng))
= dy* (v1,0) ® - -- @ dy (vg, 0)
= (v1,n1) ® -+ ® (vg, ng)
=d%((v1,m) @ @ (vg, 1))
= p((vi,n1) ® -+ ® (vg, ng), 0)
=ponzv((vi,m) @ -+ & (vk, 1))

18



For the multiplicative equations, we must show that
poEpy (((wlumh)@' @ (we, ,my, ), p1) @@ ((wr,, my, )@ - '®(stmes)7ps))
is equal to
pzv (Wi ma) @ (s mey ), ) @0 (wr,ma, )@@ (wr, me, ). ps) ).

Call the former (x) and the latter («x). Then we have:

—
*
~
I

i ((dy ' (w,) @ @dy ™ (wey ), p1) @ - @(dy ™ (wr,) @ - -@dy,* (we, ), ps))

s 45
=@ [y @@ dy [yt () @ @ dy (w)
j=1 \i=1
s £
=p Z(wlj’mlj) ®---® (wiﬁmij +pj) - (wfj’mfj)
j=1 \i=1
:N( d]\j/j((wljvrnlg)(8 "®(w4j7mfj))
j=1

Note that we have used the Leibniz property of the differential dy .
O

Next we’ll need the algebra modality. It can be built from the obvious
choices, with the unit being inclusion and the multiplication being the concate-
nation product.

Proposition 3.7.2. (2,m,e) forms an algebra modality.

Proof. 1t is clear that this structure acts as an algebra, and easy to see that it
is natural. It remains to prove that u is an algebra homomorphism. The unital
equation is demonstrated by:

If we denote by (*) the expression

mo (@ ) (w1 m,) - (ks 11) @ (W1, m1,) @+ +@ (s 15,))
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and by (**) the expression

pom(((wn,m, )@ (wey mi,)) @ (Wi m1,) 00 (wiy, 1))

for an arbitrary element of Z=ZA ® ZZA, then the multiplicative algebra map
equation is given by:
(%) = m((d?/11 (w1,)®---@dy™ (wy,)) © (dy? (w1,) ®- - -@dy" (wy,)))
= dy't (w1,) @ @dy" (wr,) @ dy* (w1,) - @dy" (wy,)
= M((wh’nh)@' ) '®(wk1’nk1> ® (w12’n12)®' ’ '®(wk2>nk2)>
= ()
O

Before we define our deriving transformation, it is worth noting that u sat-
isfies an additional nice property.

Proposition 3.7.3. The map py: Z=V — ZV is a map of differential algebras.

Proof. That 1 is an algebra map was shown in 3.7.2; so it remains to show that
it respects the differential. We observe:

dvopy ((wi,m1)®- - ®(we, me)) = dv (dy* (w1)®- - @dy* (we))
¢
Z Hwy)@- - @dy (w;) @ - @dy (wy)

4
(Z wy,my)®- @ (wi,m; +1)@- - ®(W[,mg)>

=1

podsy (w1, m)®-- @ (we,mye))
O

Finally we must give a deriving transformation dy: ZV — V ® ZV to com-
plete the Leibniz category structure. For each V', pick some vector v € V.
Define:

oy :w—=v®dy(w)
I]F'—)O

Here d is the differential of the free differential algebra structure on ZV, as
described above.

Remark 3.7.4. The element v in the definition above is merely a placeholder
element; if we worked over algebras, we would have the canonical choice of 14
for each algebra A, but the differential map 0 is, by its nature, not a map of
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algebras. Thus we must work over Vec and content ourselves with this less
natural structure.

On a more fundamental level, this inelegance is forced upon us by the na-
ture of the codomain of the deriving transformation. While sensible in contexts
tightly analogous to function differentiation, the codomain V!V seems to be
too restrictive in more general situations. This indicates that a looser, further
modified definition of deriving transformation might be useful in the future. For
the purposes of this paper, however, we keep the definition previously given.

Theorem 3.7.5. (Vec,Z,0) constitute a Leibniz category, but not a differential
category.

Proof. By the previous propositions, the only remaining datum to be proved is
that § is a deriving transformation satisfying the Leibniz and constant differ-
entiation rules. The constant rule is satisfied by definition. As for Leibniz, let
wy = (v1,n1)R- @ (v, ng) and wo = (Vgpa1, Nkt1) R+ @ (vg, ng) in ZV. Then
we observe:

v (w1 ®ws) = v@dy (w Qws)

H'MN

= v®< (v1,M)® - Q(vi,n; + 1)®- - '®(W’W)>
=1

k
= v®< (v1,11)®@ @ (vi,n; +1)®@- - '®('Uk7”k)> @ (V15 Mht1) @ - @ (ve, np))
=1

[
+v® ( Z (Vkg1, Ne11) @@ (v, + 1) ®- - -®(W,W)> ®((v1,m1)®- - @(vg, ni))
i=k+1

= vRdy (w1) Q@ws + vRdy (we) @w,
= dy (w1) @wa + oy (w2) @wy

Here we used the symmetrized nature of the tensor product of elements of ZV.
Thus the Leibniz rule is satisfied.

The monad = does not induce a differential category structure, however.
The linear derivative rule would imply:

u@lp =2 u —— (u,0)

d
e

u®lp #v®(u,1)

Similarly, the chain rule would imply that
vRA(d"™ (w1)®- - -@d™* (wg)) = 0

which is false in general (for instance, when all w; # 1). O
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3.8 Free Differential RB-Algebra

We first describe the free differential Rota-Baxter algebra on a differential alge-
bra, and then we explain how it is generalized by each of the LUS quasimonad
and the ¢.5 monad. We also discuss the advantages and disadvantages of each.

Recall that a differential Rota-Baxter algebra is an algebra structure (A, d, P)
such that (A,d) is a differential algebra, (A, P) is a Rota-Baxter algebra, and
the interaction of the two structures satisfies the first fundamental theorem of
calculus, namely d o P = id.

Let (A, -, do) be a differential algebra, and ¢ A the free Rota-Baxter algebra
on A. Then define a differential on ¢ A by

d(ap®(a1®- - ®ay)) = do(ag)®(a1®- - -®an)
+ ao-a1®(a2®- - Qay,)

where by convention if n = 0 then d(ag) = do(ag). It is shown in [23] that this
structure is the free differential RB-algebra on the differential algebra A.

Let’s first look at generalizing this via LLI. To define a quasimonad structure
on W=, we must again establish some notation, this time for writing elements
of WEV, W=EEV, and WEW=LEY.

If a basis element of LUZV has the form

ke o ik ijke ijke ijke ke ijke ikl ijke
Wi = ((Ull »T11 )®s- - '®s(vlmi1k27rlmijkz))®' ) '®((’Unijkglv Tnijwl)@s' : ‘®s(vn“ ikl T ke )
h i ROy TgkeT,

then we can write a basis element of LUZELLUZV as

ke kL ke ke ke ke ke ke
Wke = ((w117 m1)®s s (wlmlf‘Z ’ rlmlfe))@. ' .®((w"k41’ T"k‘fl)@‘q. . .®S(w"kfmﬁie ’ Tn“m%},e ))

and a basis element of L=EWZELWZEV as

¥ = ((W117711)®s Qs (wlmlaTlerl))(g)' : '®((Wnlyrnl)®s Qs (annarnmn)) .

Define py : WEW=EV — WEV by

ke

ke ke ke T
lwre) = Tz = (@11 ()W wd 7 () )@@ (d e (i e wd e (whl )
g

and ny: V — WEV by
n(v) = ((v,0)) ,

which includes v first as (v,0) € EV and then as ((v,0)) € LWUEV. This makes
LU= into a quasimonad; the proof is similar to the proof for LLIS above.

Recall that for the free Rota-Baxter algebra (V ® WSV, Psy ) we had II,, =
a!o Pgy o (i ®@i) where a: WUSV 2 1p ® WSV. Thus if (EV,dp) is the free
differential algebra, the obvious choice to make V ® LU=ZV into an FTC module
is to define ¢,,: WZEV — V @ WZEV by

0 = (p®id)odezy o
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where p is the modified projection map p: ZV — V defined by
p: (u,0) — u for (u,0) € AV
p: a+— 0 for all other elements a € ZV
Then we have the following proposition.
Proposition 3.8.1. (LWZV,6.,) is a module with differentiation.

Proof. Let a=a1 ®ad’, b=0b; V' € WZV. Then the Leibniz rule is shown as
follows:

Su(awd) = (p®id) odezy o alaLlb)
=(p®id)odezy(lr@aoly ®b)

(
(
= (p®id (a1®(a Lub)+b1®(b’LLIa)>
=du(a) - b+0u,() - a

dozv(lr ® a <>1]F®b+d<>EA(1]F®b)<>1[F®a>

=(p®id

)
)

= (p®id)
Var®d olp@b+b @Y <>1F®a)
)

O

Corollary 3.8.2. (Vec, W=, 4,,)) has the structure of a Leibniz category, except
that W= is a quasimonad.

Now, modify the definition of II,,: V@LWSV — V&WSV to be VRWEV —
L=V in the obvious way. Then in addition:

o0ll,, = (p®id)od5‘/oo¢oof1OPEVo(ioid) = (p®id)OdAOPAO(i®id) = (p®id)o(i®id) =1d

Thus the FTC property is captured.

A potential disadvantage of this approach is that if we look closely, it might
be argued that we are only superficially “capturing” the differential structure
dozy of the free differential RB-algebra. As we already exploited above, we
have:

dw(ar ®@a) = (p&id)ody(lfr ® (a1 ® a))
=dz(lp) ®a1 ®@d +1p-a; ®d
=04+a1®d
=a®d
So while one term does involve the application of dy as in the free differential
Rota-Baxter algebra, its effect in this construction is always to nullify that term.

