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1 Monoidal categories

1.1 Monoidal categories and monoidal functors

Monoidal categories can be viewed as categories equipped with a tensor product that generalises
the tensor product over a commutative ring k.

For this generalisation one describes the tensor product of k-modules in such a way that it
involves only objects, morphisms, functors and natural transformations (cf. Exercise |1]). The
starting point is the observation that the tensor product of modules over a commutative ring
k defines a functor ® : k-Mod x k-Mod — k-Mod. This suggests that one should view a tensor
product in a general category C as a functor ® : C x C — C that satisfies certain additional
conditions. These additional conditions generalise the associativity of the tensor product and
the fact that the ring k acts as a unit for the tensor product.

For modules over a commutative ring k, they are encoded in the k-linear isomorphisms

apynp: (MREN)@LP — MRy (N®LP), (m&n)@p — m®(n®p)
Iar s k@M — M, A\@m — Am, ryv s M@pk — M, mQA\ — Am

for all k-modules M, N, P. If we denote by k x id : k-Mod — k-Mod x k-Mod the functor that
assigns to a k-module M the pair (k, M) and to a k-linear map f : M — M’ the pair (idy, f),
then the k-module isomorphisms Iy, : k@M — M and ry : M®pk — M relate the functors
®(k x id) : k-Mod — k-Mod and ®(id x k) : k-Mod — k-Mod to the identity functor idy noq-
Similarly, the k-module isomorphisms ays v p relate the functors ®(® x id) and ®(id x ®).

The k-linear isomorphisms [y, 73 and aprn p commute with k-linear maps. For all A-linear
maps f: M — M', g: N — N and h: P — P’ we have

ayr o ((f@g)®R) = (f@(gRh)) o apnp, lur o (dx®f) = foly, raro (f®idy) = foruy.

We can therefore interpret ay, v p, [ and r; as component morphisms of natural isomorphisms
a:®(®xid) - ®@(1d x ®), [ : ®(k x id) — id and r : ®(id x k) — id. Note also that there are
identities between composites of the maps Iy, 73 and ay, v p that allow us to omit tensoring
with £ and the brackets in iterated tensor products.

The existence of a special object e that generalises the commutative ring k£ and of natural
isomorphisms a : ®(® x id) - ®(id x ®), [ : ®(e x id) — id and r : ®(id x e) — id can be
imposed in any category C with a functor @ : C x C — C. If we also take into account the
identities between multiple composites of the natural isomorphisms a, [ and r, we obtain the
following definition that generalises tensor products over commutative rings.

Definition 1.1.1:

A monoidal category is a sextuple (C, ®, e, a,l, ) consisting of

a category C,

a functor ® : C x C — C, the tensor product,

an object e in C, the tensor unit,

a natural isomorphism a : ®(® X id¢) = ®(ide X ®), the associator,

natural isomorphisms r : ®(ide xe) — ide and [ : ®(exid¢) — ide, the unit constraints,

5



subject to the following two conditions:

1. pentagon axiom: for all objects U, V, W, X of C the following diagram commutes

AURV,W,X

(UeV)eW)oX " UeV)e(WeX) M2 Ug(Ve(WeX)) (1)

U®av,w,x

(Ue(VeW))@X U(VeW)aX).

ay,vew,Xx
2. triangle axiom: for all objects V, W of C the following diagram commutes

ay.e W

(Vee) oW V& (edW) (2)
Tm %V
VeW.

It is called strict if a, » and [ are identity natural transformations.

Remark 1.1.2:

e The tensor unit and the unit constraints are determined by ® and a uniquely up to
unique isomorphism.

e The functor ® : C x C — C is in general not unique. It is a choice of structure, not a
property. A category C may have several different monoidal structures.

e The tensor product ® : C x C — C does not determine the associator, not even up to
isomorphisms (Example [L.1.6] Exercise [4)).

Remark 1.1.3: (Exercise [3))

Equivalently, a monoidal category can be defined as a pentuple (C,®, a, e,¢) of a category C, a
functor ® : C x C — C, a natural isomorphism a : ®(® x id) = ®(id X ®), an object e and an
isomorphism ¢ : e®e — e such that

(i) a satisfies the pentagon axiom: diagram ((1)) commutes,

(ii) the functors e®— : C — C and —®e : C — C are equivalences of categories.

The name monoidal category comes from the fact that in a monoidal category, the endomor-
phisms of the unit object form a commutative monoid (cf. Corollary . Many well-known
categories from algebra or topology have the structure of a monoidal category, some of them
even several non-equivalent ones.

Example 1.1.4:
1. For any commutative ring k, the category k-Mod is a monoidal category with:

e the functor ® : k-Mod x k-Mod — k-Mod that assigns to a pair (M, N) of k-modules
the k-module M ®; N and to a pair (f, g) of k-linear maps f: M — M’ g: N — N’
the linear map f®g: M@gN — M'@,N', m@n — f(m)®g(n),

e the tensor unit e = k,

e the associator with component isomorphisms
apynp: (MON)RP — M(NQP), (m@n)®p — m(n®p),



the unit constraints with component morphisms
ry o MRpk — M, mX — Am and [y : k@M — M, \@m +— Am.

