TANNAKIAN CATEGORIES: EXAMPLES

PHUNG HO HAI

Date: August 24, 2021.



1.

1.1.
1.2.
1.3.
1.4.
1.5.
1.6.

CONTENTS

Tannakian categories

Tensor structure

The internal hom and dual object
Abelian tensor category

Tensor functor

Fiber functor, tannakian category

Torsors

2. Examples of tensor categories

2.1.
2.2.
2.3.
2.4.
2.5.
2.0.
2.7.

Graded vector spaces

Hodge structure

Representations of abstract groups, tannakian evelopes
Representation of continuous groups

Essential finite bundles

Connections

Picard-Vessiot theory

3. Fiber functors

3.1.

Sufficient conditions for the existence of fiber functor

© o0 o o H

11

14
15
16
17
19
20
21
23
25
26



3.2. Tangential fiber functor

3.3. Grothendieck section conjecture

27
28



1. TANNAKIAN CATEGORIES



1.1. Tensor structure. Let C be a category and let

R:CxC—C, (X,2Y)—»XQY
be a functor. An associativity constraint for & is a natural Isomorphism

Pxyvz: XY R®Z) — (XQY)Q Z,
such that, for all objects X; Y; Z; T, the pentagon diagram commutes. This is the pentagon axiom. It allows one
to identify various ways of determining the tensor product of several objects.
A commutativity constraint for ® is a functorial Isomorphism
oxy: XY — Y ® X,
such that, for all objects X; Y,
Oy, x 0oxy = lxy,

and is compatible with the associativity constraint in terms of the commutatiity of the following hexagon diagram.

This is the hexagon axiom. One should however not to identify the tensor products of several objects obtained
by interchange the order in the tensor product.

An unit object is a pair (I;) comprising an object I of C and an Isomorphism ¢ : I — I ® I is an unit object
of (C, ®) if
r: X—XQI:C—->2C

is an equivalence of categories. Unit objects are isomorphic by a unique morphism. Thus we can speak of the
unit object.

Definition 1.1.1. A system (C, ®, o, I) in which ® and o are compatible associativity and commutativity con-
straints, and I is an unit object is a tensor category.



1.2. The internal hom and dual object. For objects X and Y, if the functor
T +— Hom(T ® X,Y) : C°* — C
is representable, then we denote by Hom(X, Y') the representing object and by
evxy : Hom(X,Y)® X — Y
the morphism corresponding to 140m(x,y). Consequently we have the functorial isomorphism
Hom(T, Hom(X,Y)) ~ Hom(T ® X,Y).

Lemma 1.2.1. We now assume that Hom(X,Y') exists for every pair X,Y of objects in C. Then there is a
functorial composition map
Hom(X,Y) ® Hom(Y,Z) — Hom(X, Z).

Proof. ]

The dual to X is defined to be XV := Hom(X, I'). Under the natural isomorphism:
Hom(Y ® XV, Hom(X,Y)) ~Hom(Y ® X' ® X,Y),
the morphism1 ® evx: Y ® XY ® X — Y corresponds to a morphims
Y ® XV — Hom(X,Y).

X is said to be rigid if this is an isomorphism.

We have natural isomorphisms

Hom(X,Y) ~ Hom(I, Hom(X,Y)) ~ Hom(I,Y ® XV).
In particular, for Y = X, the identity of X induces a morphism
db: I - X ® XV,

called the dual basis morphism.



For a morphism f : X — Y of rigid objects, we can define the dual (conjugate) morphismtf : YV — XV as

follows:
iy 2 yexexY 2 yey e xY 2, xV.
We can give an alternative definition of rigid object: there exist an object XV and morphisms ev x

anddbx : I — X ® XV such that the following compositions are identities:

dbx®1 1®Revy

X ——
X\/

XXV X —/
XV X gxy Lxon

X

For a rigid object X, consider the composition

dbx ox,xV evy

I =S5 XX — XV X == 1.
This is an element of k := End([I), called the categorical rank of I.

: XVRX — 1

In general, for any morphism f : X — X, we can define its trace to be an element of k in the same manner.



1.3. Abelian tensor category.

Definition 1.3.1. An additive (resp. abelian) tensor category is a tensor category (C, ®) such that C is an additive
(resp. abelian) category and ® is a bi-additive functor.

