TANNAKIAN CATEGORIES WITH SEMIGROUP ACTIONS

ALEXEY OVCHINNIKOV AND MICHAEL WIBMER

ABSTRACT. Ostrowski’s theorem implies that log(z),log(z + 1),... are alge-
braically independent over C(x). More generally, for a linear differential or
difference equation, it is an important problem to find all algebraic dependen-
cies among a non-zero solution y and particular transformations of y, such as
derivatives of y with respect to parameters, shifts of the arguments, rescal-
ing, etc. In the present paper, we develop a theory of Tannakian categories
with semigroup actions, which will be used to attack such questions in full
generality, as each linear differential equation gives rise to a Tannakian cat-
egory. Deligne studied actions of braid groups on categories and obtained a
finite collection of axioms that characterizes such actions to apply it to vari-
ous geometric constructions. In this paper, we find a finite set of axioms that
characterizes actions of semigroups that are finite free products of semigroups
of the form N" X Z/n1Z X ... X Z/n,Z on Tannakian categories. This is the
class of semigroups that appear in many applications.

1. INTRODUCTION

It is an important problem, for a linear differential or difference equation, to find
all algebraic dependencies among a non-zero solution y and particular transforma-
tions of y, such as derivatives of y with respect to parameters, shifts of the argu-
ments, rescaling, etc. The simplest example that illustrates this is: log(z) satisfies
y' = 1/x, while it follows from Ostrowski’s theorem [18] that log(z),log(x + 1),...
are algebraically independent over C(z). It turns out that this information is con-
tained in the Galois group associated with this differential equation [7, 6], which
is a difference algebraic group, that is, a subgroup of GL,, defined by a system of
polynomial difference equations. Other important natural examples include:

e the Chebyshev polynomials T}, (z). They are solutions of linear differential
equations

(1 —1‘2)1/” —xy’+n2y=O

and, in addition, satisfy the following difference (with respect to the endo-
morphisms o, o1, and o3 specified below) algebraic relations (among many
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other ones):

Thy1 = 22T, () — Th—1(x), o(n)=n+1,
Tont1(x) = 2T 41 (2)Th () — x, o1(n) =2n, oa(n) =n+1,
Ty (z) = T, (227 — 1), o1(n) = 2n, oy(z) = 22% -1,
T (T () = Tm (), o1(x) = Trn(x), o2(n) = mn.

e the hypergeometric function o Fi(a,b,c; z), which is a solution of the pa-
rameterized linear differential equation

2(1=2)y" + (c— (a+b+1)z)y —aby =0,

also satisfies the following difference algebraic relation, called the Pfaff
transformation, (among many other ones):

2F1((l,b, C;Z) - (172)7a2F1 (aacfbv &) Z/(Zi]'))a Jl(b) - Ciba 02(2) = Z/('Z*]')

e Kummer’s function of the first kind (confluent hypergeometric function)
1F1(a; b; 2) is a solution of

2y +(b—2)y —ay=0.
It satisfies the difference algebraic relation
e’ 11 (a;b; —2) = 1 F1(b—a;b; 2), o01(2) = —2, 02(a) =b—a.

e the Bessel function J,(x), which is a solution of the parameterized linear
differential equation

z?y" () + 2y’ (z) + (2% — &®)y(z) = 0,
also satisfies, for example,
xJata(z) = 2(a+ 1) Jar1(z) — xdo (), ola)=a+1
Jo(—x) = (=1)%J(2), o(x) = —u.

In all these cases, semigroups arise as the semigroups generated by the given en-
domorphisms (they are not always automorphisms). The resulting semigroups in
all but one case are free commutative and finitely generated, with the exception of
one example of the pair of automorphisms o1(n) = 2n and o9(n) = n + 1, which
generates a Baumslag—Solitar group [1]. In addition, we show in Example 1 how
the classical contiguity relations for the hypergeometric functions are reflected in
our Tannkian approach. The ¢-difference analogue of the hypergeometric functions
studied in this framework can be found in [22].

Moreover, such recurrence relations are not only of interest from the point of view
of analysis and special functions, but, as emphasized in [26, 13], they also appear in
the representation theory of Lie groups: they are encoded in the properties of tensor
products of representations, including decompositions of tensor products into the
irreducible components (e.g., Clebsch—Gordan coefficients).

In the present paper, we develop a theory of Tannakian categories with semigroup
actions, which will be used to attack such questions, including finding such relations,
in their full generality in the future using the Galois theory of linear differential
and difference equations with semigroup actions. In this approach, given a linear
differential or difference equation and a semigroup G, one constructs a particular
Tannakian category with an action of G. Our Theorem 3.17 shows that, if such a
Tannakian category has a neutral G-fiber functor, then this category is equivalent
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to the category of representations of a difference algebraic group. This group is the
one that will measure the algebraic dependencies mentioned above.

In practice, the semigroup G is usually infinite and, therefore, its action on a
category (see Definition 3.3) is defined by infinitely many functors and commutative
diagrams, which is inconvenient in applications. However, in [4], Deligne studied
actions of braid groups on categories and obtained a finite collection of axioms that
characterizes such actions. Tannakian categories with group actions (among other
things) were first introduced in [11], but the finiteness questions were not considered
there, because a different kind of applications was studied.

In the present paper, we find a finite set of axioms that characterizes actions of
semigroups that are free products of semigroups of the form

N* X Z/riZ x ... X Z/n,Z

on Tannakian categories. Even if G is given by a finite set of generators and
relations, as in [4, Section 1.3], in our case, it is not sufficient just to define actions
of generators of G and impose the constraints corresponding to the relations (see
Example 4.3) — our hexagon axiom (4.2.2) provides necessary and sufficient extra
constraints, as we show in Theorem 4.2. This is the first time that such a scenario
has been proposed. The main application of our result will be to finding all algebraic
dependencies among the elements of orbits of solutions of linear difference and
differential equations under actions of chosen semigroups.

This application will be possible after the parameterized Galois theories of linear
differential and difference equations with semigroup actions are fully developed. So
far, this has been done for the simplest case of the semigroup N in [7, 6, 23] (that
is, in the case of one difference parameter). The main method used in these papers
was difference parameterized Picard—Vessiot rings (which correspond to neutral
difference fiber functors for Tannakian categories [12]) that were constructed in a
particular way, which does not directly generalize to arbitrary semigroups. This
motivates the new approach to the problem that we take up in the present paper.

In the case of differential Galois theory with differential parameters, construc-
tions similar to those mentioned above were used in [28] to construct Picard—Vessiot
extensions with one differential parameter. However, there were obstacles to gener-
alizing this particular construction to several differential parameters as well. Such
difficulties have recently been overcome in [10] by introducing actions of Lie rings
on Tannakian categories (first appeared as differential tensor and Tannakian cate-
gories for one derivation [21, 20, 12] and several commuting derivations [16]) and
applying geometric arguments to the constructions from [3] to construct Picard—
Vessiot extensions for several differential parameters (not necessarily commuting)
under assumptions that are most practical for applications. The authors expect
that the results of the present paper on actions of semigroups (instead of Lie rings)
on Tannakian categories will lead to a construction of Picard—Vessiot rings with
semigroup actions (that is, with several difference parameters, not necessarily com-
muting) with immediate practical applications in the nearest future. This includes
the problem of difference isomonodromy [22], which awaits the full development of
the Picard—Vessiot theory with semigroup actions.

The paper is organized as follows. We give an overview of the constructions from
difference algebra that we use in the paper in Section 2.1. This is followed by Sec-
tion 2.2, in which we recall difference algebraic groups and the basic constructions
from their representation theory. Section 3 contains a brief review of Tannakian
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categories in Section 3.1, followed by Section 3.2, containing an introduction to
semigroup actions on categories. Semigroup actions on tensor categories are de-
scribed in Section 3.3, which is followed by our first main result Theorem 3.17, in
Section 3.4, on Tannakian categories with semigroup actions. We continue with
Section 3.5, in which we give a representation theoretic characterization of a differ-
ence group scheme being a linear difference algebraic group. Section 4 contains our
second main result, Theorem 4.2, showing how actions of semigroups coming from
applications can be defined using finitely many data.

2. BASIC DEFINITIONS

2.1. Difference algebra. In this section, we will introduce the generalization of
the standard difference algebra with one and several endo- or automorphisms [2, 14]
that we need. Let G be a semigroup. In what follows, we will assume that G has
an identity element, which we will denote by e. If G and G’ are semigroups, e and
¢’ are their identity elements, and ¢ : G — G’ is a semigroup homomorphism, we
will assume that p(e) = ¢’. In what follows, we use the following notation for the
semigroups N = ({0,1,2,...},+) and Z/rZ = ({0,1,...,7 — 1},+modr), r > 1.
The semigroup of ring endomorphisms of a ring k is denoted by End(k).

Definition 2.1. A G-ring (G-field) is a commutative ring (field) k together with a
semigroup homomorphism T}, : G — End(k). For each g € G, we also call the pair
(k,T(g)) a g-ring (field), write g : k — k instead of Ty(g) : k — k for simplicity
(and to follow the general convention in difference algebra).

Example 2.2. Let G =N and k = C(z). Then
Ti(a)(z) := z+a, To(a)(z) = 2%, Ts(a)(z) := 7%, and Ty(a)(z) =23, a e N,

induce homomorphisms Ty, Ty, T3, and Ty from G to End(k). Note that 77 and T3
also induce a homomorphism N+ N — End(k), where * denotes the free product of
semigroups, and 75 and T3 induce a homomorphism N x N — End(k).