Nevertheless, it is an example of the FTC property being satisfied in the
Leibniz and Rota-Baxter category setting. Thus we have another example of

23



a Leibniz category and of a Rota-Baxter category, and our first example of a
proto-FTC category.

We now turn to ¢. We must first make 0= into a monad, and again we start
with notation.

If a basis element of 0=V has the form

ke _ ijkt  ijke ijke ijke
wsy = (v r s vl e
1] (( 01 »'01 ) ®s ®s ( Om(ﬁ’ke’ Omgjw)

& (@) @4 - 00 (0 TH)) 8-

ijke) ijke
Imy 1my

ikt ijke ijke ijke
. v T e v T PR
® (( Mijkel? "Wdl) ®s ®s ( nijkl’.mzljﬁil’ ”ijklm;’{i’;iz ))

then we can write a basis element of O=Z0=V as
ke ke ke ke
Wre = ((wOD To1) ®s -+ @s (w()mgfzv””()mgf))

® (“wlff’ T"ff) s - @s (wllcfn’fz’ rllcﬁz’f‘{)) Q- ® ((wﬁiﬂ’ beizl) Qs+ Bs (wsizmﬁie ’ rﬁizmﬁig)))

and a basis element of QZO=OZV as

Y = ((wo1,701) ®s - Ds (Womgs Tomy))
® ((@n,m11) @, - @ @imss 1m,)) @+ @ (@t ) Dy -+ By (W T, ) ) -
Define py : O=Z0=EV — OEV by
p(wre) = Dre
rib . ke Towke o kot
= | (d" (wpy) @ -+ od O (w()mge))

ke

ke
® (@t @wh) oo d M (whl ) @ @ (7 (wht 1) oo d e (wht i )
ke

and ny: V — OEV by
n(w) = ((v,0)) ©1r ,
This makes ¢Z= into a monad; the proof is similar to the proof for .S above.

Define II: V @ OZEV — OEV by II(v ® a) = 1y ® (a). The proofs in the
previous subsections are adapted essentially without modification to show that
this makes Vec into a Rota-Baxter category.

Let a =ag® (a1 ® -+ ®ay,) € OZV, and write at = a1 ® --- @ ap, a™ =
as®- - -®ay,. For each V', choose some vector v € V. Define d,: OZV — VROZV
by:

§(a) =v® (dzy(ag) ® a™ +ag-a; @at™)

We stipulate the sensible convention that if a™ = 1p, then a** = 0.
We can now prove the following.

Proposition 3.8.3. (Vec, 0=, d¢) is a Leibniz category that is not a differential
category.
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Proof. This proof uses techniques similar to the proof that (A is a differential
algebra for any differential algebra A from [23].

Let V be a vector space with chosen vector v. Recall that the Rota-Baxter
operator P on OZV (in fact, on QA for any algebra A) is defined by P(a) =
14 ® (a). Then we can write a = (ag ® 1r) © P(a™), and with similar notation
for another element b € O=V, we have

aob= (aghy ® 1) ¢ (P(a™) o P(b™))
= (aobo ® 1r) o (P(a* o P(b")) + P(b" o P(a™)))
= (aobo ® 1p) o P(a* o P(b™) +b" o P(a™))

by the Rota-Baxter property and linearity of P. Then writing d := d=zy we thus
have:

§om(a®b) = 6(aob)
= 6((aphy ® 1) o P(a™ o P(bT) + bT o P(a™)))
—v® ((d(aobo) ® 1) 0 P(a® o P(b7) + b o P(a™))
+ (aobo ® 1) o (a0 P(b+) + b+ o P(a+)))
= 0@ (((doao)bo + aods (bo)) @ 1) & (P(a*) o P(b+)))
+v@ ((aobo @ 1) o (a* 0 P(b") + b o P(a*)))
= 0@ ((do(ao)bo @ 15) o (P(at) o P(b*)))
+ 0@ ((aodo(bo) @ 1) o (P(a*) o P(5Y)))
+v@ ((aobo @ 1e) o (a* 0 P(b") + b o P(a*)))
On the other hand, writing

(¥) = ((id@m) o (§ ® id) + (id ®m) o (¢ ® id) o (id ® §)) (a @) |
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we have:

el
—H)Gg( (do(bo) @ 1) o P(b*) + (b @ 1) 0 b*) o (a0 @ 1) o P(a*)) )
((do a0) ® 1g) o P(a ))<>((b0®1F)<>P(b+)))
v® ( (a0 ® 1p) o a )<>((b0®1]F)<>P(b+)))
+v® (((do(bo) ® 1x) © P(6%)) o (a0 © 1x) o P(a*)) )
( (bo ® 1g) o b+) o ((ap ® 1r) <>P(a+)))
(

= v (a0l ® 1z) o (P(a*) 0 1))

+v®((a0b0®1p) (at o P(bT)) )
+v@ ((do(bo)ao) ® 15) o (P(5) 0 P(a™)))
+UQ® ((boao ®1p) o (bt o P(a )

=0 ® ((do(a0)bo @ 1)  (P(a*) o P(5)) )
to® ((do(bo)ao © 1r) o (P(b+) o p(a+)))
+0® ((aobo @ 1x) o (a* o P(b) + b* 0 P(a™)))

Since these are equal by commutativity of ¢, we’ve proven the Leibniz rule.
For the constants rule, observe that e(lp) = 1 ® 1p and so § o e(1p) =
Ir ®d=4(1p) ® I (remembering our convention that 1§ = 0). But d=4(1r) = 0,
so the preceding tensor product is 0.
The linear maps rule is not satisfied: it is easily verified that

don(a)=14@(@®@1p) #a® (14 @ 1p) = (id®e) o p(a) .
The chain rule is also not satisfied: observe that for any a € A,
(0; (6@ p))(a) = (0@ p)((la®1p) @b) =0

since 6(14®1y) = 0, where b signifies all the factors irrelevant to this calculation.
On the other hand, u; ¢ in general will not be zero.
O

We’ve shown that (Vec,d,1I) is both a Leibniz category and a Rota-Baxter
category, but neither a differential nor integral one. Unfortunately, a disadvan-
tage to this approach is that it is not quite a proto-FTC category as defined
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above. It does, however, satisfy a slightly weaker version of the fundamental
theorem of calculus. Let us explain in what sense this is true.

Recall that the differential operator d and RB operator P on the free Rota-
Baxter algebra on a differential algebra, as described above, satisfy the funda-
mental theorem of calculus without modifications [23]. We have

doP(a)=d(la®a)=a

since dp(14) = 0.

The categorification given here does not translate the FTC directly, and any
that does so within the established differential category setting would have to be
truly unusual. The route AQ AR LA - AQWA - A® AR A is too bumpy,
in the sense that we would have to preserve the leftmost A factor throughout
the mappings and pull it back out unscathed at the end.

What does hold true in our case, however, is the following.

Proposition 3.8.4. For each vector space, there is a nontrivial subspace B of
V ® OZV such that the following diagram commutes:

B —— V@SV

|m

oSV

I

Ve oSV

L

Proof. Let B =v®QZV, the subspace of elements of the form v®a for a € =V
and v the chosen vector of V' used in d,. Then the diagram becomes:

VRa s v®a 2 v lp @ a —2 v® (d(1p) ® a + a)

\@/

To summarize, we’ve constructed Rota-Baxter categories (which are not in-
tegral categories) using WS, ¢S, LU=, and O=, and we’ve constructed Leibniz
categories (which are not differential categories) using =, W=, and O=. The
constructions using LLIZ and QZ also capture the fundamental theorem of calcu-
lus, although each has advantages and disadvantages: LU= is not a monad but a
quasimonad and its capturing of the underlying differential of = is imperfect, but
its satisfaction of the FTC is elegant and direct; while 0= involves the choosing
of specific vectors in each vector space V and only a restricted version of the
FTC is satisfied, but it is a true monad directly capturing the free differential
Rota-Baxter algebra adjunction.

O

27



4 Weight-\ Rota-Baxter Categories

In this section we generalize our Rota-Baxter categories to accommodate an ar-
bitrary weight, and demonstrate the one of the applications of this is to capture
renormalization of Laurent series as used in quantum field theory, and more gen-
erally a certain broad class of operators on what Ribenboim called generalized
power series, which we will call Ribenboim power series.

4.1 An Arbitrary Weight A

A Rota-Baxter algebra of weight A is defined to be an algebra A equipped with
a linear map P: A — A satisfying

P(z)P(y) = P(xP(y)) + P(P(x)y) + AP(zy) .

Of course, taking A = 0 gives us back the structure we have up to now been
calling a Rota-Baxter algebra. But many applications demand Rota-Baxter
algebras of non-zero weight; one of the most interesting is the Laurent series,
which plays a key role in renormalization in perturbative quantum field theories
[22].

We approach our generalization seeking to replicate the format of Kéhler
categories. In brief, Kéhler categories were designed to capture modules of
differential forms, and utilize a derivation 9: TA — H(A) for some second
algebra modality functor H which is a compatible T'A-module. It was once
believed that all codifferential categories were Kéahler, but this has recently
been cast into doubt. The case with a minor additional property assumed is
proven in [5].

The H above is a structure that merits its own definition.

Definition 4.1.1. Let (T,mp,er) be an algebra modality. Then an algebra
modality (H,mp,em) is a module algebra modality associated to T if H(A) is a
T A-module for every object A; that is, if there is a map o: H(A)QT(A) — H(A)
such that the following diagrams commute:

H(A) ® T(A) @ T(A) WM H(A) ® (A)

H(A) 2 HA) @ T “25 H(A) @ T(A) —— H(A)

Proposition 4.1.2. FEvery algebra modality is a module algebra modality asso-
ciated to itself.