If (C,®) is an additive tensor category and (I,<) is an unit object, then k := End([I) is a ring which acts, via
rx : X ~ X ® I, on each object of X. The action of k£ on X commutes with endomorphisms of X hence
k is commutative. If (I’,4’) is a second unit object, the unique isomorphism a : (I,7) — (I,%’) defines an
isomorphism k ~ End(I"). Therefore C is k-linear category and the functor ® is bilinear. When C is rigid, the
trace morphism is a k-linear map Tr : End(X) — k.

Proposition 1.3.2. Let (C, ®) be a rigid tensor abelian category. Then ® commutes with direct and inverse limits
in each variable; in particular, it is exact in each variable.

Proof. []

Proposition 1.3.3. Let (C, ®) be a rigid abelian tensor category. If U is a subobject of I, thenI ~ U @ U+
where U+ = Ker(1 — UV) (the dual to the inclusion U — I). Consequently, if End(I) is a field, I is a simple
object.



1.4. Tensor functor. Let (C, ®) and C’, ®’) be tensor categories.

Definition 1.4.1. A tensor functor (C, ®) — (C’, Q') is a pair (w, ¢) comprising a functor w
functorial isomorphism cxy : w(X) ® w(Y) — w(X ® Y') with the following properties:

(1) for all X,Y, Z € ob(C) the following diagram commutes:

w(X) ® (w(lY) R w(Z2)) —w(X)Q@wlY®Z) —wX® (lY ® Z))
Y w(P)
(W(X)® w(Y)) ®w(Z) —~w(X®Y)® w(lZ) —~w(XRY)® Z);

(2) for all X, Y € ob(C) the following diagram commutes:

WX)Q wY) "~ w(XQY)
3 oo
w(Y) Q@ w(X) —~w(lY ® X).

(3) The object w(I) together with the morphism w(%) is an unit object in C’.

:C — C'and a

A tensor functor is a tensor equivalence if it an equivalence of categories. In this case, there is a quasi-inverse

which is a tensor functor.

Definition 1.4.2. A morphism of tensor functors (w, ¢) and (n, d) between categories (C,®) and (C',®’) is a

natural transformation 6 : w — n, satisfying the following conditions:



(1) for any pair X, Y € ob(C) the diagram below commutes
WX)RQ wY) “—~w(XQY)
0®’0l l@
n(X) ®n(Y) —n(X®Y).
(2) The morphism 6(%) is the unique isomorphism between the unit objects w(I) and n(I).

Lemma 1.4.3. Let (w, ¢) and (n, d) be tensor functors (C,®) — (C’,®"). If C is rigid, then every morphism of
tensor functors w — m IS an isomorphism.

Proof. Define the morphism p : w — m by the following commutative diagram:

w(XV) X p(xV)

~| |~

w(X)Y —n(X)".
(x)

We claim that p is the inverse to 6. The proof uses properties of the maps ev and db. ]



1.5. Fiber functor, tannakian category. Let k be a field.

Let (C, ®) be a rigid abelian tensor category such that &k = End(I). A (neutral) fiber funtor for (C,®) is an
exact faithful k-linear tensor functor w : C — vec;, — the cateogry of finite dimensional k-vector spaces.

A triple (C, ®,w) is called a (neutral) tannakian category.
Define a group functor Aut®(w) on the category of k-algebras as follows.
Aut®(w)(R) := Autd(w ®i R),
where w ®; R : C — Modg, X — w(X) Qi R.

Theorem 1.5.1. Let (C, ®,w) be a (neutral) tannakian category. Then the functor Aut® (w) is representable by
an affine group scheme G,, over k. Futher the functor w induces an equivalence between C and rep,(G.):

C w
\ forget

_repk(Gw).

veCy

Notice that the equivalence C ~ rep, G prolongs to a tensor equivalence
Ind-C ~ Rep,(G.).

Here, on the left hand side we have the category of ind-objects of C and on the righ hand side we have the
category of any representations of G,.



1.6. Torsors. Assume that (C, w) is a neutral Tannakian category over k. A fibre functor on C with values in a
k-algebra R is a k-linear exact faithful tensor functor n : C — modg, which should take values in the subcategory
projp of modpg.

Consider the functor Isom®(w, n) on R-algebras:
Isom®(w, n)(S) = Isom%(w Rk S, n Rr S).

Notice that
Hom®(w, n) = Isom®(w, n)
according to Lemma 1.4.3.