Definition 2.3. A morphism of two G-rings (R,Tg) and (S,Ts) is a ring homo-
morphsim ¢ : R — S such that, for all g € G, ¢ 0 Tr(g) = Ts(g) o .

Let k be a G-field.

Definition 2.4. A k-G-algebra is a k-algebra R such that R is a G-ring and k — R
is a morphism of G-rings.

A morphism of k-G-algebras is a morphism of k-algebras that is a morphism of
G-rings. The category of k-G-algebras is denoted by k-G-Alg.

Definition 2.5. A k-G-algebra (R,Tg) is called finitely generated if there exists a
finite set S C R such that R is generated by the set {T'(g)(s)|g € G, s € S}.

The ring of G-polynomials with coefficients in k in G-indeterminates y1,...,yn
is the ring
E{yi,..  Untc = k:[yi)g geG,1<i< n]
(here, y;. = i, 1 < i <n), with the G-structure given by

h(Yig) = Ying, 9,h€G, 1<i<n.
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2.2. Difference algebraic groups and their representations. Let G be a semi-
group and k be a G-field. In this section, we will introduce group k-G-schemes
and their representations, followed by the basic constructions with the latter in
Section 2.3. This is a straightforward but important generalization of difference al-
gebraic groups studied in [6, Appendix] and [11, Section 4.1] (see also the references
given in these papers).

Definition 2.6. An affine group k-G-scheme H is a functor from the category
of k-G-algebras to the category of groups that is representable. An affine group
k-G-scheme H is called a G-algebraic group if the k-G-algebra that represents H is
finitely generated.

In what follows, we will simply say “group k-G-scheme” instead of “affine group
k-G-scheme”. If H is a group k-G-scheme, the k-G-algebra that represents H is
denoted by k{H}. A morphism of group k-G-schemes is a morphism of functors.
If : H — H’ is a morphism of group k-G-scheme, the dual morphism is denoted
by ¢*: k{H'} — k{H}.

Remark 2.7. The category of group k-G-schemes is anti-equivalent to the category

of k-G-Hopf-algebras, which are k-Hopf algebras such that all structure homomor-
phisms commute with T'(g), g € G.

Alternatively, a k-G-vector space is a k-vector space with a semi-linear action of
G:
g(cv) =g(e)g(v), g€G, cek, veV.
Such k-G-vector spaces form a symmetric tensor category (with the usual tensor
product over k), and a k-G(-Hopf) algebra is precisely a commutative (Hopf) alge-
bra object in this category.
Let k be a G-field and H a group k-G-scheme (similar for k-g-scheme for g € G).

Definition 2.8. A representation of H is a pair (V,¢) comprising a finite-
dimensional k-vector space V and a morphism ¢: H — GL(V) of group k-G-
schemes.

Here GL(V) is the functor that associates to a k-G-algebra R the group
of all R-linear automorphisms of V ®; R. It is represented by the k-G-
algebra k{xll, ey Tpm, 1/ det(xij)}G, which is the localization of the k-G-algebra

k{z11,... ,xnn}G by the multiplicative subset generated by gdet(z;;), g € G, and
where n = dim V. We will often omit ¢ from the notation.

Definition 2.9. A morphism (V,¢$) — (V’, gb') of representations of H is a k-linear
map f: V — V' that is H-equivariant, i.e.,

VerR L2 vie,. R

¢<h)l lwh)
VerR 12 vie,. R

commutes for every h € H(R) and any k-G-algebra R.
The resulting category is denoted by Rep(H).

Remark 2.10. Rep(H) is equivalent to the category of finite-dimensional comod-
ules over k{H}.
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2.3. Constructions with representations.

2.3.1. Basic constructions. There are several basic constructions one can perform
with representations, which we will now recall:

e A k-sub-vector space W of a representation V of H is called a subrepre-
sentation of V' if it is stable under H, i.e., h(W &, R) C W ®j R for every
h € H(R) and any k-G-algebra R. Then W itself is a representation of H,
and the quotient V/W is naturally a representation of H.

e If V and W are representations of H, then the tensor product V @, W is
a representation of H via

(VerW)@kR ~ (VR R)®r(WaRR) 225 (Ve,R)@r(WRrR) ~ (Ve, W)@k R

for h € H(R).

e Similarly, the direct sum V @ W is naturally a representation of H.

e The representation of H consisting of k as a k-vector space and the trivial
H-action is denoted by 1.

e If V and W are representations of H, then the k-vector space Homy (V, W)
of k-linear maps from V to W is a representation of H: For any k-G-algebra
R, h € H(R) and ¢ € Homy(V,W) ®; R = Homg(V ®; R, W ®; R) we
define h(p) € Homy(V, W) ®; R as the unique R-linear map such that

V®kR4¢>W®kR

h(p)

VoL R——>W L R

commutes, that is,

h(¢) =hopoh L.
In particular, if V' is a representation of H, the dual vector space VV =
Homy,(V, k) = Homy(V, 1) is a representation of H.

2.3.2. Semigroup action. The above constructions with representations are famil-
iar from the representation theory of algebraic groups. The following construction,
however, is unique to difference algebraic groups and, in a certain sense (which will
be made precise in Section 3), is sufficient to characterize categories of representa-
tions of difference algebraic groups. Let (V, ¢) be a representation of H and g € G
and let
WV =VeLk

be the k-vector space obtained from V by base extension via g: k — k. A similar
notation will be adopted for other objects: if X is some object over k, then 9X
denotes the object obtained by base extension via g: k — k. There is a canonical
morphism of group k-G-schemes

g: GL(V) = GL (V)

given by associating, for any k-G-algebra R, to an R-linear automorphism h: V ®y,
R — V ®; R the R-linear automorphism

(2.3.1)  g(h): V @ R~ (V @ R) ®g R 2295, (V @4 R) ©g R~ %V ®j R.

Here, the former and latter isomorphisms are given by

vRa®r = vR1®ar and VRTI®re — vR1Rg(r1)re, veEV,a€k, r,ri,re €R,
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respectively, and the tensor product (V ®; R) ®g R is formed by using g: R — R
on the right-hand side. In terms of matrices, if ¢ = (e1,...,e,) is a basis of V
and A € GL,(R) represents the action of h on V ®j, R, i.e, h(e) = eA, then, with
respect to the basis e ® 1 of 9V, the action of g(h) on 9V ®j R is represented by
9(A) € GLu(R).

We can define a new representation (gV, g(c{))) of H as the composition

g(¢): H S GL(V) % GL (V).

If f: V — W is a morphism of representations of H, then also 9f: %V —9 W is
a morphism of representations of H. Thus V ~» 9V is a functor from Rep(H)
to Rep(H). In terms of comodules, this functor can be described as follows. Let
p: V =V ® k{H} be the comodule structure corresponding to the represenation
V and let

R;: Yk{H}) =k{H} @1k — k{H}, a®b— g(a)- b
Then the comodule structure corresponding to the representation 9V is

g idR*
9(p): V 2 v 0 IR{HY) 200 9 @ K{H).

3. TANNAKIAN CATEGORIES WITH SEMIGROUP ACTIONS

Let H be a G-algebraic group and H* the group scheme obtained from H by
forgetting the difference structure. Then the category of representations of H (as
a G-algebraic group) is equivalent to the category of representations of H* (as a
group scheme). However, intuitively it is clear that the representation theory of H
(as a G-algebraic group) is much richer than the representation theory of H* (as
a group scheme). The main point of this section is to identify, in a rather formal
manner, an additional “difference structure” on the category of representations of
G which accounts for this purported richness. One can recover H (as a G-algebraic
group) from its (Tannakian) category of representations and this additional differ-
ence structure.

The main result in this section (Theorem 3.17) is a purely categorical characteri-
zation of those categories that are categories of representations of group G-schemes.
This is an analogue of the Tannaka duality theorem for group schemes. In the gen-
eral context of fields with operators, a Tannaka duality theorem was proven in [11].
However, in the situation that we are considering here (the case of a semigroup
action), it is possible to give a very simple definition of difference Tannakian cat-
egories and a rather direct proof of the corresponding Tannaka duality theorem.
We have, therefore, chosen to include an independent self-contained proof of the
Tannaka duality theorem for difference group schemes.

The use of Theorem 3.17 in practice warrants an effective description of actions
of a particular class of groups on categories. Lemma 4.1 and Theorem 4.2 contain
such a description for free products of free finitely generated abelian semigroups,
which is the most popular class of semigroups that appears in the applications.