Proof. Straightforward. O
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We'll also need a categorical notion of scalar multiplication, to describe the
effect of \. We employ the same structure used in quantum category theory, as
described in [1].

Suppose we are in an additive symmetric monoidal closed category. Then
it is straightforward to see that R = Hom(I,I) is a commutative ring, which
we call the ring of scalars. There is an action of R on arbitrary hom-sets: if
f € Hom(M,N) and q € R, we define ¢ - f: M — N by the formula

g f=M-ZTeoM@1eom = M.
This action satisfies all of the evident properties of a commutative ring on an
abelian group. Furthermore, given f € Hom(M,N),g € Hom(M', N'), we have

- fR®g=f®q-yg
The action of R also respects composition:

(q-flog=1folqg-9)=q-(foy)

Write Af for the scalar multiple of A on f: A — B. We are now ready to define
our new categories.

Definition 4.1.3. Let (C,®,1,0) be a symmetric monoidal closed category
equipped with a monad (T, u,n) that is also an algebra modality (T, mr,er),
and let (H,mp,em, ) be a module algebra modality associated to T, where
o: H(A)®TA — H(A) is the module action. A Rota-Baxter transformation of
weight A for a given scalar A is a natural transformation I1: H — T such that
the following equation holds:

M@ I);m” = (id @ 11); &; 1 + (11 @ id); o; @; T + m*; AT
Equipped with such a 11, C is called a Rota-Baxter category of weight .

We begin with a couple of basic examples.

Example 4.1.4. Let C = K-Vec be the category of K-vector spaces, where
for simplicity we specify charK = 0, and let S be the usual symmetric tensor
algebra monad, so that SV can be viewed as polynomials in basis vectors of V.
View this as a module algebra modality over itself. Then for each basis vector
z; € V, define a transformation II{/ : SV — SV by:

v 1 .
T (™ o) = g e
m;

This acts as polynomial integration with respect to the variable z;, and so makes
K-Vec into a Rota-Baxter category of weight A = 0.

Example 4.1.5. Let T' = H be any algebra modality on any category C with
m=e: TA®TA — TA. For each scalar A define:

I = —\idra
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That is, IT* is just scalar multiplication by —\. Then, since scalar multiplication
is an action of the commutative ring Hom(I,I) on the monoid Hom(T A, T A)
respecting composition and tensors, we have:

(MeI);m = ((—)\id) ® (—)\id));m
=\ (id ® id);m
=\m
=A2m+ A2m — A2m
= (=Xid ® id); &; (—Aid) + (—Aid); e; (id @ —Aid) + mp; AM(—Xid)
= (I ®id);o;e; I+ (id @ IT); -; IT + m; AII
Thus (C,T,1I) is a Rota-Baxter category of weight .

4.2 Laurent Series and the Monad G(M,-)

A more noteworthy example is that of Laurent series. These admit a Rota-
Baxter operator of degree —1 that is of interest in perturbative quantum field
theory [22, 40]. We show that they, along with a much broader class of examples,
are captured by our weight-A Rota-Baxter category structure.

Recall that a Laurent series is a series

flx) = Z anx”
n==k

where a,, € C and k € Z. That is, Laurent series are a generalization of power
series where there may be a finite singular part of negative degree. These can
be equipped with a linear operator

-1
P(f() = 3 ane”
n=k

which keeps only the singular part of the series. It is shown in [22] that this is
a Rota-Baxter algebra of weight —1.

There is a structure known to capture Laurent series, among other construc-
tions, which we will show is an algebra modality. This is the structure that
Ribenboim called generalized power series, which we will call Ribenboim power
series. The presentation is based on those in [24] and [35].

Let (M, +, <) be a partially ordered monoid. M is strictly ordered if

s<s =>s+t<s +tVs s, teM.

We will henceforth assume that all the monoids we work with are strictly or-
dered.

An ordered monoid is artinian if all strictly descending chains are finite; that
is, if any list (m; > mg > ---) must be finite. It is narrow if all discrete subsets
are finite; that is, if all subsets of elements mutually unrelated by < must be
finite.
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Definition 4.2.1. Let V be a vector space, and recall that the support of a
function f: M — V is defined by supp(f) = {m € M|f(m) # 0}. Define the
Ribenboim power series from M with coefficients in V' G(M, V) to be the set of
functions f: M — V whose support is artinian and narrow.

If V is also a commutative K-algebra, then G(M,V) is a commutative K-
algebra with
(f-omy= >  flu)-g(v)
(u,v)EXm (f,9)

where
Xm(f,9) :i={(u,v) € M x M|lu+v=m and f(u) #0,g(v) # 0}

and M x M has the product ordering. To prove that this sum necessarily exists,
we need a couple of well-known results on artinian and narrow sets [36, 27, 35].

Lemma 4.2.2. Recall that an ordered set is noetherian if all strictly ascending
chains are finite, and let (M, <) be artinian and noetherian. Then M is finite
if and only if M is narrow.

Lemma 4.2.3. If (M,<p) and (N, <y) are artinian and narrow, then M x N
18 artinian and narrow under the product ordering.

Proposition 4.2.4. The set X := X,,,(f,g) is finite for f, g € G(M,V).

Proof. We follow the proof in [35].

Observe that X C supp(f) x supp(g), so X is artinian and narrow. Suppose
towards a contradiction that X is infinite. Then by the first lemma above, X
must not be noetherian. Thus there exists in X an infinite strictly increasing
sequence

(u1,v1) < (ug,v2) < --- .

Note that the strict inequalities under the product ordering in this sequence
imply that at least one of the sets {u;}, {v;} must be infinite; suppose without
loss of generality that it is {u;}. There must then exist a strictly increasing
subsequence

Ujy < Ujy < o0

In particular (uj,,v;,) < (uj,,v;,), and recall that by definition of X we have
u; +v; = m Vi. But then by strictness of the ordering, we have
m = uj, +v; <uj, +vj <uj, +v, =m

which is a contradiction. Thus X is finite.
O

A similar argument shows that for amap h: M — G(M, V), the set X,,,(h) =
{(u,v) € M x M|u+ v =m and h(u)(v) # 0} is also finite.

Before proceeding with a series of lemmas and propositions to show G(M, V)
is induced as an algebra modality, we note that setting M = Z with the usual
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ordering and V' = C gives Laurent series; the image of each integer n € Z gives
the coeflicient of ™, and the artinian property of the function’s support ensures
a finite singular part. Similarly, M = N gives the usual power series, and there
are additional examples which will be discussed below.

Lemma 4.2.5. G(M,V) is a vector space.

Proof. Define (f +g)(m) := f(m) + g(m), (c¢f)(m) = cf(m), Ocar,v) = 0 (the
zero map), and (—f)(m) = —f(m). The result then follows immediately from
V being a vector space.

O

Proposition 4.2.6. G(M, —) is a functor Vec — Vec.
Proof. Let f: V — W. Define G(M, f): G(M,V) — G(M,W) by

G(M, f)(g)(m) = fog(m)

We must prove that fog € G(M, W), i.e. that supp(fog) is artinian and narrow.
But supp(f og) C supp(g) since f is linear, and supp(g) is artinian and narrow
since g € G(M, V). Thus supp(f o g) is also. It is clear that G(M,id) = id and
G(M, fog)=G(M, f)oG(M,g). Thus G(M, —) is a functor.

O

Proposition 4.2.7. G(M,G(N,V)) =2 G(M x N, V) for ordered monoids M, N
and vector space V, where M x N is equipped with the product ordering (a,b) <
(¢,d) <= a<candb<d.

Proof. Let f € G(M x N,V), and define a mapping (;): G(M x N,V) —
G(M,G(N,V)) by 3
felfime (e f(m,n))]

We show first that f € G(M,G(N,V)), and then that (—) is an isomorphism of
vector spaces. Observe that we have:

m € supp(f) <= f(m)#0
= [ fm,m)] £0
< f(m,ng) # 0 for some ng € N
< (m,ng) € supp(f)

Let (my > mg > ---) for m; € supp(f) be a strictly decreasing chain. Then
((m1,m0) > (M2, n9) > ---) in M x N by the product ordering, and this chain
must be finite since (m;,ng) € supp(f) Vi by the above. Thus the chain (m;)
must be finite, and so supp(f) is artinian.

Similarly, suppose M’ C supp(f) is a discrete subset. Then M’ x {n} is a
discrete subset of supp(f), and thus is finite. Thus M’ is finite as well, and so
supp(f) is narrow. We've now shown f € G(M,G(N,V)).
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Next, we show (—) is linear and bijective. For all m € M, n € N we have

(af +bg)(m)(n) = (af + bg)(m,n)
af(m,n) + bg(m,n)

af(m)(n) +bg(m)(n)
which shows linearity. For injectivity, we have:

f=3= f(m)=g(m)Vme M
= f(m)(n) = g(m)(n) Vme M, ne N
= f(m,n) =g(m,n) V(im,n) € M x N
=f=y

For surjectivity, let h € G(M,G(N,V)), and define a function f: M x N =V
by f(m,n) = h(m)(n). It is clear that f = h. We claim f € G(M x N,V).