Composition defines a pairing

Isom®(w,n) X Aut®(w) — Isom®(w, n).
Theorem 1.6.1. Let (C, w) be a neutral Tannakian category over k.

(1) For any fibre functor n on C with values in modg, Isom®(w, n) is representable by an affine scheme G, ,,
faithfully flat over SpecR; it is therefore a G, -torsor.

(2) The functor n — Isom®(w,n) determines an equivalence between the category of fibre functors on C
with values in modg and the category of G,-torsors over R.

Let G be an affine group scheme over k. A G-torsor over SpecR is a scheme U over R equipped with an
action of G:

p:UxG—U, (u,g)+— ug,
satisfying the following conditions

(1) U is faithfully flat over R;



(2) the morphismU x G — U xgr U,

UxG2LUxpUxG 25U xpU, (u,9) — (u,ug)

is an isomorphism.

If for an R-algebra S, the set U(S) # 0 then the above action yields a bijection U (S) — G(S).

In particular, if n : C — vecy is a fiber functor, then n ~ w if G, ,(k) # 0. In this case we have G, ~ G,,.



2. EXAMPLES OF TENSOR CATEGORIES



2.1. Graded vector spaces. Let vec® be the category whose objects are families finite dimensional vector
space V together with a Z- grading, i.e. a decompostion

v=gv"

There is an obvious rigid tensor structure on vec®" for which EndI = k the fiber functor is just the forgetful functor.

Thus, according to Theorem 1.5.1, there is an equivalence of tensor categories vec® ~ rep, G for some affine
k-group scheme G.

Proposition 2.1.1. The tannakian group G of the category GrV of graded finite dimensional vector spaces over
k is the multiplicative group G, .

Proof. This is easy to describe: V' = € V™ correspond to the representation of G,,, on V' acts on V™ through
the character A —— A". [

Thus, a decomposition of a vector space into direct sum of subspace is the same as an action of G, ; on it.

Notice that this correspondence extends to any vector spaces.



2.2. Hodge structure. Let £ = R the real numbers.

A real Hodge structure is a finite-dimensional vector space V' over R together with a decomposition

Vo=V @ CxHvre

such that VP2 and V%P are conjugate complex subspaces in V. There is an obvious rigid tensor structure on
the category Hodg of real Hodge structures, and the forgetful functor makes it a tannakian category over R.

Proposition 2.2.1. The tannakian group of Hodk is the Weil restriction of G,,, ¢ fo R, denoted by S.

Proof. The Weil restriction of G,,, c to R is to consider G,, c as a real group scheme. The coordinate ring of G, ¢
is C[t,u]/(tu — 1).

Writingt = X 4+ ¢Y and u = U + @V and expand the equation uv = 1 we obtain the description as an
R-algebra:
RIX,Y,U,V]/(XU - YV =1; XV 4+ UY =0).

_ XY . : :
A real matrix [ v U ] satifying the above equation determines a non-zero complex number. Thus
S(R) ~ C*.

For A € S(R), let it acts on VP4 by A=PX~4. In this way we obtain an equivalence between rep, S and Hodg. [

Notice that the forgetful functor
Hodg — Vec™, (V,VP9) — (V,V"): V" @C= P VP

pt+g=n
yield a morphism G,,,g — S, on real points, itis R* — C*, ¢t — t~1.



2.3. Representations of abstract groups, tannakian evelopes. Let I' be an abstract group. Consider the
category rep,I' of finite dimensional k-linear representations of I'. Together with the forgetful functor to vecy, it is

a tannakian category. The tannakian group is denoted by I'. It is equipped with a group homomorphism
p:T «— Th(k).

Indeed, each v € I" determinesamap p, : V. — V onany V € ob(rep,(I'), which is just the action of v on V..
This yields an automorphism of the forgetful functor

rep, I’ — vecy,
which we call p(v).

Proposition 2.3.1. The map p : T' +— f‘k(k) Is universal in the sense that for any k-affine group scheme G
and group homomorphism ¢ : I' — G(k), there exists a unique morphism T, — G, such that the following
diagram commutes:

r

Ty (k)

|

G (k).

In particular, the image p(I') is schematically dense in .

Proof. The map ¢ induces functor ¢* : rep,(G) — rep,(I") whence the morphism T'), — G.

Conversely, p : I, — G yields a functor commuting with forgeful functors:

*

rep,(G) ——— repy,(Tx)

T

vecCg.