3.1. Review of Tannakian categories. We start by recalling the usual Tan-
nakian formalism. Basic references for Tannakian categories are [24, 5, 3]. We
mostly follow [5] in the nomenclature:

e A tensor category is a category C together with
—afunctor Cx C— C, (X,Y) ~ X®Y and
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— compatible associativity and commutativity constraints
XY e2)~(XeY)eZ, XY~Y®X

such that there exists an identity object (1,e). The identity object is unique
up to unique isomorphisms and induces a functorial isomorphism X =~
1®X.

e If Cis abelian and ® is bi-additive, we speak of an abelian tensor category.
In this case R := End(1) is a (commutative) ring, C is R-linear (via X ~
1 ® X) and ® is R-bilinear.

e Let R be a ring. An abelian tensor category over R is an abelian tensor
category together with an isomorphism of rings R ~ End(1).

e Let C and D be tensor categories. A tensor functor C — D is a pair
(F,a) comprising a functor F': C — D and a functorial isomorphism
axy: F(X)® F(Y) ~ F(X ®Y) such that some natural properties are
satisfied. If C and D are abelian, F' is required to be additive. We will often
omit « from the notation and speak of F' as a tensor functor. A morphism
of tensor functors is a morphism of functors also satisfying some natural
properties.

e A tensor category is called rigid if every object X has a dual XV (cf. [5,
Definition 1.7] and [3, 2.1.2].)

o Let k be a field. A neutral Tannakian category over k is a rigid abelian
tensor category C over k, such that there exists an exact faithful k-linear
tensor functor w: C — Vecty. Any such functor is said to be a fibre functor
for C.

e For every k-algebra R, composing w with the canonical tensor functor
Vecty, — Modg, V ~» V ®; R yields a tensor functor w ® R: C — Modg.
We can define a functor Aut®(w): Alg, — Groups by associating to every
k-algebra R the group of automorphisms of w ® R (as tensor functor).

The main result about Tannakian categories is the following;:

Theorem 3.1 ([5, Theorem 2.11]). Let C be a neutral Tannakian category over k
and w: C — Vecty a fibre functor. Then H = Aut®(w) is an affine group scheme
over k and w induces an equivalence of tensor categories between C and the category
of finite dimensional representations of H.

For later use, we record a corollary.

Corollary 3.2. Let k be a field and C, C' neutral Tannakian categories over k with
fibre functors w and W', respectively. There is a canonical bijection between the
set of morphisms of group k-schemes from H = Aut®(w) to H' = Aut®(w’) and
the set of equivalence classes of pairs (F,«), where F: C' — C is a tensor functor
and a: WF — W' an isomorphism of tensor functors. Another such pair (Fyi,aq) is
equivalent to (F,a) if there exists an isomorphism of tensor functors F' — Fy such
that

wF ——— - whk

x %
UJ/
commutes.

Proof. This follows from Theorem 3.1 and [5, Corollary 2.9] a
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3.2. Actions of semigroups on categories. Let G be a semigroup. We will start
with the main definition, which contains infinite data if and only if G is infinite.

Definition 3.3 (see also [4, Section 0], [9, Sections 1.3.3 and 1.3.4], and [8, Sec-
tion 4.1]). A G-category is a category C together with a set of functors

T(g):C—=C, gE€QG,
and isomorphisms of functors
Cf,qT(f)OT(g)%T(fg% fagEGa L:T(e)%idc,

such that the following diagram is commutative:

Cf,goid

T(f)eT(g)oT(h) —— T(fg)oT(h)
(321) id OCQ”LJ, ny,hl

T(f)oT(gh) —="5  T(fgh).
If C is a small category, G-actions on C form a category, denoted by Cg,
(1) an object is a set of functors and isomorphisms

({T(9) g€ G} {crglf9€G})

as above;
(2) amorphism between two objects, T and 7", is a set of morphisms of functors

{msT(f) > T'(f) | f € G}

such that = ¢/ o m, and the following diagram is commutative:

T(f)oT(9) —% T(fg)
(3.2.2) mfomgl mfgl

T'(f)o T'(g) —" T'(f9).
Lemma 3.4. Let F': C — C be a functor, g € G, and I : F — T(g), an isomor-
phism of functors. Then

(T {ergt ) = (T {dhg}:0) s
where
T/(h’) = T(h)7 heG \ {g}a T/(g> = F? c;ﬂh = Cf.h, fvh eG \ {9}7
Cyn = Cgn(loid), ¢, ,:=cngy(idol), he G,
and ! = v if g # e and J =1l if g = e. In particular,
(T {ernts ) = (T {chn}1d)
where
T'(h) :=T(h), he G\{e}, T'(e)=idc, cpp=crn, f,h€G\{e},
A i=cen(t™roid), ¢, =cpe(ido™), heG.
In other words, for a given element of the semigroup, one obtains an isomorphic
action of the semigroup by replacing the action of this element by a functor that is
isomorphic to it.
Proof. Let my, = id : T(h) — T'(h), h € G\ {g} and m, = I : T(g9) — F.
Then (3.2.1) and (3.2.2) are commutative by the construction. O
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3.3. Semigroup actions on tensor categories.
Definition 3.5. A G-®-category is an abelian tensor category C together with an
action T of G on C such that

(1) for all g € G, T(g) : C — C is a tensor functor and
(2) for all f,g € G, ¢cpq : T(f) oT(9) — T(fg) and ¢ : T(e) — idc are
isomorphisms of tensor functors.

If C is a G-®-category, then R := End(1) is naturally a difference ring via
T(g): End(1) —» End(T(g)(1)) ~ End(1), g¢ge€G.

The latter isomorphism is derived from the uniqueness of the identity object and
the fact that a tensor functor respects identity objects. Note that, for all g € G,
T(g): C— Cis T(g)-linear. That is,

T(g9)(re) =T(g9)(r)T(g)()

for every morphism ¢ in C and r € R.

Definition 3.6. Let R be G-ring. An R-linear G-®-category is a G-®-category
that is R-linear and such that the canonical ring morphism [ : R — End(1) is a
morphism of G-rings. An R-linear G-®-category is said to be over R if [ is an
isomorphism of G-rings.

The following is the prototypical example of a difference tensor category.
Example 3.7. Let R be a G-ring. The category Modg of R-modules is naturally

a G-®-category over R:

e The tensor product is the usual tensor product of R-modules.
e For all g € G, the tensor functor

T(g): Modg — Modg, M ~ IM
is given by base extension via g: R — R. That is,
T(9)(M)=9M = M ®g R.
The R-module structure of 9M comes from the right factor. So, explicitly
for m € M and r,s € R we have
(3.3.1) s-(mer)=m@sr and sm@r=m® g(s)r.

~

In particular, for g = e, we have a functorial in M isomorphism T'(e)(M) =
M.
Moreover, for all R-modules M and N and f € Hom(M, N), we define
T(g)(f)mer) = f(m) @,
as usual for base extensions, and T'(g)(f) € Hom(T'(g)(M),T(g)(N)).
e For all g, h € G, and an R-module M, the isomorphism
(3.3.2) cgn : T(9)T(h)(M) — T(gh)(M), m@r®s — m®g(r)s, m € M, r,s € R,

is functorial in M.
e The functorial isomorphism, which is part of the data of a tensor functor,
is the natural one:

IM @ 9IN ~9(M ® N).
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e The identity object (1,e) is the free R-module 1 = Rb of rank one with
basis b together with e: 1 — 1 ® 1 determined by e(b) = b ® b.
Note that, by identifying R with End(1), we recover the original T(g): R — R
from T'(g): End(1) — End(1).

In what follows, we will always consider the category of modules over a G-ring
with the above described G-®-structure. In particular, if k£ is a G-field, then Vecty,
is naturally a G-®-category (over k).

Definition 3.8. Let C and D be G-®-categories via T¢ and Tp, respectively. A
G-®-functor C — D is a pair (F,«) comprising a tensor functor F: C — D and a
set of isomorphisms of tensor functors

a={ay: FoTc(9) > Tp(g)o F: C—D|ge G}
such that the diagram

(3.3.3) FoTc(e) —2 > Tp(e

\/

is commutative and, for all f, g € G, the following diagram is commutative

idoccy g4

FoTc(f)oTelg) FoTc(fg)
(3.34) l(idoag)(afoid) lafg
To(f) o To(g) o F 222%% Tp(fg) o F

Example 3.9. Let R be a G-ring and S an R-G-algebra. Then Modrp —
Modg, M ~» M ®pg S together with the functorial isomorphisms

Qg M- IMRRS = (M®RR)®RS ~ MRgrS ~ (M®R5)®SS = g(M R S), g € G,
R
|
R

The composition of G-®-functors is a G-®-functor in a natural way.

Definition 3.10. Let (F,a), (F’,a’): C — D be G-®-functors. A morphism of
G-®-functors (F,a) — (F',a’) is a morphisms of ®-functors 3: F — F’ such that
the diagram

derived from the commutativity of

[

R

n<—-="=Uu
@

is a G-®-functor.

FoTc(g) 2% F'oTc(g)

(3.3.5) agl a;l

commutes for all g € G.
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3.4. Semigroup actions on Tannakian categories.

Definition 3.11. Let k£ be a G-field. A neutral G-Tannakian category over k is
a G-®-category C over k that is rigid (as a tensor category) and such that there
exists a G-fibre functor C — Vecty, i.e., a G-®-functor (F, «) with F exact, faithful
and k-linear.

Example 3.12. Let k be a G-field and H a group k-G-scheme. The category
Rep(H) of representations of H is a neutral G-Tannakian category over k in a
natural way:

e The tensor product and dual are as described in Section 2.3.
e The tensor functors
T(9): Rep(H) — Rep(H), V ~ %V, ge€Q@q,

are also described in Section 2.2.
e Forall g, h € G, and V € Ob(Rep(H)),

cgh :T(@)T(R)(V)—=T(gh)(V), v@r®s—v®g(r)s, veV, rseck.
e The G-®-functor
w: Rep(H) — Vecty,
that forgets the action of H is a G-fibre functor for Rep(H).