Following the same reasoning as above, we have (m,n) € supp(f) <
m € supp(h) and n € supp(h(m)), both of which are artinian and narrow. Let
((m1,m1) > (ma,n2) > ---) consist of elements of supp(f). Then for all i either
m; > m;q1 Or n; > n;y1; for each ¢ choose m; if the former holds and n; if the
latter holds (if both hold choose either one), and denote the new chain by (p;).
This has subchains (p}") and (py) consisting of the elements of (p;) belonging
to M and N respectively. Since both these subchains are strictly descending
and consist of elements of supp(h) and supp(h(myg)) respectively, they are both
finite. Thus (p;) is finite, so in turn (m,,n;) is finite, and supp(f) is artinian.

Similarly, suppose M’ x N’ is a discrete subset of supp(f). Then M’ is
a discrete subset of supp(h), and so is finite. N’ is then a union of discrete
subsets of supp(h(m;)) for m; € supp(h), of which there are only finitely many,
and since each of these subsets is finite, the union is finite also. Thus M’ x N’
is finite, and supp(f) is narrow. Therefore f € G(M x N,V), completing the
proof.

O

Proposition 4.2.8. G(M, —) is a monad, with monadic unitny: V — G(M,V)
given by
o — 0
n:v— |me— v z'fm M
OV me 3& OM
and monadic multiplication py : G(M,G(M,V)) = G(M,V') given by

w:h— [me— Z h(u)(v)

(u,0)€Xm (h)

Proof. We'll show it is a Kleisli monad; that is, for all f: V' — G(M,W) and
g: W — G(M, Z) it satisfies:
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L poG(M,n) =idg,v)
2. poG(M, f)on=f
3. qu(My(qu(Mg)Of)) =poG(M,g)opoG(M, f)

We will write X,,, in place of X,,(f) when the function f is clear. Then for the
first property, we have:

£ GO, (f): m o o f(m)]

_ lmH{f(m) ifm—O]
0 ifm#0

L
A

poG(Mn)(f):mm Y G(M,n)(f)(u)(v)

(’LL,U)EXWL

But:

(u,0) € Xon(G(M,0)(f)) <= u+v=mand G(M,n)(f)(u)(v) # 0
< u+v=mand v=0 (and f(u) #0)
<~ u=mandv=0
Thus poG(M,n)(f): m = G(M,n)(f)(m)(0) = f(m) and so poG(M,n)(f) = f

as required.
For the second property, we have:

nﬁ{ﬂ@w ﬁm_ﬂ]
0 ifm#0

poG(M, f)(n():m—  » G(M,f)(n(v))(m)(w)]

(u1,u2)€Xm
Similarly to in the first property, we have:

(u1,uz) € X <= w1 +uz =m and G(M, f)(n(v))(u1)(uz) #0
<~ uit+us=mandu; =0

< u; =0and us =m

Thus 10 GOM, f)((v)): m > G(M, F)(n(®))(0)(m) = f(v)(m), and s0 o
G(M, f)on = f as required.
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The third property is the most involved. We’ll compute the effect of each
side of the equation separately. Before that, define the following notation:

Xf%,n = Xn(G(M, 9)(f(h(m))))
X = Xin(G(M, (o G(M, g) o f))(h))

For the right side of the third equation, we have:

G(M.f)
— " 1G(

h G(M, f)(h): m+— foh(m)]

po GO f)(h):ms Yy foh(u)(v)]

(u,w)eX},

= lmH >, f(h(U))(v)]

(u,v)eX},

ﬁ)[mH >y g(f(h(U))(v))(t)]

(s,;)eXZ, (uw)eX]
For the left side, we have:

G(M, (110G (M,g)of
p COLOREQEDD s ST g () () ()
(u,v)EXE,

Blme Y g ) @)w)

(s;)EXE (uv)eX?,

To prove that these maps are equal, we’ll show the sums in the images are equal.
To facilitate this, we first give some equivalent conditions to elements being in
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the various “X” sets.

(u,v) € X! <= u+v=sand G(M, f)(h)(u)(v) # 0
<~ u+tv=sand f(h(u))(v) #0

(s,) € X2 = s+t=mand G(M,g) o po G(M, f)(h)(s)(t) £ 0
e sht=mand 3 g(f(h(p)(@)(®) #0

(pa)eX?

(u,0) € X3, <= u+ov =t and GOM, g)(f(h(s)))(u)(v) # 0
— u+v=tand g(f(h(s))(w)(v) 0

(5,6) € X4 <= s+t =m and G(M, (4o G(M,g) o ) (R)(s)(t) £ 0
e s+t=mand > g(f(h(s))(p))(q) #0

(p,q)EX‘;)'J

Fix m. Let (s,t) € X2, and (u,v) € X!. We'll show that the term
g(f(h(u))(v))(t) # 0 from the right-hand sum also appears as a term in the
left-hand sum; that is, we’ll show it is of the form g(f(h(s))(u’))(v") for some
(s',t') € Xy, and (u/,0") € X3, ..

Set 8 i=u, v :==v,v :=¢t,andt' :=v+¢t. Thenv +v ' =v+t=1+¢, and
g(f(h(s)) (W) (V') = g(f(h(w)(v))(t) # 0, so (u',v') € X7 . We also have
sS+t'=u+v+t=s+t=m, and qu)exiﬁ,/’“ g(f(h(s")(p))(q) # 0 since for
(p,q) = (u',v"), g(f(h(s"))(u))(v") # 0. Thus (s',¢') € X2, and so this term
does indeed appear in the left-hand sum.

Now let (s,t) € X, and (u,v) € X3,. We want to show that the term
g(f(h(s))(w))(v) # 0 from the left-hand sum also appears as a term in the right-
hand sum; that is, that it is of the form g(f(h(u'))(v")) (') for some (s',t') € X2,
and (v/,v') € XL, Setting v’ := s, v' 1= u, t' := v, and s’ ;= s+u and reasoning
analogously to above shows that it is indeed.

Thus the sums share all the same terms, and so are equal. This completes
the proof of the third Kleisli monad property, and thus G(M, —) is a monad.

U

Lemma 4.2.9. There is a distributive law of monads of G(M,—) over S, the
symmetric algebra monad.

Proof. For this proof, write

k
Xm,k = {(U1, . ,uk)| Zul = m} .
1=1
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Define ¢y : SG(M,V) — G(M, SV) by

ChHe-@fpm fme Y fi(w) @ ® fir(u)

(u1 ..... uk)GXm,,k
In the top-right diagram, for one side we have:
G(M.—) e Qup ifm=0
v1®-~-®vknsbv—> m v e ok 1
0 ifm#0
For the other side, by definition of 7 we have:

GG (M=)
VR R v KN UG(M’_)(Ul) R ® UG(M’_)(’UIQ

S lm e Z n(vi)(u1) ® - @ n(vg)(ur)

(w1seesup ) €EXom &

Note that if m # 0, then no terms survive in this last sum, since at least one
u; must be nonzero, whereas if m = 0, then only the term u; = -+ = ux =0
survives the application of the  maps, producing the single term v; ® - - - ® vy.
Thus the two maps are equal and the diagram is proven.

In the bottom-right diagram, for one side we have:
G(Mn7)

[f: m = f(m)]

For the other side, we have:

[m = (f(m))]

e mes fm)] " ([ m s f(m)))

Slme ST (flw)

U1 €Xm 1
= [m — (f(m))]

Thus the diagram commutes.
Now define:

f::(fll®"'®fﬂm1)®"'®(fn1®"'®fnmn)

In the bottom-left diagram, for one side we have:

S
Ha(m,v)

f — f11®"'®fnmn

*Z—V) m— Z fll(ull)®"'®fnmn(unmn)

ULly--yUnmy, 6X7n,nmn
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For the other side, we have:

Se
fme Z fr1(uin) @ -+ @ frm, (Wim,)
(W11, Ulmg )EXm my
Q- Q |m— Z fnl(unl)®"'®fnmn(unmn)
(Un1sesUnmy ) EXm, mn
l
=Y mo— Z Z fii(ui) @ -+ ® frm, (Uim,)

(V1504,90)€EX i n \ (U115 U1my €Xouy,my

®® > Far (un1) @ -+ @ frm, (Wnm,)
(unlxwwunvn" EX’U" ,Map
G(M,u3)
BV e Z Z fii(uin) @ -+ @ fim, (Uim,)
(U17~~>U7L)6X77L,n (u11;~~7u1'm1 eX'ul,'ml
- Z fr1(un1) @ - @ frm, (Unm,,) 1
(unla-~7unmn EX’UHJYL,L

Take an arbitrary term in the second image’s sum. Then its arguments sum to
m, and so it also appears in the first image’s sum. Conversely, take an arbitrary
term in the first image’s sum. Setting v; = ZT:LI u;; for each i shows that it
also appears in the second image’s sum. Thus the images are equal, and the
diagram commutes.

Finally, for the top-left diagram, let f; € G(M,G(M,V)) and write

f:f1®"'®fk-
Then for one side, we have:
SuSM)
P e S A @ lme Y flw)(or)
(ul,vl)EXm (uk,vk)EXm

& m e Z Z flu)(v) | @ ® Z Jr(ur) (vr)

(W1, Wk )EX o \ (u1,01)EXwy (uk,vk) € Xy,
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For the other side, we have:

Lo, v)

fE me Y (s filw)(n) @@ (0 fi(wy)(n)

(wlv--wwk)exm

G(ﬂv) m = Z n— Z fl(wl)(2’1)®"'®fk(wk)(zk)

(w17~~<7wk)eX7n (Z17-'-;zk)eXn

G(M,ty)

SV m s Z Z Z Ji(wi)(z1) @ -+ @ fr(wr)(2k)

(u,0)EXm (W1, wE)EX Y (21,0.-,28)EX o

Take an arbitrary term in this latter sum, fi(w1)(z1) ® - ® fr(wg)(zx). We'll
show that it’s also in the former one; that is, we’ll show it’s of the form
fi(u)(vy) @ - @ fio(uy,)(vy) for (us,v;) € Xy and (wi, ..., wy) € Xop.