Hence every v € T yields an automophisms of the functor rep, (G) — vecy by composing with p*, that is, an
element of G(k).

[

Note that we cannot extend the above equivalence to the category of any representations of I'', since a repre-
sentation of I' is not necessarily the direct limit of its finite dimensional subrepresentations.

Assume that £ = k. Then we can consider the category modf,(I") of those finite dimensional representations
p: I' — GL(V), in which the image of I' is a finite sets. The resulting tannakian group scheme Gy, is a
profinite group scheme. The group G (k) is profinite and is the profinite completion of T.



2.4. Representation of continuous groups. Let K be a topological group. The category rep,. g K of continuous
representations of K on finite-dimensional real vector spaces is, in a natural way, a neutral Tannakian category
with the forgetful functor as fibre functor.

There is therefore a real affine algebraic group Kk called the real algebraic envelope of K, for which there
exists an equivalence rep. g K >~ rep, K.

Proposition 2.4.1 (Tannaka). The natural homomorphism K <+— f(\R(R) is an isomorphism if K is compact,

In general, a real algebraic group G is said to be compact if G(R) is compact and the natural functor
rep.r(G(R) «— repr(G)

is an equivalence. The second condition is equivalent to each connected component of G(C) containing a real
point (or to G(R) being Zariski dense in G).



2.5. Essential finite bundles. [Nori] A vector bundle E on a curve C is semi-stable if for every sub-bundle
Ey C E,

degFE’ < degFE

rankE’ — rankE’
Let X be a complete connected reduced k-scheme, where k is assumed to be perfect. A vector bundle E on
X will be said to be semi-stable if for every nonconstant morphism f : C — X with C a projective smooth
connected curve, f*E is semi-stable of degree zero.

A bundle F is finite if there exist polynomials g; h € N[t], g # h, such that g(F) ~ h(FE). Let Cn denote the
category of semi-stable vector bundles on X, which is isomorphic to a subquotient of a finite vector bundle.

Proposition 2.5.1. Let X be a complete connected reduced k-scheme, where k is assumed to be perfect. The
category Cy is an abelian rigid tensor category.

If X has a k-rational point z, then Cy is a neutral Tannakian category over k with fibre functor w E) = E|,.
The tannakian group scheme of (Cn, w,) is a pro-finite group scheme over k, called the true fundamental group
of w™V (X ; x) of X. It which classifies all G-torsos on X with G a finite group scheme over k.

In particular, the largest pro-étale quotient of =™V (X'; x) classifies the finite étale coverings of X together with a
k-point lying over x; it coincides with the usual étale fundamental group of X when k = k.

Remark. Assume T is a finite group. Let V' be its regular representation: as vector space, V. = k[I'] - the
group algebra of T', with I" acts on the basis by left action. Then, as a representation of I', we have

VRV ~Vell



2.6. Connections. Let k be a field of characteristic 0. Let X/k be a smooth scheme. Let 2% be the sheaf of
differential forms. It is locally free as X /k is smooth and it is equipped with a diffential

d:@X—>Q§(; f — df,
satisfying the Leibniz condition d(fg) = fdg + gdf.
A connection on a coherent sheaf of Ox-modules M is a k-linear map
V:M— Q; Rox M,
satisfying the Leibniz condition

V(fm) = df @ m + £V (m).
where f, m are (sections of) Ox, M.
V induces a map
V:QR—@(’)XM—>Q§®@XM
by formular V(w ® m) = dw  m — w A V(m). We say that V is a flat connection if the composed map

ML 0L Qo M Q% ®0, M
is the zero map.

Let Dx := Hom(2%, Ox) be the sheaf of derivations of Ox. Then V induces a k-linear map (denoted by the
same symbol)

V: : Dx — 8ndkM,

satisfying V(D)(fe) = D(f)m + fV(D)(m), where D, f, m are (sections of) Dx, Ox, M. Then V is flat
iff it satisfies

V([D1, D)) = [V(D1), V(Dz2)].

Lemma 2.6.1. Let M be a coherent O x-module equipped with a connection. Then M is locally free.



Proof. This is a local property, so assume X = SpecR, where R is a regular local ring, and M corresponds to
an R-module M. The base change R — Ris faithfully flat, hence if suffices to assume R = R. In this case,
the connection has a full set of solutions: a solution to V is an element of
MY :=Ker(V : Q% ®r M).
This is a k-linear subspace of M with property
MY ®, R M.