Theorem 3.17 below asserts that the above example is “essentially” the only
example of a neutral G-Tannakian category. However, there are natural examples
of neutral G-Tannakian categories for which the determination of the corresponding
group G-scheme is a highly nontrivial problem.

Definition 3.13. We will define the G-®-category of differential modules. Let K
be a G-field and a O-field (that is, 0 : K — K is a derivation) such that, for all
g € G, there exists a non-zero a, € K such that g : K — K satisfies

0og=aggod
and, for all g,h € G,
(3.4.1) agr, = agg(an).
For example, if the G-action commutes with 9, all the a,’s can be chosen to equal

1. As in [25, Definition 1.6 and Section 2.2],

e the objects are finite-dimensional K-vector spaces M with an additive map
0: M — M satistying d(am) = d(a)m + ad(m), a € K, m € M;

e the morphisms are K-linear maps that commute with 0; the tensor struc-
ture is as in the vector spaces, with d(m ® n) = d(m) @ n + m ® d(n),
méeM,néeN.

e The G-action is given as in Example 3.7, with, for all g € G, the differential
module structure defined on T'(g)(M) by

(3.4.2) Im®@r):=0(m) ® (agr) + m @ o(r)
and extended to sums by additivity.

Proposition 3.14. The category of differential modules defined above is a G-®-
category over the G-field K% = {a € K | 9(a) = 0} = End(1).
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Proof. Recall that T(g)(M) = M ®x K, where the tensor product is considered
with respect to the field homomorphism ¢ : K — K. As in [25], the above is a
®-category, with (3.4.2) being well-defined as, on the one hand, for all g € G,
O(mr ® 1) = (O(m)r + mor) @ agz = 0(m) ® agg(r) + m @ ayg(0r)
= 0(m) ® agg(r) +m®d(g(r))
and, on the other hand,
Imr @ 1) = 0(m @ g(r)) = 0(m) @ agg(r) + m @ d(g(r)).
Moreover, 0 : T(g)(M) — T(g)(M) is a differential module structure. Indeed, for
all m € M and r,s € K, we have by (3.3.1)
O(s(m@r)) =0(m®rs) =9(m) @ (agrs) + m A(rs)
=5(0(m) ® agr) +s(m @ 9(r)) + d(s)(m @)
=s0(m@r)+9(s)(mer).
For all g, h € G, condition (3.4.1) implies that
cg.n (M) : T(g)T(h)(M) — T(gh)(M)

is a morphism of differential modules. Indeed, for allm € M, r,s € K, using (3.3.2),
we have

Oegn(M)(m@r®s)) =0(me g(r)s) =0(m) ® aghg(r)s + m @ d(g(r)s)
= 0(m) ® agng(r)s + m @ g(d(r))ags +m @ g(r)d(s)
= 0(m) ® g(anr)ags +m @ g(9(r))ags + m @ g(r)d(s)
=cgn(M)(O(m) ® apr @ ags + m R O(r) ® ags + m @ r ® I(s))
=cgh(M)O(MmRT)Rags+mTr®9(s)) =cgn(M)(O(mRT®3)).
From Example 3.7, we now conclude that ¢4 5 is an isomorphism of tensor functors
T(9)T(h) = T(gh).
Moreover, we have
Qe = Qee = aeg(ae)-
Hence, since a. # 0, g(a.) = 1. Since g : K — K is injective, we conclude that
ae = 1. The condition a. = 1 implies that «(M): T'(e)(M) — M is a morphism of
differential modules. Indeed, for all m € M and r € K,
(M)OMm 1)) =1(M)(O(m) @acr+m®0r)=0(m)-1-r+mor
=0(mr) =90(M)(m®r)).
By Example 3.7, ¢ : T((e) — id is an isomorphism of tensor functors. O
On the level of explicit computation (by considering M with a choice of a basis,

as in the differential Galois theory [25, Section 1.2]), given a matrix differential
equation 9Y = AY, the action of T'(g) on it is given by (cf. [6, Section 1.1])

A(g(Y)) = ag9(9(Y)) = agg(AY) = agg(A)g(Y).

In other words, if 0Y = AY is the matrix differential equation of M with respect
to a basis eq,...,e,, then 0Z = a,9(A)Z is the matrix differential equation of
T(g)(M) with respect to the basise; ® 1,...,e, ® 1.
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Example 3.15. For instance, let
K=Q(z), 90=90/0x, G=12%Z, and T(1)(f(x)) = f(22).

Then 0o T(1) = 2T(1) o  and, therefore, the differential equation d(y) = y is sent
by T'(1) to the differential equation d(y) = 2y, which can also be seen on the level
of solutions: e® is sent to e?.

Let k be a G-field, C a neutral G-Tannakian category over k and w: C — Vecty,
a G-fibre functor. For every k-G-algebra R, composing w with the G-®-functor

Vect, — Modg, V ~~ V ®i R,
yields a G-®-functor
w® R: C— Modg.

Let Aut®®(w)(R) denote the group of all automorphisms of w ® R (i.e., invertible
morphisms w® R — w® R of G-®-functors). Then Aut®® (w) is naturally a functor
from k-G-Alg to Groups.

If C = Rep(H) and w are as in Example 3.12, we have a canonical morphism

H — Aut®®(w)

of group functors on k-G-Alg. (The statement that h € H(R), when considered as
a morphism of functors h: w ® R — w® R, respects G is precisely identity (2.3.1).)

For a k-G-algebra R, let R denote the k-algebra obtained from R by forgetting
the G-action. Similarly, for a group k-G-scheme H, let H* denote the group scheme
obtained from H, by forgetting the G-action, i.e., H* is the affine group scheme
represented by the Hopf algebra k{H }*.

Proposition 3.16. Let k be a G-field, H a group k-G-scheme, and w: Rep(H) —
Vecty, the forgetful G-®-functor. Then the canonical morphism

H — Aut®®(w)
is an tsomorphism.

Proof. Let R be a k-G-algebra. By forgetting the G-structure, we can interpret w
as a fibre functor for a Tannakian category. Then [5, Proposition 2.8] says that the
natural map

H*(R*) — Aut®(w)(R")

is bijective. It therefore suffices to see that, under this bijection, H(R) c H*(R¥)
corresponds to

Aut®®(W)(R) C Aut® (w)(R?).

Thus, we have to show that, for an isomorphism of G-®-functors 5: W@ R - wQ R,
the corresponding morphism

h € Homy, (k{H}ﬂ,Rﬁ) — Ht (R”)
is a morphism of difference rings. Let ¢ € k{H}. We have to show that
h(g(p)) = g(h(p)), g€G.

Using Sweedler’s notation, we may write

(3.4.3) Ap) = Z 0y ® o) €V @, k{H}.
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Then V := spany, {¢(1)} is a finite-dimensional H-stable k-subspace of k{H} con-
taining ¢, as (id ®e) o A(p) =1 ® . By assumption, for all g € G,

(3.4.4) Y @, R WV @ R

i g(Bv) \L

IV @k R) —= 9V @ R)

commutes. By (3.4.3),

Brlp@1l)=h(p®1) = ZSDU) ® h(p) €V @ R.

Chasing (p ® 1) ® 1 € 9V &, R through diagram (3.4.4), we see that
D ey @h(g(ee) =Y ) @ g(h(ee)) €V @ R,

where the latter tensor product is formed by using k 9 k — R on the right-hand
side. Applying the counit &: k:{H } — k to this identity, we conclude that

> glelea))hlglee) = h( D ge(pa)g(ew))) = hgle)

and
> (el (h(p@)) = 9(D_elea)hlee)) = g(h(e))

are equal. So, as claumed7 h is a morphism of G-rings. d

Theorem 3.17. Let k be a G-field and (C,w) a neutral G-Tannakian category over
k. Then H = Aut®®(w) is a group k-G-scheme and w induces an equivalence of
G-®-categories over k between C and Rep(H).

Proof. Let C* denote the tensor category obtained from C by forgetting G. Simi-
larly, let

wh: C* = Vecty,
denote the tensor functor obtained from w by forgetting the G-structure. Then
(C*, wh) is a neutral Tannakian category over k. By Theorem 3.1,

H = Aut® (W)

is an affine group scheme over k. The crucial step now is to use the G-structure on
C to put a G-structure on H, i.e., to turn the k-Hopf-algebra k[#] into a k-G-Hopf
algebra. To put a G-structure on H is equivalent to defining, for every g € G, a
morphism of k-groups g: H — 9H such that

(1) fg: H — Y9 is equal to H ERSYIRCIN '@ f(91) = U9 for all f,g € G and
(2) e=1id.
For a k-algebra R, let
R
denote the k-algebra obtained from R by restriction of scalars via g: K — k. So 4R

equals R as a ring but the k-algebra structure is given by k — R, a — g(a). For
every object X of C, we have

Yw(X)) @k R = (w(X) @ k) @r R~ w(X) @ ¢R.
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It follows that (T'(g) ow) ® R and w ® 4R are isomorphic as tensor functors from C
to Modg, and we find that

Aut®(T(g) ow)(R) =~ H(,R) = "H(R).
Since the construction is functorial in R, we see that
Aut®(T(g) o w) =~ 9H.