Set uf; := w;, v} := z;, and w} := w; + z; for all i. Then u}+ v, = w; + z; = W}

so that (uj,v;) € Xy, and

ng:Z(wrf-Zi)Zzwi-i-Zzi:u-i-v:m

since (w1, ...,wg) € Xy, (21,...,2;) € X, and (u,v) € X,,,. Thus this term is
indeed in the former sum.

Now take an arbitrary term in the former sum, f1(u1)(v1)®- - ® fi(ug)(vi).
We'll show that it’s also in the latter one; that is, we’ll show it’s of the form
Pl () ® - @ fie(wl)(2h) for (why ... wh) € Xu, (2., 24) € Xo and
(W, v) € X

Set w} := uy, z; == vy, v =Y u;, and v’ ;= > v;. Then Y w) => u; =/,
Szl=> v, =7, and

u’Jrv’:ZuiJeri:Z(ui+v¢):2w¢:m

since (u;,v;) € Xy, and (wi,...,wg) € X;n. Thus this term is indeed in the
latter sum.
This shows the sums must be equal, and so the maps are equal. This demon-
strates that the top-left diagram commutes, and thus £ is a distributive law.
O

A corollary then follows immediately from [4].

Corollary 4.2.10. The composite functor G(M,S—) := G(M, —)oS is a monad
on K-Vec.

In our next proposition, we’ll need a version of a lemma taken from [3].

Lemma 4.2.11. Let S be the symmetric algebra monad. Then the commutative
algebra modalities on a category are in bijective correspondence with pairs (T,)
where T is a monad and : S — T is morphism of monads.
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Proposition 4.2.12. The monad H := G(M,S—) is an algebra modality with
multiplication and unit defined by

afegm= 3 fw) e, g

(u,0)EXm (f,9)

mmm@{? gg;g

We write f(u)®sg(v) for what is more correctly ms(f(u) ® g(v)); in particular,
if one of these, say g(v), is equal to 1k, then this product is “f(u) ®¢ 1”7, which
of course is just f(u).

Proof. We make use of the previous lemma by defining a transformation ¢: S —
H and showing that it is a morphism of monads. We then follow along the
bijection and show that it induces the given algebra modality structure. Define
Yy : SV — G(M,SV) by:

MR- Qu, ifm=0
0 otherwise

Y - Quy) = [mw{

This is clearly natural. We must show it satisfies the commutative diagrams of
a monad morphism:

VG (M,SV)

SV 2 sa(M, SVY UG (M, SG(M, SV))

J/Hsv J{HG(I\/I,SV)

SV oy G(M,SV)

/ XMS‘:)

The unit diagram is straightforward. For the multiplication diagram, write

G(M, SV)

vi= (1 @ @01y ) @ @ (U1 @ -+ @ Ui, )

and

[i] :=

Vi1 @ - @ Vip, ifm=0
m .
0 otherwise

Then it is easy to see that the path along the bottom of the diagram yields:

wo@@>lmH{®w>wm:0]

0 otherwise
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For the path along the top of the diagram, first recall that according to the
distributive law [4],

ST = ST 6 G(ML G(M, 1)) 0 G(M, Lsy) -

Using this, the top diagram path becomes

Ye(a,sv) N®---®[n ifm=0
— m
0 otherwise

G(M.tsy) [m . [k . {Z<u1,...7un)exk,n[1](U1) © - @ [n)(un) ifm=0 H
0

otherwise

congnuin [ [ T wex, i (@) @ & W(un) if m =0
0 otherwise

e {()Zm,...,wext,nuﬁ([u<u1>®-~®[n](un» ifs=0

— .
(shex otherwise
; m

S : _
B N py(v) iftm=0
0 otherwise

where the final equality is because all other terms in the sums are zero. Thus
the diagram commutes. This being the case, the lemma implies that an algebra
modality on G(M, S—) is given by:
mi : G(M,SV)® G(M,SV) G(M,SV)
J/né(NI,SV)®né'(l\/I,SV) HIJT
S

SG(M,SV)® SG(M,SV) —V SG(M,SV) 21Y5 G(M, SG(M, SV))

SS
el T - sV Y G(M, SV)
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Using the same formula for ¥ as before, we compute:

[ ®sg
wy [ [feng itm=0
0 otherwise
G(Z\/'[v_elgSV) me |k Z(U,’U)GX)“)Q (f(u)> ®s (g(?})) ifm=0
0 otherwise

GOLGLT)) [mH l,w {OZ(M,U)EXW Flw) ®s gv) ifm=0 H

otherwise

ILS‘(/MW) Z Z(u,v)eXt,g f(u) s g(v) if s=0
0

s m ]
(sh)eX otherwise
b m

—me 3 fw) . g)
(u7U)€X7n
Thus the multiplication is as we supposed. Similarly, for the unit we have:

e 1 if m =
1K#1K&[WH{K tm 0]

0 otherwise

O

We can now show that Laurent series are recaptured by our algebra modality,
along with a wealth of other examples.

Theorem 4.2.13. Let M = Z, let C = C-Vec, and let {0} be the zero vector
space. Then G(M,S{0}) and the algebra of Laurent series are isomorphic as
algebras.

Proof. Observe that we have
s{o}=Cca@@ (oh® @ {0})=C
i=1

since {0} ® {0} 2 {0} and V & {0} =2 V. We therefore have:
G(Z,5{0}) = {f: Z — C|supp(f) is artinian and narrow}

Since the ordering on Z is total, narrowness imposes no restriction. Artinianness
means that any such function f has a lowest k£ € Z mapping to something
nonzero. Thus G(Z,S{0}) is in bijective correspondence with Laurent series.
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Adding functions is equivalent to adding coefficients of each power of x, and the
multiplication
(f-9)k) = > [flwg(v)

(u,v)eXk

is equivalent to multiplication of Laurent series. Thus they are isomorphic as
algebras.
O

The same structure but with M = N is isomorphic to the usual power series
over K. There are a number of other interesting examples we can capture as
well. The following are taken from [35] and [22].

Example 4.2.14. Let M = N\{0} with the operation of multiplication,
equipped with the usual ordering. Then G(M, SV) is the ring of arithmetic
functions with values in SV, and my is Dirichlet’s convolution [35].

Example 4.2.15. Let M = N\{0} with the operation of multiplication as
above, but now equipped with the divisibility ordering; that is, m; < ms <
my|me. Then G(M, SV) is the subring of arithmetic functions whose support
is either finite or contains an infinite divisibility chain of natural numbers. For
example, a function whose support is all primes would not be contained in this
example, though it would be in the previous example [35].

Many of these are also Rota-Baxter algebras, and make their categories into
Rota-Baxter categories of some weight. The most general case is the following
one.

Example 4.2.16. Let C = K-Vec, let M be any strictly ordered monoid,
and let My, My be such that the disjoint union M{UMs = M. Define a map
Iy : G(M,SV) = G(M,SV) by

f(m) ifme M
0 if m e M,

It is the major theorem of [24] that, in the context where “SV” is an arbitrary
commutative ring, the map II satisfies the Rota-Baxter equation of weight —1
if and only if My and M, are subsemisimple groups of M. The proof of that
theorem carries over into this setting, since SV is in particular a commutative
ring. Thus we have a large class of examples of Rota-Baxter categories of weight
-1

Example 4.2.17. Let C = C-Vec with algebra modality H as above. Then,
as a particular case of the previous example, the transformation II: HV — HV
defined by

Flk) ifk<0

ngm:{o if k>0
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makes the category into a Rota-Baxter category of weight A = —1. This is
equivalent to the Rota-Baxter operator

o'} -1
P E az™ | = g anx"
n=k n=k
on Laurent series when V' = 0. Thus we’ve recaptured renormalization.

Example 4.2.18. We can also reproduce “perhaps the most important com-
binatorial example” [38, 22] of a Rota-Baxter algebra. Define an R-algebra by

R={f:R— Q||supp(f)| < oo}

with product as in the Laurent series example; that is,

(f9)(z) := > fw)g(2)

(y,2)E{RXR|y+2=z}

Define an operator P: R — R by

P(f)@)= > [

maz(0,y)=z

It is proven in [22] that this is a Rota-Baxter operator of weight —1 on R. Our
monad G(M, S—) induces it as follows. Let M be any trivially ordered monoid,;
that is, let m; < mo Vmq, my € M. Then the artinian and narrow subsets are
simply the finite ones, and G(M, SV) is the monoid ring of M with coefficients
in SV [35]. In particular, if we set M = R and work over Q-vector spaces, then
G(R, S{0}) = G(R, Q) recovers R. The transformation

O(f)x) = > f)

maxz(0,y)=x

(where the max is taken according to the usual ordering on R, of course) then
makes Q-Vec into a Rota-Baxter category of weight —1.

5 Quantum Differential and Integral Categories

In this section, we wish to provide a variation of the standard differential and
integral categories that captures quantum calculus. We begin by introducing
some background concepts. Then we review the quantum calculus, and intro-
duce our new structure encapsulating it. Finally, we show that the categories
as we introduced them can be equivalently characterized in terms of certain
equalizers.
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5.1 Scalars, Grading and Bases

In the previous section, we described the notion of categorical scalars and scalar
multiplication. We will again need these here. We will also need the notion of a
general graded commutative algebra in an additive symmetric monoidal closed
category.

Definition 5.1.1. A graded commutative algebra in an additive symmetric
monoidal closed category C consists of an object of the form:

o0
A= @ A; together with multiplications 4; ® A; — A;4;
i=0

satisfying evident unital, associativity and commutativity? constraints. Note
in particular that Ay = I. The object A; is called the homogeneous object of
degree i. In categories where the objects have elements, an element of A; would
be called a homogeneous element.