Hence M is free. []

The category of coherent modules with connection on X /k is denoted by Conn(X). Morphisms are those

morphism of sheaves compatible with the connections. The tensor product in Conn(X') the usual tensor product,
on which the connection act diagonally:

V(m1 ® mz) = m1V(m2) —|— V(ml) ® mo.
The local freeness implies the rigidity: the connection of MV is given by the equation
V(p)(m) = ¢(V(m)).

The unite object is (Ox,d). Assume that X is geometrically connected then the endomorphism of the unit
object is equal to k.

Any k-point of X determines a fiber functor for Conn(X). The corresponding tannakian group is called the
differential fundamental group scheme of X at .



2.7. Picard-Vessiot theory. A differential field is a pair (K, §) where K is a field of characteristic 0 and ¢ :
K — K is aderivation, i.e. §(a - b) = ad(b) + bd(a). The subset k := K? = Kerd is a subfield of K and é
Is k-linear. Let V' be a K-vector space. A connection on V is a k-linear map

V:V>V; V(Av) =306A)v+ AV (v).
This corresponds to a system of linear differential equation. The solution set is Ker(d), denoted by K2.

Picard-Vessiot theory. Investigate the extension of (K, d) in which the above connection has solution, i.e., a
differential field (L, §) such that:

(1) L° = k;
(2) (X ®x L)~ generate X ®x L over L;
(3) L is generated by the coordinates of the solutions of X Qx L in a basis of X over K.

The connection of the tensor product of two vector spaces is defined diagonally and on the dual vector space
is defined by the equation

V(p)(v) = ¢(V(v)).
The unit object is (K, d). Morphisms of two vector spaces with connection are K-linear maps, which are com-

patible with the connections. The hom-set is a k-linear vector space. This is a k-linear abelian tensor cagegory.
There are however no fiber functors to vec,!

Theorem 2.7.1. Let Cy be the full subcategory tensor generated by an connection (V, V). Assume that k = k.
Then Cy admits a fiber functor.

Let wg denote this fiber functor and G (wy) the tannakian group. Let w denote the forgetful functor to vecg.
Then

(wOa wlcV)
is a torsor under G(wyp). Let G(wg, w) denote the representing scheme.



Theorem 2.7.2. The Picard-Vessiot extension for V' is the function field of G (wg, w).



3. FIBER FUNCTORS



3.1. Sufficient conditions for the existence of fiber functor. (Deligne, Roberts)
Internal characterization of Tannakian categories (in characteristic 0).

Theorem 3.1.1. Let k be field of characteristic 0. Let C be a k-linear abelian rigid tensor category. The following
are equivalent:

(1) C is tannakian;
(2) Forall X € ob(C), rank(X) € N;
(3) For all X € ob(C), there exist n such that A"(X) ~ 0.

|dea of proof: construct a "universal torsor” in Ind-C, i.e. an algebra A such that for all X,
X ® A~ ArankX.



3.2. Tangential fiber functor. (Deligne, Katz)
Connections on P! \ {0, co}.
A connection on P, is said to be regular singular if it is regular singular at 0 and oo.
If C = C then regular singular connections on P, are (holomorphically) equivalent to Euler connections.

There is a natural "restriction” functor from regular singular connections on P{, to regular singular connections
on C((x)).

Theorem 3.2.1 (Deligne-Katz equivalence). The restriction functor mentioned above is an equivalence. Conse-
quently the category of regular singular connections on P, is equivalent to the category of C-linear representa-
tions of Z.

The Deligne-Katz equivalence is compatible with Galois descent, hence holds over any field (of characteristic
0);

This yields a fiber functor for the category of regular singular connections on C((x)), which is called tangential
fiber functor by Deligne.



3.3. Grothendieck section conjecture. X: a hyperbolic curve over a number field k. One asks about its
rational points.

Grothendiek’s fundamental exact sequence
1 - 7YX, z) > (X, %) > Gal(k/k) — 1.
Each k-rational point of X yields a section to p.
Grothendieck’s section conjecture: Sections to p are in 1-1 correspondence with rational points of X.

[Esnault, —]: sections to p are in 1-1 correspondence with (neutral) fiber functors from finite connections on
X, section given in terms of a rational point corresponds to the fiber functor at that point.