We have a morphism of k-groups ¢: H = Aut®(w) — Aut®(wo Tc(g)): if Ris a
k-algebra and A € H(R), in particular

Ax:w(X)@r R — w(X)®r R

for every object X of C, then we have

Pr(N)x = Arc(g)(x): W(Tc(9)(X)) @k R — w(Te(g)(X)) @5 R.
The isomorphism ¢ : woTc(g) ~ T(g) ow of tensor functors yields an isomorphism

Aut® (w o Te(g)) — Aut®(T(g) ow).

In summary, we have a morphism of k-groups

G H = Aut® (w) — Aut®(w o Te(g)) = Aut® (T(g) ow) = 7.
In detail, if A € H(R), then

Gr(N) € H(R) = H(,R)

is given, for each object X in C, by (gr(A\))x being the morphism making

Tc(9)(X)

o(Te(9)(X)) @ R 2L (Te(g) (X)) @ R
(‘%})X@idl l(ag)x@d
T()w(X) @ R T(9)w(X)) ok R

Nl lN

dr(N))x
W(X) @ g R — T () o R

commutative.
Let us show that (1) above is satisfied for any f,g € G. So, for a k-algebra R
and A € H(R) we need to show that
@) r(FrN) = (FOIR(N) € YIH(R) = H(syR).
For an object X of C, the automorphism
1@ p(FRON)x : w(X) @k fgR = w(X) @ foR
corresponds to the automorphism
ATe(9)(Te(9)(x)) - W(Te(f)(Te(9)(X))) @k R = w(Te(f)(Te(9)(X))) @k R
under the chain of isomorphisms
Y1 w(X) @ rgRR ~T(g9)(w(X)) @k p R~ w(Tc(g)(X)) @k fR ~
T(f)(w(Tc(9)(X))) @k R~ w(Tc(f)(Tc(g)(X))) @k R.
On the other hand, the automorphism

(F9)rN)x: w(X) @k fgR — w(X) @k 4R
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also corresponds to the automorphism

AT () (Te(e))(x) F w(Te(f)(Te(9)(X))) @k R — w(Te(f)(Tc(9)(X))) @k R

under the chain of isomorphisms

Po: w(X) Ok fgR =~ T(fg)(w(X)) @k R~ w(Tc(f9)(X)) @k R
~ w(Te(f)(Te(9)(X))) @ R.
To prove (1), it therefore suffices to see that 1)1 = 2. But this is guaranteed by
(3.3.4).

To prove (2), let R be a k-algebra and A € H(R). For an object X of C, the
automorphism €r(A)x of w(X)®g R corresponds to the automorphism Az ()(x) of
w(Tc(e)(X)) ®; R under the isomorphisms

w(X) @, R~ T(e)(w(X)) @k R~ w(Tc(e)(X)) @k R.
As

w(X) @k R w(X) ok R

l ATc (e)(X) i

w(Tc(e) (X)) @ R ——w(Tc(e) (X)) @x R

commutes and
w~woTc(e)=2T(e)ow ~w

is the identity transformation by (3.3.3), it follows that €r(A) x = Ax. Soer(A) = A
as required.

Let H be the group k-G-scheme defined by the G-structure on H, i.e., H is
represented by the k-G-Hopf-algebra k[H]. We will next show that

H(R) = Aut™®(w)(R) € Aut®(w)(R) = H(R)

for any k-G-algebra R.

Note that if H is a group k-G-scheme, H the group k-scheme obtained from H
by forgetting the difference structure, and R a k-G-algebra, then H(R) C H(R)
can be described as follows. For every g € G, we have two maps from H(R) to
9H(R), firstly gr: H(R) — 9H(R) and secondly the map

H(g): H(R) = H(yR) = H(R)

obtained from the k-algebra morphism ¢g: R — 4R by the functor property of H.
One immediately checks on the coordinate rings that a morphism of k-algebras
E{H} = k[H] — R commutes with the action of g if and only if it lies in the
equalizer of gr and H(g). Thus, H(R) C H(R) is equal to the intersection of all
these equalizers.
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So A € H(R) lies in H(R) if and only if the outer rectangle in

ATc(9)(X)
—_—

w(Tc(9)(X)) @k R w(Tc(9)(X)) @k R

~ ~

T(g9)(w(X)) @k R T(9)(w(X)) @k R

gr(\
w(X) O g R — X ) 4R

~ ~

Ax ®id
(wW(X)®, R) ®r R — (w(X) @k R) ®r 4R

commutes for all g € G and objects X of C. But this is nothing but (3.3.5) spelled
out in detail. Therefore, H(R) = Aut®®(w)(R) and H = Aut®®(w) is a group
k-G-scheme.

For every object X of C, the vector space w(X) is a representation of H and w can
be interpreted as a G-®-functor from C to Rep(H). Since C — Rep(H) (Theorem
3.1) and Rep(#H) — Rep(H) are equivalences of categories, also C — Rep(H) is an
equivalence of categories. (I

3.5. More on representations. In this section, we will give a more explicit pre-
sentation of G-Hopf algebras and categories of representations of difference algebraic
groups.

3.5.1. Explicit formula for semigroup action. More explicitly, to obtain the G-Hopf
algebra representing Aut®® (w), similarly to [19, Section 6.3] and [10, pp. 370-371],
one can take the Hopf algebra A that represents Aut®(w):

A= B wV)on w(V)V/U,
Veob(Q)
where U is the k-subspace spanned by
{(idow(9)" — w(¢) ®id) (2) | V,W € Ob(C), ¢ € Mor(V, W),z € w(V) @ w(W)"},

and define the action of G on A as follows. For V € Ob(C), let v € w(V) and
u € w(V)Y. For all g € G, we define

T(g9)(v®u) € w(T(g)(V)) @k w(T(g)(V))"
by:
T(g)(veu) == (v21)@T(g)(w), T(g)(w)(wea) = aT(g)(u(w)), we w(V), a€ k.

For A defined as in [10, pp. 370-371], one uses the same formula but conjugated by
the isomorphism

@ (V) @ w(V)¥ = Homy(w(V),n(V)),
o(v@u)(w) =u(w), venlV), ucwV), wewlV),

where, for our purposes, n = w.
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3.5.2. Characterization of difference algebraic groups. In this section, we will show
how to recognize categories of representation of G-algebraic groups among those of
group G-schemes.

Let G be generated by S C G. Recall that, for all g € G, ls(g) is defined to be
the length of a shortest presentation of g as a product of the generators. For all

fek{y,...,yn}q, we define

ordg(f) := sy hax ;1s(9)

For simplicity, in what follows, we assume that S is fixed and drop the subscript S

from ord.

Definition 3.18. We say that an object V of a G-®-category C is a G-®-generator
of C if the set of objects {T'(g)(V)|g € G} generates C as an abelian tensor category.

A representation ¢: H — GL(V) is called faithful if ¢*: E{GL(V)} — k{H} is
surjective.

Theorem 3.19. Let H be a G-algebraic group. Then every faithful representation
of H G-®-generates Rep(H ).

Proof. This proof closely follows the proof of [19, Proposition 1]. Let U be an
A := k{H}-comodule. By [27, Lemma 3.5], U is an A-subcomodule of U®; A = A™,
puea = idy ®A. The canonical projections 7; : A™ — A are H-equivariant (with
respect to the comultiplication A : A - A® A). Since U C A™, we have

UcC @ﬂ'l(U),
i=1

and each m;(U) is an A-comodule. Let (V, ¢) be a faithful representation of H and
fix a basis vq,...,v, of V. Let

T=¢":B:= k{xu,...,xnn,l/det}G—)A

be the corresponding surjection of k-G-Hopf algebras. Since m; (U) is a finite-
dimensional A-subcomodule of A, there exist r, s,p € Z>¢ and a finite subset S C G
such that m; (U) is contained in 7(L, s ,), where

Lsrep = | [(9det) "{f (i) | deg(f) < s,0rd(f) < p}.

ges

The comultiplication of B is given by, for all 4,7, 1 <4,j < n,

n
A(wijq) = Z»Til,g ® 2154, 9g€G,
=1

and Lg, s p is a B-subcomodule of B, because

A(xijqu) = Z TiuTpr @ 21Ty and  ord(fifo) = max { ord(fl),ord(fg)}.

l,r=1

Hence, Lg s p is also an A-subcomodule of B. Therefore, each m;(U) is a subquo-
tient of some Lg s p. Thus, we only need to show how to construct these Lg , s p
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from V. For each ¢, 1 < i < n, the map ¢; : V — B, v; — x;; is GL,, (hence,
H)-equivariant, because

(¢; ®id) (pv (v;)) = (¢; ®id) (Z v ® Iz]) = inzébmzj = A(ziy) = pB(pi(v;)).
=1

=1
Every f € Lg,,1,p is of the form
n
f= Z Z CijTijg, Cij €K,
i,j=1geS;

for some finite Sy C G such that, for all h € S¢, ord(h) < p. As it has been noticed

above, this space is an A-subcomodule of B. The map (¢1, ..., p,) induces
(T,(V)" = Loay T,(V):i= @ T)(V),
ln,,!;%.qc)ﬁp

as A-comodules, not necessarily finite-dimensional. Hence, one can construct
Lz o1,p-

Let s € Z>5. The A-comodule Lg s, is the quotient of (Lg70717p)®s by the
symmetric relations. So, we have all Lg g5 ,. Let now s = n = dimy V. Then the
one-dimensional representation det : H — GL; with h + det(h) is in Lg g5, p. For
f € kY, we have

det(h = det(h)) = .
et() () () = fa/ det(h) = oz F(2)
Thus,
Qr
Lgysp= ®9det* ® Lg.0,s,p
geS
which is what we wanted to construct. O

Corollary 3.20. Let H be a group k-G-scheme. Then H is G-algebraic if and only
if Rep(H) has a G-®-generator.