We note that in both Rel, the category of sets and relations, and Vec, the
category of vector spaces and linear maps, the usual models of the linear logic
modalities are in fact graded commutative algebras.

To work in the g-setting, we will need to couple the notion of graded algebra
with that of algebra modality.

Definition 5.1.2. An additive symmetric monoidal category has a graded alge-
bra modality if it is equipped with a monad (7, i, n) such that for every object
M in C, the object, T (M), has the structure of a graded commutative algebra

m:T(M)T(M)— T(M), e: I —-T(M)

and this family of graded commutative algebra structures satisfies evident nat-
urality conditions. The only additional requirement from the usual definition of
algebra modality is that the map pu: T?(M) — T(M) be a graded algebra map.

The linear logic modalities in both Rel and Vec are graded algebra modalities.

Finally, let M be an object in a monoidal category C. A basis for M is an
isomorphism B: P, ;I — M for some set J. An indeterminate from M is one
of the maps xy := Boiy: I — @jeJ I — M, where i is the biproduct injection.

5.2 The Differential Setting

Variations of the quantum calculus have arisen in a number of settings. For the
moment, we follow [28] closely. One defines the g-derivative of a function of 1
variable via the following formula:

flgz) — f(z)
(g— Dz

4We assume ordinary commutativity as opposed to a graded commutative equation.

Dy(f(x)) =
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Evidently if we are in a setting where one can take limits, then taking the limit
of this expression as ¢ — 1 gives the usual f'(x).

So for example, one can see:

n qn -1 n—
Dy(a™) = q—1 '
The following is a helpful bit of notation:
_¢ -l
=1

In which case, one can write:

Dy (") = [na" !

In this framework, the Leibniz rule takes on the following form:

Dy(f(2)g9(x)) = fqx)Dg(9(x))+9(x)Dg(f(x)) = f(2)Dy(9(x))+9(qx) Dy (f (2))

As noted in [28], the chain rule of the differential calculus doesn’t work in
any evident way. In trying to ¢-differentiate f(u(x)), one quickly discovers there
is no way to write Dgy(f(z)) as any kind of multiple of D,(u(x)). However, one
can in the case when u(x) = z™. Note that no restrictions on f are necessary.
In this case, we get the following equation.

Dy(f(x")) = Dgn (f)(z")Dg(u(x))
This indicates that to state a more abstract g-chain rule, we will need to
restrict to homogeneous elements.

5.3 qg-Partial Derivatives and the g-Differential Rules

In this subsection, our goal is to build the requisite structure to define a -
codifferential category.

For each indeterminate zg, scalar ¢, and n € N, define a quantum partial
deriving transformation or g-deriving transformation as a map

On = O0ppgn: T(M)y, 5 T(M)p—1 0 M

satisfying four conditions. The first two are fairly easy to state, but the latter
two require some elaboration.

(qd1) (The g-Constants Rule) For all zy, ¢:

I — T(M)y —25 T(M)_1 & M

/

0
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Note that it follows easily from the graded algebra definition of (m, e) that
e maps into the degree-zero part of T'(M).

(qd3) (qg-Linear Maps Rule) For all z, ¢, and where p is the biproduct projec-
tion map:

I -2 M " T(M) 2 T(M); —2 T(M)y® M

M2 ToM

To adequately capture the quantum Leibniz and chain rules, we’ll need some
more structure. Both rules rely on knowing the degree of the factor x; within
the greater 7" ---alm; the “subdegree” of zy, if you will. We’ll develop a way
to describe this idea categorically using bases.

Let ni € N and z; be an indeterminate from M via basis By. Define the
map z,*: I — T(M),, as follows:

~ n T n N m
=5 @18 @M 2% 1) B2 T(M) —2 T(M),,
r=1 r=1 r=1

Additionally let yﬁk denote any map of the following form and satisfying the
following condition:

/4
- Y ®m »
RQI— QM —— QT(M) —— T(M) —— T(M),
r=1 r=1 r=1

o

1

such that Vr, x, # . The intuition behind these should be that in a monomial

- xpm ap® in our definition corresponds to exactly what it seems, and yt

corresponds to the product of all the other factors, where ¢ is the remaining

degree. In the intuition, we would thus have ¢ = (37| n,) — ny.

To state the rules, we must also make the following definition.

Definition 5.3.1. We call (C,T, ) Colbert if for each j € N and each inde-
terminate xy from our chosen basis By of M, there exists

1. some ng € N,
2. some basis By of T(M)y, which has x}}* as an indeterminate,
3. some basis Bs of T(T'(M)s,,,); with some indeterminate z: I — T(T(M)n,.);,

4. and some y™*U~D: T — T(M)p,(j—1) in the form described above OR
such that y™U=—1) = ¢,

such that the following diagram commutes:
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z;:k ®y”k(j*1)

IR

j Iol T(M)n, @ T(M)p,(j-1)
T(T(M)nk )j a T(M)nkj

The highest ny such that this holds is called the subdegree of x in z, denoted
subdeg(xg, z). If z;u = y”” for some y"“ then we interpret this as ny = 0
and define subdeg(xy,z) = 0.

We can now describe the g-Leibniz rule. For reference, in the g-calculus, the
single-variable Leibniz rule is:

Dy(f(2)g(x)) = fqr)Dy(9(x)) + 9(x) Do (f ()
= f(2)Dq(g(x)) + g(qz) Dy(f ()

The multivariable version of the rule, using partial derivatives, can be written

as follows, where # = z7*, ..., z0m:
Doy q(f(Z)g(Z)) = f(21,- .., q2k, -, Tn) Doy q(9(F)) + Day q(f(2))9(Z)
= f(f)DIkJZ(g(‘i:)) + g(JU1, sy Tk, - - ’ﬂ) fqu(f(f))

We'd like to generalize this categorically.

Let z1: I — T(M);)j,20: I — T(T(M);), be basis maps having the Colbert
property with respect to an indeterminate xy: I — M. Then subdeg(xk,z1) = i
and subdeg(xy, z2) = €. Write z1 = 2z1; 1, 22 = z9; p for notational convenience.

The map 0 satisfies the g-Leibniz rule if for all such ,j,¢,7 € N and all y; :=

y;(,f 1), Yo i= yﬁ(,ffl) defined as above, the following holds:

(qd2) (g-Leibniz Rule)

21 ® 22,15 Oy quijror = 21 @ 223 (¢ - id) ® Oy g.0r; M @ id
+ sy, q,ij ®id;id @ o;m @ id)
=21 ® 29; (id ® Ogy q.er; M Q id
+ Oy g @ (¢° - id);id ® o3m @ id)

This has diagrammatic representation:

21®225(¢"id)®0y  q,0rsM®id+0y, q,i; QidiidRom®id

z z m Oz ,q,1J 1L
1T 223 T(M)y; @ T(M)gr —"— T(M)iy; =23 T(M)ijy0r1 ® M

21®22;1d®0q, q,0r;M®id+0a, q,i;®(q" -id);idRo;m®id
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Next we generalize the g-chain rule. For reference, in the g-calculus the
chain rule is:

Dy(f(2")) = Dgn(f)(x")Dy(z")

The multivarible version with partial derivatives is as follows, where & = x7*,..., a]m:
Doy q(f(Z)) = Dyri guic (f)(F) Day g (T)
We would like p to be a graded algebra map. Define a grading on T(T'(M)) by:
T(T(M)), = P T(T(M),);
ij=k
Then to be a graded algebra map, our p must satisfy:
(T (T(M)i);) € T(M)i;

Let C be Colbert, and let subdeg(zy, z) = i. We then posit the following as the
categorical g-chain rule, for all xj coupled with all of their respective z related
by the Colbert property:

(qd4) (q-Chain Rule) T(T(M),), T(M), Dot T(M)y;_1 & M

lam?;‘qid m®z‘dT

®0z, ,q,i
T(T(M););-1 ® T(M); L T(M)ij—1y @ T(M);—1 & M

5.4 qg-Codifferential Categories

Definition 5.4.1. A quantum codifferential or g-codifferential category is a
Colbert category C equipped with a graded algebra modality T and a g-partial
deriving transformation 0.

The definition of a ¢-differential category is, of course, just the dual.

5.4.1 Examples

Let C = Vec be the category of vector spaces V' with basis X over a field F and
linear maps, and equip it with the symmetric tensor algebra monad S.

Since S(V') = F[X], we can view S(V) as a polynomial algebra in chosen basis
vectors of V', and this can be graded via polynomial degree. The monoidal unit
is I = F, so categorical scalars ¢: F — F correspond to field scalars ¢ = ¢(1y),
and the notions of scalar multiplication coincide. Similarly, the notions of basis
correspond, and indeterminates zp: F — @je.]F — V correspond to basis
vectors. As usual, m and e denote polynomial multiplication and inclusion,
respectively.
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Let zj denote basis vectors and & = 27' ® --- @ z'». Define 9,, =
Oy q,it S(V)i=SV);-1®V by

S 9% -
0u(®) = 5= (@ @
q

where (f—fck is the quantum partial derivative with respect to xx, and where
8:,3,9(1F) = 0.

Proposition 5.4.2. (Vec, S, 0,) is a g-codifferential category, and its structure
coincides with multivariable quantum differentiation of polynomials. The single-
variable polynomial q-derivative is captured as a particular case.