This includes the category F-Mod = Vecty for a field F, Z-Mod = Ab and also the
category of modules over the polynomial ring k[X].

2. For every ring R, the category (R, R)—BiMod of (R, R)-bimodules and (R, R)-bimodule
morphisms is a monoidal category with the tensor product ® over R and the ring R as
a bimodule over itself as the tensor unit. Associators and unit constraints are defined as
in the last example, but with respect to the tensor product over R.

3. For any small category C, the category End(C) of endofunctors F' : C — C and natural
transformations between them is a strict monoidal category with:

the functor ® : End(C) x End(C) — End(C) that assigns to a pair (F,G) of endo-
functors the endofunctor F'G : C — C and to a pair (y,n) of natural transformations
w:F— F' n:G— G the natural transformation u®n : FG — F'G’ with compo-
nent morphisms (u®n)c = pa(cy © F(ne) = F'(ne) o paey : FG(C) — F'G'(C),

the identity functor as the tensor unit: e = id¢.

4. The categories Set and Top are monoidal categories with:

the functor ® : Set x Set — Set that assigns to a pair of sets (X,Y") their cartesian
product X x Y and to a pair (f,g) of maps f: X — X', g : Y — Y’ the product
map f X g: X XY — X' xY/,

the functor ® : Top x Top — Top that sends a pair (X,Y) of topological spaces the
product space X x Y and a pair of continuous maps f: X = X', g: Y — Y’ to the
product map f x g: X xY — X' x Y/,

the one-point set {p} and the one-point space {p} as the tensor unit,

the associators with component morphisms
axy,z - (X X Y) X Z— X X (Y X Z)v ((l’,y),Z) = (1'7 (ya 2))7

the unit constraints with component morphisms
rx : X x{p} = X, (z,p)—zand Ix : {p} x X = X, (p,x) — z.

5. More generally, any category C with finite (co)products is a monoidal category with:

the functor ® : C x C — C that sends a pair of objects to their (co)product and a
pair of morphisms to the induced morphism between (co)products,

the empty (co)product, i. e. the final (initial) object in C as the tensor unit,
the associators induced by the universal properties of the (co)products,

the unit constraints induced by the universal properties of the (co)products.

This includes:

any abelian category A,

the category Set with the disjoint union of sets and the empty set, or with the
Cartesian product of sets and the 1-point set,

the category Mfld,, of topological or smooth n-dimensional manifolds with the
disjoint union and the empty manifold,

the category Top with the sum of topological spaces and the empty space, or with



the product of topological spaces and the 1-point space,

e the category Top' of pointed topological spaces with wedge sums and the one-point
space or with products of pointed spaces and the one-point space,

e the category Grp with the direct product of groups and the trivial group or with
the free product of groups and the trivial group.

6. For any commutative ring k, the category Chy.noq Of chain complexes in k-Mod is a
monoidal category with the tensor product of chain complexes

(Ae®Ba)n = By A; @4 Bnj, di®"(a®b) = df (a)®@b+(—1)*a®d’_;(b) for a € Aj,b € B,_;
and with the tensor product of chain maps given by
(f.®g.)n(a®b) = fj(a)®gn_](b) for a€ Aj, be Bn—j~

The tensor unit is the chain complex 0 — k£ — 0 and the associators and unit constraints
are induced by the ones in k via the universal property of direct sums.

7. For any monoidal category C and small category B, the category Fun(B,C) is a monoidal
category with

e the tensor product of two functors F, G : B — C given by (FRG)(B) = F(B)®G(B)
and (FRG)(f) = F(f)®@G(f) for all objects B € Ob B and morphisms f : B — B,
and the tensor product of natural transformations 7, k given by (n®k)p = NpRkp,

e the constant functor I : B — C with I(B) = e and I(8) = 1, for all objects B and
morphisms ( in B as the tensor unit,

e the associator and the unit constraints induced by the associators and unit con-
straints in C.

8. For any monoidal category (C,®, e, a,l,r), there is an opposite monoidal category
(C,®%,e,a™t r 1) with the tensor product ® : C x C — C given by X@?Y = Y®X
and f®Pg = g f for all objects X,Y and morphisms f, g in C.

In this lecture, we are particularly interested in monoidal categories that arise in representation
theory. The standard example is the category F[G]—Mod of modules over a group algebra F[G]
and its full subcategory F[G]—Mod/? of finite-dimensional F[G]-modules.

Example 1.1.5: Let G be a group and F[G] its group algebra over F. Then F[G]-Mod is a
monoidal category with

e the tensor product M®pN with the F[G]-module structure g> (m®n) = (g>m)@(g>n)
as tensor product of F[G]-modules,

e the tensor product f®g: MRrN — M@pN, m@n — f(m)®g(n) for F[G]-linear maps,

e the tensor unit ' with the trivial F[G]-module structure: g > A = A for all g € G, A € F,

e the associators and unit constraints from Vecty, which become F[G]-linear.