Proof. This follows from Theorem 3.19 using [10, Proposition A.2] and Sec-
tion 3.5.1. (|

4. DEFINING ACTIONS USING GENERATORS AND RELATIONS

A natural question is: for what classes of semigroups, their actions on small
categories can be defined using only finitely many data. For instance, can one
find a restriction functor R from Cg to the category of actions of a particular
finite subset of G (or some other finite subset of some other semigroup associated
to G, as done in [4, Théoréme 1.5]) so that R is an equivalence of categories? In
Theorem 4.2, we will show that this is the case for finite free products of semigroups
of the form N® X Z/n1Z x ... x Z/n,Z, which is the main result of this section. By
Lemma 4.1, this also implies that actions of finite free products of such groups on
categories can be described using finite sets of diagrams.
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4.1. Actions of free products of semigroups. In this section, we will show how
to describe actions of free products of semigroups on a small category C in terms
of actions of each of the semigroups.

For every pair of semigroups G; and G2, we have the category Cgo, X Cg, [15,
§I1.3]. We will define the restriction functor

R: CGl*Gg — CG1 X CGQ

as follows:

(1) for an object
T=({T(9):C—C|lgeGixGa},{crq|f g€G1xGa}),
we let
R(T):=(({T(9): C—=ClgeGi} {crg| fraeGi}),
({T(9): C—Clge G}, {cry | frg€Ca}));
(2) for objects Ty and T and a morphism
m={m; : T1(f) = Ta(f), f € G1 G2},
we let
R(m) == ({my : T2 (f) = T2(f), f € Gi} {my : Ta(f) = Ta(f), f € G2}).

Lemma 4.1. For all semigroups G1 and Ga, the restriction functor R : Cq,+q, —
Cqg, x Cg, is an equivalence of categories.

Proof. We will show this by constructing a quasi-inverse functor E to R. For every
object

({T(9):C=ClgeGi},{crg| fracGi}),

({T(9): C=ClgeGa{ery|frg€Ga})),
define
E(T)=({T(uw1)oT(v1)o...0T(ug) o T(vg) | u; € G1,v; € G2,1 <i<qq>1},

{cra| f9€GrrGa).
where, for all presentations of the shortest length
f=wvr uve, g =uyvp vy, uisul € Gy, v, vy € Go, 1<i < 1< <05,
define
(4.1.1) ey = id: T(f) 0 T(g) > T(fg)
if vy, u] # e or vu) = e. Otherwise, if v, = e, define
(4.1.2) ¢ = 1dr(ur)oT(v1)0...0T (ur—1)oT (vy—1) ©Cur iy © 1T (0] Yo...oT(ur Yo T (01 -
The case uj = e is similar. The required associativity for c_ follows from (4.1.1)
and (4.1.2) and the associativity for ¢ in each of G1 and Go.
Let now m € Morc,, xcg, (Th,Ts) and f = uyvy -. .. - upv,. with u; € Gy, v; € Ga,
1 <4 <r, being a presentation of the shortest length. Define
M 1= My, O My, O...0 My, OMy,,

which satisfies (3.2.2) by construction. By construction as well,
RoE = idCG1 xCgy
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‘We will show that
EFoR%Z idCGl*Gz .

Indeed, let Ty,T5 € Ob (CGI*GZ) and m € Morc, ,q, (T1,T>). Then the diagram

(EoR)(T)) —2s Ty

(EoR)(m)l ml

I
(Eo R)(Ty) —2—= T
is commutative, where, for each T € Ob (Cg,4q,), the set of isomorphisms of
functors
It : (EoR)(T)—>T
is defined by, for each ujv;-. . .-u,v, € G1%G2, successively composing isomorphisms
of functors of the form
Cup vy U V3 Ui 1 Vi1 e U U and Cutvr o Ui V0 Ui 1 Vi1 oo U Uy

which finishes the proof. O

4.2. Actions of finitely generated abelian semigroups. In this section, we will
discuss actions a category C of finitely generated abelian semigroups of a special
form:

(4.2.1) G=N'"XZ/mZx...xZL/nZ, mn;>11<j5<r,

(for simplicity, let m = n + r) with a selected set A = {aq,...,an} of generators
that correspond to the decomposition (4.2.1). Let the category C4 consist of

(1) objects of the form
({T(a) lac A}, {2 i T(ai) 0 T(aj) < T(a;) o Tla;) | 1< j <i < m} ,
{Ij T (an)°™ > id |1< 5 < 7"})

such that, for all 41,149,173, 1 < i1 < iy < i3 < m, the following diagram is
commutative (the hexagon axiom):

(4.2.2)
id oig,, (a4q
T(aiz) © T(ais) © T(ail) — T(aiz) © T(ail) © T(ais)
ta, .a, oid
iz %ig
T(ais) o T(ai2) © T(ail) T(a‘il) o T(ai2) © T(ais)
idoig. .a.
ig:0ig
iajy,a;, °id

T(ais) o T(ail) ° T(a’iz) - T(ai1> o T(ais) o T(aiz)
as well as, for all j, 1 <j5<r,

T(antj) 0 T(ant;)°" =" o T(ant;) —— T(ant;)°" o T(an;)
(4.2.3) | | zyeia

. idol;
T(antj) © T(an+;)°" - T(an+j)-
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(2) morphisms between two objects T and T" consist of morphisms of functors
{ma : T(a) = T'(a) |a € A}
such that, for all 7,7, ¢ < j, 1 <1i,j < m, the following diagram is commu-
tative:

T(a;) o T(a;) —=5 T(a;)0T(a;)
(4.2.4) Mg, 0ma, l My oma; l

T'(a;) o T'(a;) —— L, T'(aj) o T'(as),

and, for all j, 1 < j <7, the following diagram is commutative:
T(an4))™ —— ide
(4.2.5) mi, | H
o
T (an45)°" —— idc.

The restriction functor R : Cg — C4 is defined as follows:

R({T(9) |9 € G} {csq | f.9€G}) = ({T(a) | a € A}, {z =l © Canays 1> 7}

(4.2.6) {Ij =1t0c j=10...0Ca, i ans; L <G < 7’}) )

an+J7an+J

(4.2.7) R ({my ’ geG})={m, ‘ ac A},
where one shows that the latter satisfies (4.2.4) and (4.2.5) by combining several
diagrams (3.2.2), for ¢q;.a;, Ca;,a;> a0d Cq;,q,. Moreover, (4.2.2) is satisfied. Indeed,
we denote:

T‘i = T(ai)7 T‘ij = T(aiaj)7 T’ijk = T(aiajak)7 ivja k= ]-7 27 3u
and, for simplicity, omit the composition sign. Note that Tj; = T}; and Tjj, = ... =
T}j;- We have:

—1
Cag,ajag

Cag,ag0id i
T3TTy ———— T3T7 —> ToT3T, 15Tz ——  Tio3
lidocaz"11 l lidocagwa1 Tidocal,ag TCalaz,lIS
Cag,ajag ido Calla3 Cay,aq 0id

FEYES Tso1 2 ToTy —5 /1T 151715

1 .
lld ocal \as Tcalasyaz l a1,a201d

Cag, ,”01 idocaS,a2

Cayag0id an.a
T3T1T2 R T31T2 % T]_T3T2 T]_T32 #) T1T2T3

lcal-ﬁsOid lca,l,{]ﬂzﬂ,:} lca1~a2°id

Cajag,as
T13T5 Tioz <—— ToT3

Cajag,ag
We then have

—1 .
Caz,ay © id = ca1a2 as Caz,a1a3 © (ld ocahaS)’

(ld OCH.2 a;;) (ld Oca3ya2) = (Cgl az o ld) a1a2 as Cala31a2 o (cal »a3 o id)'
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Therefore,
( d Ocaz 113) (d Oca37a2)

= (0;1 as © ld) (Caz,a, ©id) (ld oC,, a3) © ngl,alag © Caya3,az © (Cay,ag ©1d),

which finally shows the required equality of the two paths of isomorphisms of func-
tors highlighted in blue starting at 757577 and ending at T17T5T5.
Finally, (4.2.3) is a direct consequence of intreated applications of (3.2.1).

Theorem 4.2. The functor of restriction R : Cq — Ca defined above is an equiv-
alence of categories.