Proof. Write 0 for 0y, 4. where confusion will not result.
The q-constant rule translates to d(1p) = 0, and using the g-calculus we

have:
04 1-1

) Qg i = —r
8q:rk( ) @ 2 (g — 1)z

The g-linear maps rule translates to d(xy) = 1 ® zy, for basis vectors xy. We
have:

9(1) = D ap =0

94 4T — T .

Bk (1) @ 21, = (¢ — Dz Qrp=1Q )
Next, it is clear that Vec is Colbert; if x is a basis vector for V, then z =
z' is a basis vector for T(V); and 2’ = (2')? is a basis vector for T(T(V););
demonstrating Colbertness for y = e, with subdeg(z, z’) = ij. Thus the notion
of subdegree corresponds with our intuition in this case.

For the g-Leibniz rule, let i = subdeg(xi,21), j = subdeg(xy,z2). First
assume ,j > 0. Observe that w := (21®22)(1®@ 1) = (2}, - y1) @ (@, - y2), where
for partial differentiation purposes y; and y- act as constants. Then we have:

8(mk) =

m; O(w) = (x?] Y1y2) ® Tg

+J_1
itj—1
-1 — 7= y1y2> ® Tk

5‘

i1 gi—1\
()
( S (]

) , .
Yy2) + ) ;k (73y1) 'l‘?cyz) ® Tk
q

q'wpyr -
)®6 m®ld+6®zd id® oym ®id) (w)

The other g-Leibniz equation is similar.

Finally, for the g-chain rule, let z = x(1) be a basis vector of V', and let
z = z(1) be any basis vector of T'(T'(V');); satisfying the Colbert property with
respect to z. Then z = @), z;¢ with 2y =  for some ¢, and i = subdeg(z, z).
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Write y for the product of all factors of z other than z. Then we have:

19)
15 00,4(2) = f‘;(@
_ qi -1 i—1
q—1
_ qi2 1 xly . qi -1 xi—l
¢ —1)] qg—1
_@)y—ay ¢ -1 ;.

o)~ g1
= ) )

8qi C(:i

=0y qis B ® Oy g3 m ®id(2)

Thus the chain rule is satisfied, and so Vec is a g-codifferential category.
Of course, we recover the single-variable case by taking y = id, leaving only
powers of z in the polynomials. O

We can also equip a g-differential structure onto the finite bag (or multiset)
comonad ! on Rel. Note that in this case all arrows will be dual to the previous
example.

For this category, recall a few facts: the additive enrichment is given by the
set-theoretic union, the monoidal structure is given by the cartesian product X,
and I = {«} is the one-element set. Scalars are then relations ¢: I — I, i.e.
either ¢ = () or ¢ = id; denote the former case by ¢ = 0 and the latter by ¢ = 1.

Every set X can be given a cobasis B: X — P,c; I, where |J| = |X],
defined by relating each element of X to a different copy of . This map’s
inverse is its converse, so it is an isomorphism. Coindeterminates are then the
relations x = poB: X — @jeJ I — I, each relating a single element of X to .

The coalgebras ! X can be graded by multiset cardinality; formally, let double
brackets () denote a multiset, and define (!X),, = {(z1,...,2,)}

It is easy to see that the comonadic comultiplication §: !X —!1X is a graded
coalgebra map given the grading on !!X as described in the definition of the
chain rule, above. Recall that this comultiplication relates each bag to all bags
of bags whose (multiset) union is the original bag, and also that the comonadic
counit £: !X — X is the partial function from each singleton bag to its single
element. Recall also that the coalgebra modality is given by A: !X —!Xx!X
relating each bag to all pairs of bags whose union is the bag, and e: !X — T
relating only the empty bag to .

To define a g-partial deriving transformation, we must define

Opgm: X x X 51X,

for every coindeterminate x, scalar ¢, and natural number n. But we have only
the two scalar cases ¢ = 0 or ¢ = 1, and ¢ = 1 reduces to equations very similar
to the standard differential category rules.
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The case ¢ = 0 first needs some consideration. Observe the following case
of the lower branch of the g-linear map rule diagram, for cobasis vector (i.e.
element of X) x:

(0,2) ¥ (e m) A o T

Thus to satisfy the rule, we must have 9,((0,z)) = (z), even when ¢ = 0.
However, ¢ = 0 ends up killing one of the terms on the sum side of the g-
Leibniz rule (since the product of any relation with the empty relation is the
empty relation). These properties seem only reconcilable if we set

(0,2)0z,0,0 (x)

to be the only relation of dy. Then, formally setting

(((x17"';xn))7x0)81,1,n ((y17"'ayn+l)) — ((y17'-'7yn+1)) = ((1‘071:1’---73711))
and g = x

leads to the following proposition.

Proposition 5.4.3. (Rel,!,0,), where ! is the finite bag comonad and 0y is as
defined above, is a g-differential category.

Proof. Rel is a Colbert category; the maps z" X y simply divide a multiset M
containing n copies of x into an x bag and non-x bag, and we can choose z to
be the relation “picking out M”, i.e. mapping (M) — *. The subdegree of x
in !X is then the number of copies of x.

Now let ¢ = 0. The g-constants rule is trivial, since e only relates the empty
set, and 0 never produces it. The g-linear maps rule was demonstrated above.

For the g-Leibniz rule, refer back to the diagram in the rule’s section above,
noting however that now the arrows are reversed. The only elements that reach
'X;x!X; unkilled are ((x),0) along the upper path, (0, (z)) along the lower
path, and both of these along the middle path. In all cases one element is the
empty set, which no cobasis element z relates to *; thus the full composite is the
empty relation in all cases, demonstrating that the rule is (trivially) satisfied.

For the g-chain rule, again note that the only element with non-empty re-
lations stemming from it is (), z). Then for cobasis map z such that ((z)) zx*
(i.e. ((x)) is related to x by z), we have:

Ou; 15 2((0, ) =

Now observe that n := subdeg(x, z) = 1. Thus the element (0, (z)) of I(!1X)x!X
is related to only ((z)) by Own = 9. It is easy to see that (@, x) is related
to (0, (z)) (among other elements) by (A x id);(u x 0;); thus the diagram
commutes, and the g-chain rule is satisfied, completing the ¢ = 0 case.

The ¢ = 1 case essentially reduces to the standard differential category proof,

and the proof is analogous.
O
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Intuitively, we see that the quantum structure on Rel adds a kind of “on-off
switch” to the standard deriving transformation, turning it on when ¢ = 1 and
off when ¢ = 0. When ”off”, only trivial differential maps remain.

5.5 The Integral Setting

Below, we will not include the quantum version of the U-substitution rule in
our definition, due in part to its difficulty to state categorically, but we do
mention that the integration of the quantum calculus satisfies it. In describing
the integral quantum calculus, we again follow [28].

The g-antiderivative of a function f is defined much as in standard calculus,
to be the family [ f(x)d,z of functions whose g-derivative is f. An added
subtlety in the quantum case is that the antiderivative is no longer unique
simply up to the addition of a constant, but up to addition of any function g
such that g(x) = g(qx).

If we restrict our attention to formal power series, we regain uniqueness up
to a constant in the antiderivative. The condition above becomes g(x) = g(qz),
which implies that, if g(z) = >~ c,2™, then ¢, = ¢"¢, for all n, meaning
that ¢, =0 Vn > 1 and so g is constant.

In this context, if f(z) = > 7 ja,z™ we also get the following attractively
familiar formula for the g-antiderivative:

The uniqueness for general functions can be similarly enhanced under some
additional assumptions; for details see [28].

Our major focus here will be the related notion of the Jackson integral.
Suppose F(z) is an antiderivative of f(z), and define the operator M, by
My (F(x)) = F(gz). Then by definition:

f(x) = DgF(2)

_ Flea) - Fa)
(q— 1z
_ (M, )F(x)
(¢—1)z
Rearranging and formally employing the geometric series expansion gives:
v f(x)
Flz)y=(1-¢q)——=
(0) = (1 @)1 25

q

=(1-q)) Mj(«f(x))

Jj=0

= (1—qx)_ ¢ f(d)
§=0

93



This formal series is the Jackson integral, for which we’ll simply write [ f(z)d,x.
The conditions under which this converges to a true g-antiderivative are explored
in [28].

5.6 The Integral Rules

We'll now examine the Jackson integral in the context of the usual integral
category rules, namely integration of constants, integration of linear maps, the
Rota-Baxter rule, the U-substitution rule, and the Fubini rule. For our purposes,
we will assume all the integrals converge.

If f(z) = a is a constant function, we have:

/adqx =(1 fq):cZaqj
7=0
a
1-gq

=1 -q

Thus the integration of constants rule works exactly as usual.
If f(z) = z, we have:

This may be rewritten as:

(1+q)/xdqx = 2°
This is similiar, but not identical, to the usual integration of linear maps rule.
In fact it becomes the usual rule if we can take the limit as ¢ — 1.

The g-integration by parts formula for the g-calculus is derived in [28] from
the g-Leibniz rule, giving the following g-Rota-Baxter rule:

f(@)g(z) = / F(2)dgg(x) + / o(qz)dof (2)
- / F(g2)dyg(x) + / 9()dy f (x)
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It should now be easy to see how this is generalized to multivariable func-
tions.

The g-calculus version of the substitution rule is derived in [28], in the limited
case where u(z) = az®. For the same reasons as the q-differential chain rule,
this is the best we can do in general. The rule is as follows:

[t da = [ fu@)d,u)

If f(x,y) is a function of two variables, then we have:
// f(z,y)dgadgy = /(1 — )z Y _ ¢ f(@x,y)dgy
7=0

7 f(dz, q"y)

—
<
<
[M]¢
QA“
i
2

g 1[M]e

=/ 1—q yzq fa, d*y)dga
k=0

=//ﬂmw%ww

Thus the usual Fubini rule applies in the quantum calculus.

5.7 g-Cointegral Categories

We’ll make the definition similar to the q-codifferential category definition above.

Definition 5.7.1. A g-cointegral category consists of an additive symmetric
monoidal Colbert category equipped with a graded algebra modality and a g-
integral transformation, i.e. a family of natural transformations indexed by
indeterminates x: I — M, qg: I — I and i € N of the form sy, 4 T(M); ®
M — T(M);4+1 satisfying:
(gsl) (g-Integration of Constants)

A h(e®id);s =
(as2) (g-Integration of Linear Maps)

(Tr ® 21); ((n ®id); 5,9, + (N @ id); q - Sxk,q,z) = (zr@aR); (M®N);m
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(as3) (The gq-Rota-Baxter Rule) For all w,z: I — TT(M) satisfying the Col-
bert property with respect to xy, where n,, = subdeg(x,w) and n, :=
subdeg(x, z), and writing ¢ = w Q xp @ z ® xy, the following holds:

©; (81,0 @ Say,q);m = ‘P((Smk’q ® q" - id @ id); (m @ id); Sz, 4
T (id @0 54,,4); (1 2 0); (m @ id); 50,4 )
= @((Sl.k’q ®id ®id); (m ®id); Sgp 4

+ (@™ - id R Id ® 84, 4); (A ® 0); (M R id); swk,q)

(as4) (The g¢-Fubini Rule) For xy, xp in M:
(sxg,q,i ® Zd)v Szp,qi+l = (Zd ® U); (Sazk,q,i ® Zd), Sxp,q,i+1

5.7.1 Examples

Let C = Vec, S be the symmetric tensor algebra modality, and & = 7' @ @™
for basis vectors x in V, as in the g-codifferential category Vec example above.
Define

Szp.qi: V)@V = S(V)

TRz — /quxk

where [ d,xy, is the Jackson integral with respect to xy.

Proposition 5.7.2. (Vec, S, s) is a g-cointegral category, and its structure co-
incides with multivariable quantum Jackson integration of polynomials. The
single-variable polynomial g-integral is captured as a particular case.

Proof. For the g-constant rule, observe that s o (e @ id) o A\~ (xy) = [ 1dgxs,
which was shown to be equal to x above.

The g-linear maps rule simply translates to xi = [zrdyzr + q - [ zpdyay,
and this was demonstrated above.

We demonstrated above that this category is Colbert. Any basis vectors
w, z satisfying the Colbert property with respect to x := xj are of the form
w = ™y, z = ™y, where m = subdeg(z,w) and similarly for n and z. Thus
the first of the required Rota-Baxter equations becomes:

/xmydqx/x"y'dqw = / (/ xmydqx> q”x”y/dqx—l—/xmy (/ x"y'dqw> dgx

This follows easily from the Rota-Baxter property of the Jackson integral of a
general function, stated above.

Finally, the Fubini rule is straightforward and follows from the proof above.

O
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The finite bag comonad once again provides another example. The comonad
induces an integral category whose integral transformation is just the converse
of the deriving transformation described above.

Proposition 5.7.3. (Rel,!,d,), where ! is the finite bag comonad and s, is the
converse relation to the deriving transformation d, defined above, is a g-integral
category.

Proof. The calculations here are straightforward and similar enough to the dif-
ferential case for both ¢ = 0 and ¢ = 1; most of the work is done for us by the

fact that the additive enrichment in Rel is the set-theoretic union.
O

5.8 g-Calculus Categories

A brief mention of the fundamental theorem of calculus is in order here. In
elementary calculus, the theorem describes an inverse relationship between the
derivative and the integral. The first part of this theorem has been generalized
into the notion of an FTC category, for ”Fundamental Theorem of Calculus”,
or more simply a calculus category, as described above. This naturally leads to
an equivalent notion in our quantum setting, whose most obvious name is quite
fortuitous.

Definition 5.8.1. A category C equipped with g-deriving transformation dg and
g-integral transformation s, is a quantum calculus category if it is both a g-
(co)differential and g-(co)integral category and satisfies

dos=1id.

Proposition 5.8.2. Both our Vec and our Rel quantum structures are quantum
calculus categories.

Proof. Let cz™ be a polynomial in Vec, with ¢ a constant. Then observe:

d, d, a"t!
' nd r=c—L
dgx /cx a¥ cdq:c [n+ 1]

I
_C[n—i—l]x

=caz"

The general assertion for multiple variables follows immediately.
The Rel example is trivial, since d, and s, are defined to be converses.
O

In summary, we’ve formulated definitions of quantum differential and quan-
tum integral categories in a manner akin to their standard counterparts. How-
ever, the machinery required to define g-differential and g-integral categories is
more complex than anticipated. In particular, the intricacy of the definition of
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the Colbert property means the final product lacks somewhat in elegance. It
seems necessary, however, given how reliant the quantum calculus operations
are on the idea of “subdegree”; the correct exponent of the scalar ¢ must be
the subdegree of the variable with respect to which we are taking the derivative
or integral, otherwise the rules simply do not hold. A possible direction for
future work to mitigate this unseemliness is to refine the notion of grading in
the graded algebra modality.

5.9 Characterization in Terms of Limits and Colimits

The definitions of g-differential and g-integral categories above, while phrased
in the language of category theory, lack a certain categorical feel. The intro-
duction of the categorical basis maps seems unavoidable, and in any case is
not uncommon in quantum applications, but the indeterminate maps employed
in the various rules are more reminiscent of elements than of abstract maps.
Fortunately, these rules can equivalently be characterized in terms of equalizers
with a universal property, a more categorical notion. The resulting diagrams
more closely resemble the rules of the non-quantum structures.

Theorem 5.9.1. A Colbert category C equipped with maps
Opgm: T(M)p = T(M)p—1 @ M

for each indeterminate xy, scalar q, and n € N is a g-codifferential category if
and only if these maps satisfy the following conditions:

(qd1) (g-Constants Rule) For all xy, q:

N,

(qd?2’) (g-Leibniz Rule) Let zy: I — T(M);)j,22: I — T(T(M);), be basis
maps having the Colbert property with respect to an indeterminate xy: I —
M. Then subdeg(x,z1) = i and subdeg(xy,z2) = £. Write 21 = z1; 4,
zo = zo; i for notational convenience. Then for all such i,j,¢,7 € N and
all y, = y;(,f_l)7y2 = yﬁ(,f_l) defined as above, the indeterminate tensor
map z1 ® zo is an equalizer of the following diagram:

I —55 T(M)g 25 T(M)_, ® M
0

¢ id)®z ), q,0ryMRid+0z, q,i5QidsidRo;m®id

m a£ ,q,15 7
T(M)i; @ T(M)er —" T(M)ir; “" 3 T(M)ijper—1 ® M

\/

1d®0z, ,q,0rM@1d+0x q,i5 ®(q%-id);idRom®id
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(ad3’) (g-Linear Maps Rule) For all xy, q, and where p is the biproduct projec-
tion map, the indeterminate xy is an equalizer of the following diagram:

1*>T M)y M

M*>T
\ %

IeM

(qd4’) (g-Chain Rule) Let subdeg(zk,z) =i. Then for all ) coupled with all
of their respective z related by the Colbert property, the indeterminate z is
an equalizer of the following diagram:

6wk,q,ij

T(T(M)i)j % T(M)ij T(M)ij—l QR M

lam;‘c iy m®idT

HR0z, q,i
T(T(M)i)j—1 @T(M); . T(M)ij—1y ®T(M);—1 @ M

Proof. The g-constants rule (¢gd1) is unchanged. It is clear that if the equalizer
versions (qd2'), (¢d3’) and (gd4’) of the other rules hold, then the original ver-
sions (gd2), (gd3) and (qd4) hold as well. For the converse, we must show that
the original versions imply the universal property of the equalizer.

Recall that the basis for M is an isomorphism B: ®je.f I — M, and z;, =
Boiy: I — @jeJ I — M, where i is the biproduct injection. We’ll use these to
prove the universal property, starting with the g-linear maps rule.

Suppose we have some object A in C and map f: A — T(M) ® T(M)
equalizing the g-linear maps rule diagram. We need to construct a unique map
&: A — I such that x; 0 £ = f. Define € = p, o B~ o f. Then we have

zpof =BoijoproB lof
=f
as required, and if g: A — I is any map such that z o g = f, then
rpog=[f=Boiyog=f
=irog=Blof
=g=proBlof
since pg o i = id by definition of a biproduct, proving uniqueness.
The same reasoning with £ := (p1 ® p2) o (B;(lM)ij ® B;(lM)h) o f in the

q-Leibniz rule and ¢ :=po B;(lM)ij o f in the g-chain rule completes the proof.
O
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6 Concluding Remarks

The goal of this paper was twofold: first, to define Leibniz and Rota-Baxter
categories and demonstrate their usefulness in analyzing structures relating al-
gebra, combinatorics and quantum theory; and second, to create a new kind
of differential and integral category capturing quantum calculus parallel to the
standard notions and hopefully indicate their potential usefulness beyond that
setting.

Beyond the scope of this paper is examining the deeper relationships be-
tween these two ideas. Quantum calculus itself is known to have applications
to perturbation theory [9], so it would be interesting to connect this to the
renormalization example of our Rota-Baxter categories, and examine what re-
lationship exists between this context and our quantum differential and integral
categories, if any.

Quantum calculus also has applications to non-commutative geometry [11].
Another interesting path then might be to explore what we can say categorically
in this context, perhaps via structures “gq-analogous” to the tangent categories
of [12]. Hopefully future work can shed some light in these regards.
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