Proof. First note that, by Lemma 3.4, we may assume that ¢ = idc. We will
construct a quasi-inverse functor E to R. For this, let 7' € Ob(Cy4). We define

E(T)<{T(a‘f1 )| gEAEISI }
1 1 =
{Ca”-..,a e ‘ $i,¢i 20,1 < i.S m }) ,
1 1 m™olS, g <ni,n<it<m
where

(4.2.8) T (afl e ad’”) =T(a1)°™ o...0T(an)%, T(e):=idc,

m

dny; is taken modulo nj, 1 < j <7, and each cos1. qsm o7, qapn 18 defined as the

< Qm 0

appropriate composition of isomorphisms of functors

(4.2.9) idra,yea, fasa;y sy 1<4,5,p<m, i>j, d>0,1<s<r,
that corresponds to turning a3* -...-asm -a¥ ... .- a?;ln into a5 T4 ... gSmtam by

successively exchanging the adjacent powers of a;’s in this product btarting with
moving aSm to the position next to aZ, then similarly continuing with a, ™', and
so on, and computing modulo the n;’s Whenever needed. Note that we have fixed
the above particular way of the successive exchanges, and it will be used later.
Finally,
E({mq|a € A}) :={my|g € G},

where each m, is defined as the appropriate composition of the m,’s follow-
ing (4.2.8).

To show that the associativity condition (3.2.1) holds, first note that (4.2.2)
implies (3.2.1) for all triples

(4210) (ail,aiz,ais) s 1 S i1, i2,i3 S m.

Indeed, if iy = ix = i3 > n and n;; = 2, then (3.2.1) follows from (4.2.3). Now, if
i < j, then cq, o, = id, so it is sufficient to deal with the triples (4.2.10) with i; >
i9 > i3, which is done in (4.2.2), taking into account that, by (4.2.8) and (4.2.9),

T(ai2)T(a23)T( ) = (aZQal.s)T(ail) = (alsalz) (ai1)
T(aig)T(ah)T(am) = (als) (a’ila"LQ) = (als) (amall)
T(ail )T( 12)T(a‘13) = T(a’lla’lza’lS) = (alzalzah)
and
Ca713,a7:2 = iais,a,;27 Caisaiz,ail = (ia,;z,ail © ld) o (ld Oiaig,ail)a

CaiQ,ail = Zai27ai17 Cai37ai2¢1i1 = (ld OZai3,ai2) o (7’111‘37!11‘1 ° ld)
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For each f = af-...-a%", we let deg(f) = di+...+d,,. Forevery g = a5 -...-abp,

we say that f >geglex ¢ if
deg f >degg or if degf=degg and (di,...,dm) >1ex (b1,---,bm),
where >y is defined by
(di,...,dm) >tex (b1,...,bp) <= FiVj <i(d; =b;)and (d; > b;).
We further extend this order to the set

{(f,9: 1) f,9.h € G}
by specifying that (f, g, h) >deglex (f',¢', h') if
deg f + degg + degh > deg f' + deg g’ + deg '
or if
deg f +degg +degh = deg f' +degg’ +degh’ and (f,g,h) >1x (f', g, 1).

This can be viewed as a degree-lexicographical well-ordering on N®™. The general
case will be shown by induction on the triples (f, g, k) well-ordered by >geglex.- The
base case, in which

(fagvh) = (ailvaiQaai3)7

has been done above. Moreover, note that, if f = e, or ¢ = e, or h = e, then the
statement is a tautology. Let us show (3.2.1) for a triple (f,g,h) with f # e . Let

f = aiflv
where f’ does not have ay,...,a;—1 in it. Then, by (4.2.8),
T(a)T (f') =T (aif)
and, therefore,
T(N)T(9)T(h) =T(a:))T (f')T(g)T(h).

If f’ # e, then, by the inductive hypothesis, all squares in the diagram below are
commutative

T(a)T (f) T()T(h) —2"  T(a)T (f'g)T(h) =225 T (a;f'g) T(h)
lldOId ocg,n lid oCsrg h Caif/g,h.:cfgvhl

T@IT ()T % Ter(gn ot Lo
la froid=idoid lcai,f/gh,

T (af) T(gh) R

( ; T(gh) —=—= T(a;f'gh) =T(fgh)
and, by the diagram for the triple (a;, f/, g),

Ca,frg © (idocsrg) = Caygrg © (Cay g 01d) = Cayprg © (idoid) = cfg,
which shows (3.2.1) for (f, g, h) in the case f # a;.
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We now continue with the case of triples of the form (a;, g, h) as above by repre-
senting g = a;g’ if g # e. So, cq; o =1d. If ¢’ # e and i > j, then cq; o, = id, and
the commutativity (by the inductive hypothesis) of the square diagrams below:

T(al)T(g)T(h) id oc,, /01d - B 4
= T(a;)T(a;)T(g")T(h) R T(az)T(ajg )T(h) =T(a;)T(g9)T'(h)
Caj,aj oidoid cai,goid
idocg, gr0id T(a;a;g"\T(h) = T(a;g)T(h
T(CL])T(CLJT(QI)T(}L) ! ( zj%ga](ﬂz(azg')(T(%L)) ( )
idoidocgy id OCq, g/

, idocai,g’}L ,
T(aj)T(ai)T(g h) s T(aj)T(aig h)
Cajyajoid:idoid Caj.aig’h

Ca,a,’g/
T(aja;)T (g'h) o T(ajaig'h) = T(a;gh)
and
. '/ idocaig’,h ) .

T(a])T(azg )T(h) — T(aJ)T(alg h)

lcajyaig/oid:idoidoid lcajvaiglh
T(aja;g")T(h) LN T(ajaig'h) = T(a;gh)

T(a;)T(a;)T (g'h) Loseg ¥l T(a;a; T( h)
lidoc(",j‘g/h ,g'h
T(ai)T(ajg'h) Lol T(a;gh),
shows that

Caig,h (C%g o id) = caj,aigrh(id ocaig/,h) (c%g o id)
= Ca;as,9'h (Cas,a; © Cq' 1)
= Ca,.gn(idocqa, gn) (idoidocy )
= c%gh(id ocg7h) (id OCa;,g' © id) = c%gh(id ocgﬁ).

This implies (3.2.1) in this case as well. If ¢’ # e and i < j, then the following
square diagrams are commutative by the inductive hypothesis:

idoc, 4roid T(ala]g )T( ) = (zg)T(h)

T(ao) (e T (o) T () —— TG S g yrh)
J{idoidocg/:,Z J{ldocag p=idocg p
id oc,, . 9’
T(a)T(a)T(g'h) —" a:)T (a;9'h)
J{cai,ajoid:idoid l wirajg'h=Ca;.gh

ivg'h

T(a;a;)T(g'h) Jeseg 't T(a;a;g'h) = T(a;gh)
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and
T(a)T(g)T(h) = T(a;)T(a;)T (") T(h) ——2" T(asa;)T(g'h)
Jcaiwgoidzidoid lcaiaj,g’h,
T(aig)T(h) S0t T(agh),

with the latter following directly from the definition of the isomorphisms ¢ (4.2.9)
and from (4.2.3) if i > n, j =i, g = a* " '¢”, and h contains a;. This implies (3.2.1)
in this case too.

Therefore, it remains to treat the case of a triple of the form (a;,a;,h). As
before, let h = a;h’, with h’ containing no a; with I’ < I, and suppose that h’ # e.
If | > max{i,j}, then (3.2.1) holds by the definition of the isomorphsims ¢ (4.2.9)
and additionally, if i = j =1 > n and n; = 2, it follows from (4.2.3). If | < j < 4,
then, by definition and the inductive hypothesis, we have the commutativity of the
diagrams

, id ocaj,aloid , Ca;,a;0id ,
T(ai)T(aj)T(al)T(h ) T(ai)T(alaj)T(h ) T(al)T(ai)T(aj)T(h )
lcai’a]‘ oid lid Ca;.a; oid
ca].yaloid
id ocg; o, 0id =Ca,,a aioid
T(aj)T(ai)T(al)T(h’) Ak T(aj)T(alai)T(h’) o T(alajai)T(h’)
id J/id OCayay,n’ lid Caa;,n!
id ocg, Caj,a;
T(a;)T(a:)T(h) < T(a)T(aih) - T(aia;h)
and
idocq,,n
T(a;)T(a)T(R) T(a;)T (aih)
J{id Jcaj,aih
Caiaj,h
T(aja;)T(h) : T(a;a;h)
id Cq ,n’
T(ar)T(a;)T(a;)T(h') ———— T(a)T(a;)T(a;h’)
lid OCa;,a; oid lid Cay,a;hh
id Cqa; h!
T(a)T(aja;)T (W) T(a;a;h)

which show that

Caiaj,h (Cai,aj o id) = Caj,aih ( id Ocai,h) (CCL“CLJ‘ o id)
(id ocajahh/) ( idocg, q; © id) (cai,al oid ) ( idocg, 4, © id)
(id ocai,ajh/) ( id OCaj,h/) (Cai,,al o id) ( id OCa;,a; © id)

= (id ocaiya].h/) (cai’al o id)(id oca].,h/) ( idocg; q, © id) = cai’ajh(id ocaj,h).
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Hence, we have shown (3.2.1) in this case. If j < | < 4, then, by definition, the
following diagram is commutative

T(a;)(a))T(a)T(h) 222" T(aza;h)
lcai,aj oid Tid oCq, n
T(aiaj)T(al)T(h’) doca; a0id T(ajalai)T(h’),

Cq;,n = 1d, and
Caja;,h = idoce, p = idocy; 4, 0id = id oce, p-

Hence, we have shown (3.2.1) in this case as well. Finally, if ¢ < j, then, by
definition,

id OCaj.h

T(az)T(aj)T(h) EE— T(CLZ)T(CLJ}L)

J{ld:cai,aj lcai,a]-h,

a

T(aia))T(h) —"  T(aza;h)

is commutative, showing (3.2.1) in this case too. Therefore, we have reduced show-
ing (3.2.1) to the case of a triple (a;, a;, a;), which is the base of the induction. This
completes our induction, showing (3.2.1) for all triples (f, g, h).

For all T1,T5 € Ob(Cy4) and m € Morc, (T1,T5), we define

E(m) = {my, ’g €G},
where

d

m
m

od
m d, dm =M, oL
a1~

o
.om
cam”t a1 a

By (4.2.4) and (4.2.9), for all f,¢ € G, diagram (3.2.2) is commutative.
By construction (4.2.6) and (4.2.7), Ro E = idc,. It remains to show that

EoR=idc,.

Indeed, let 7,75 € Ob (Cg), m € Morc,, (T1,T»), and g € G. Then the diagram of
morphisms of functors

I g
(EoR)(T1)(9) —= Ti(g)
(EoR)(m)gl mgl
I
(E o R)(Ty)(g) —=% Ta(g)
is commutative, where, for each T' € Ob (Cg), the isomorphism of functors
Irg: (EoR)(T)(g9) = T(9g)

is defined by successively composing isomorphisms of functors of the form

C 4 d; d;
1, g% i+l dmo
aytccata e an

which completes the proof. [
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4.3. Examples.

Example 4.3. If one does not require that (4.2.2) hold, one can obtain a non-
associative semigroup action. Indeed, let C = Vectg, G = N3, and A = {a1, az, a3}
Define

T(a;)(V) =QaV, T(a;)(p) =idg®p, V,W € Ob(C), ¢ € Hom(V,W), i =1,2,3.
For all M € GLy(Q) and 1 <14,j < 3, ¢pr @ id defines an isomorphism
T(a;) o T(a;) — T(a;) o T(ai),

where ¢y : Q% — Q2 is multiplication by M. Then, for all M, My, M3 € GL(Q)
such that

My 0\ /1 O Ms 0 4 1 0 M, 0\ (/1 0
0 1/\0 M, 0 1 0 M; 0 1/\0 M)’
diagram (4.2.2) is not commutative if we set

ia;;,ag = ¢M1 @ 1d7 ia3,a1 = ¢]\/12 @ 1d7 a‘nd iaz,a1 = ¢M3 EB ld

For instance, we can take

1 1 1 1 -1 1
M1 = (0 _1) s M2 = <O _1> s and M3 = < 0 1> .

Example 4.4. Let C = Vect@(t)7 n > 2, and a be a primitive nth root of unity.
Then

o: Q) = Q(t), tw at,
defines a field automorphism of Q(¢) of order n. Define an action T of Z/nZ on C
by

T(): V=V = V @) Qt), frel=vxda(f), veV, feQ),
as in Section 2.3.2. Note that, for every b € Q(¢) and the isomorphisms
[T)"(V) =V, v@1®...01m by, VeObC), veV,

the diagram (4.2.3) is commutative (and the action, therefore, satisfies (3.2.1)) if
and only if o(b) = b. For example, for b = t, o(b) # b. This shows that, in general,
one cannot avoid the requirement (4.2.3).

We will now see how the classical contiguity relations for the hypergeometric
functions are reflected in our Tannakian approach.

Example 4.5. Let K = C(a,b,c,z), and consider it as a N3-field, with the action
of the generators o1, 03, and o3 defined as

o1(a)=a+1, oa(b)=b+1, o3(c)=c+1.

Let M be the differential module corresponding to the hypergeometric differential
equation

(4.3.1) 2(1=2)y" + (c— (a+b+1)z)y —aby =0,

whose companion matrix is

0 1
A= ab (a+b+1)z—c | -
z(1—2) z(1—2)
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Following a computation in MAPLE using the dsolve procedure, the field
K(f1, fa, f3, fa), where

fl = 2F1(Cl,b;8; Z)v f2 = 6z(2F1(Cl,b;C; Z))a
fa=2""%Fi(a—c+1,b—c+1;2 —¢;2),
fa= zl_caz(zFl(a—c—l— 1,b—c+1;2 —c;z)),

is a Picard—Vessiot field containing a complete set of solutions of (4.3.1). Its tran-
scendence degree over K is 4, because its differential Galois group over K is GL,
whose dimension is 4. The classical contiguity relations for o F}, that is, linear in
K expressions of g(2F1), g € N3, via o} and 9,(2F}), can be seen in Tannakian
terms by observing that the differential module M is isomorphic to the differential
modules T(c;)(M) over K via the gauge transformations C; 'AC; — C;19.(C;),
1 <1< 3, where

o c—zb—a—1 z(z—1) o c—za—b—1 z(z2—1)
o— a a = b b
b ( b z— 1) ro? ( a z—1 ) ’

& z
C3 := ab z(a+b—c) | >
1—2 11—z

respectively, which can be found, for instance, using the dsolve procedure of
MAPLE.

More generally, (non-linear) relations between solutions of parameterized differ-
ential and difference equations and their orbits under the action of a monoid G, can
be exhibited in the Tannakian terms by comparing the tensor categories generated
by T'(g)(M), g € G. Developing general algorithms to attack this problem, includ-
ing efficient termination criteria, is left for future research (cf. [17, Section 3.2.1 and
Proposition 3.2] for the case of differential parameters). See also [22, Examples 2.2
and 3.2] for the g-difference analogue of the hypergeometric functions, where its
isomonodromy properties are explicitly computed.

4.4. Corollaries for tensor and Tannakian cateories. In this section, we will
explain how semigroup actions on tensor and Tannakian categories can be defined
using finitely many data for semigroups of the type considered above.

Proposition 4.6. Let
GEN'"XZ/mZ x ... xL/n,Z, n;>1 1<j<r,

with a selected set {ay,...,am}, m =n+r, of generators corresponding to the de-
composition. Then defining a G-® category structure on an abelian tensor category
C is equivalent to defining:

(1) tensor functors T'(a;) : C — C, 1 <1i <m,
(2) isomorphisms of tensor functors

iai,aj : T(al) © T(aj) - T(aj) © T(ai)a 1< iaj <m,

that satisfy the hexagon aziom (4.2.2), and
(3) isomorphisms of tensor functors

Ij :T(a/n+j)onj — idc, 1 S] <r

that satisfy (4.2.3).
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Proof. This follows from Theorem 4.2 and the discussion that directly precedes
it. O
Corollary 4.7. Moreover, we have:

(1) If m = n = 1, that is G = N, then a defining G-® category structure
on an abelian tensor category C is equivalent to defining a tensor functor
T(a;): C— C.

(2) If m =2, then the hexagon axiom (4.2.2) is not needed, because it becomes
non-trivial only for m > 3.

Proposition 4.8. Let
GEN'"XZ/mZ x ... xZL/n,Z, n;>1, 1<j<r,

with a selected set {ai,...,am}, m = n+r, of generators corresponding to the
decomposition. Then the set a can be replaced with its finite subset

{ag,: FoTc(a;) = Tp(a;))o F: C—D|1<i<m}

and the former of the sets of commutative diagrams in (3.3.4) can be replaced with
the following finite set of commutative diagrams, for all > j, 1 <4,5 < m:

g oid

F o Tc(ag) o Te(a;) —— Tp(az) o F o Tc(ay)

idoag,

FoTc(a;) o Tc(ay) Tp(a;) o To(as) o F

id oarg

To(a;) o F o Te(a;) — Tp(a;) o Tp(aj) o F

and, for alli, n <i<m,

FoTe(a)m 220, p

a

To(a;)" o F 2% 1
Proof. This can be proven as in Proposition 4.6. O
Lemma 4.9. Let G be a semigroup with a selected set S of generators. Let (F, ),

(F',a/): C — D be G-®-functors. Then a morphisms of ®@-functors 3: F — F' is
a morphism of G-®-functors if and only if

Br(s)(x)
—5

F(T(s)(X)) F' (T(s)(X))
(4.4.1) asxi a’sxl
T(s)(F(X)) 2229 1) (F/(X))

commutes for every object X of C and s € S.
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Proof. Let g € Gand sq,..., 8, € Sbesuchthat g = s1-...-s,,. For all X € Ob(C),
since ( is a morphism of functors F' — F’ and by (4.4.1), the following diagram is
commutative:

F(T(g)(X)) 2% P(T(s1)o0...0T(5m)(X)) —2X T(s1)o...0T(sm)F(X)
BT(g)(X)J/ /BT(sl)o.,.oT(sm)(X)l T(Sl)o---OT(Sm)(BX)l
FI(T(g)(X)) —5 F/(T(s1) 0. 0 T(5,)(X)) —% T(s1)0...0T(s,)F'(X)

where ¢ is the appropriate isomorphism of functors T(g) — T(s1) o ... 0 T(sm)
obtained as a composition of various c¢_; similarly for ax and oy. Commutativity
of (4.4.1) now follows from an iterative application of (3.3.4). O

Remark 4.10. Let
G=N'"XZ/mZx...xZL/nZ, mn;>11<j<r,

with a selected set {ai,...,a;,}, m = n + r, of generators corresponding to the
decomposition. Then Theorem 3.17 remains verbatim valid if we replace the defini-
tion of G-®-tensor category as in Proposition 4.6, the definition of G-®-functor as
in Proposition 4.8 and the definition of morphism of G-®-functors as in Lemma 4.9.
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