With this structure, the full subcategory F[G]—Mod’* becomes monoidal as well.



It is clear that Example does not generalise to the category A—Mod of modules over a
general algebra A over [F. This requires additional structure, namely an algebra homomorphism
A: A — A®A to define an A-module structure on the tensor product of two A-modules over F
and an algebra homomorphism € : A — F to define an A-module structure on F. The pentagon
and the triangle axiom then impose additional conditions on these algebra homomorphisms,
and this leads to the notion of a bialgebra. We will investigate bialgebras in Section [5]

Besides the category F[G]—Mod, there is another monoidal category associated to a group G
and a field F, namely the category of G-graded vector spaces. This category can be deformed
with additional data, namely a multiplicative 3-cocycle for the group G. The category of G-
graded vector spaces is often useful to build examples and counterexamples.

Example 1.1.6 (Exercise: Let G be a group, F a field and w : GXGxG — F* a 3-cocycle,
a map that satisfies w(gh, k, lw(g, h, kl) = w(g, h, k)w(g, hk,w(h, k1) for all g, h, k,1 € G.

The category Vect¢: of G-graded vector spaces over F has

e vector spaces over F with a decomposition V = @4cqV, as objects,
e F-linear maps f: V — W with f(V,) C W, for all g € G as morphisms.

It is a monoidal category with the tensor product
VoW = @gEG(V®W)g (V®W)g = @zeG‘GJ@FWx*lga
and the associator given by the linear maps

av, v we © (Ug®pVi) QWi = Ug@p(Va@sWe), (u@v)@w — w(g, h, k)u@(v@w).

Note that if F = R or F = C the notion of 3-cocycle in this Example is directly related to the
additive notion of a 3-cocycle from group cohomology with values in the trivial Z[G]-module
F. The latter is defined as a map 7: G X G x G — F with

r(h,k, 1) — 7(gh, k, 1) + 7(g, bk, 1) — 7(g, h, kl) + 7(g,h, k) =0 Vg,h,k,l € G.

Setting w(g, h, k) = exp(7(g, h, k)) yields a multiplicative 3-cocycle as in Example |1.1.6{ Note
also that one can always choose the trivial 3-cocycle w: G x G x G — F, (g, h, k) — 1. In this
case, the index w is omitted and one denotes the category from Example by Vecty,.

Besides the standard examples and representation theoretical examples of monoidal categories,
there are also combinatorial examples. An important examples is the simplex category, which
plays an important role in homological algebra, including group (co)homology, Hochschild
(ho)mology and singular (co)homology. Functors from this category in another category C
allow one to defined homology theories for C.

Example 1.1.7: The simplex category A has

e as objects finite ordinal numbers [0] = () and [n] = {0,1,....,n — 1} for n € N,
e as morphisms f : [n] — [m] monotonic maps maps f : {0,...,n—1} — {0,...,m — 1} with
f(@) < f(y) forall 0 <i<j<n.
It is a strict monoidal category with:
e the functor ® : A x A — A that assigns



— to a pair (|m], [n]) of ordinals the ordinal [m + n],
— to a pair (f,g) of monotonic maps f : [m] — [m/], g : [n] — [n/] the monotonic map

F(4) 0<i<m-—1,

®g:[m+n] —=[m +1], i—
Jeg: 1= ] {m’+g(i—m) m<i<n+m-—1,

e the ordinal [0] = () as the tensor unit.

Another important class of examples are monoidal categories constructed from families of groups
that are related by group homomorphisms. If these group homomorphisms satisfy certain con-
sistency conditions, they give rise to strict monoidal categories.

Example 1.1.8: Suppose (G, )nen, is a family of groups with Gy = {e} and (pmn)mnen, 2
family of group homomorphisms p, ., : Gy X Gy, = Gy, such that po,, : {e} X G, = G,
(e,9) = g and ppo : Gy X {e} = Gy, (g,€) > g and

Prtnp © (Pmn X 1da,) = pmatp © (ida,, X pnp) Vm,n,p € Ny. (3)
Then one obtains a strict monoidal category C with non-negative integers n € Ny as objects,

0 n#m

G, n=m,

Home(m, n) = {

and the tensor product ® : C x C — C given by m®@n = m + n for all n,m € Ny and
f®g = pmn(f,g) for all morphisms f € G,,, g € G,, and the tensor unit e = 0.

In particular, the construction from Example can be applied to the braid groups and
permutation groups. Both of these groups play an important role in many areas of mathematics.
Braid groups can be viewed as generalisations of permutation groups. For this, recall that the
symmetric group S, is presented with generators oy, ..., 0,1 and relations

0;0;4+10; = 0,410,041 Vi € {1, = 2}
0,05 = 0;0; Vi,je{l,..,n—1} with |[i — j| > 1
ol =1 Vie{l,..,n—1}, (4)

where o; = (4,7 + 1) stands for the elementary transpositions. Omitting the relations in the
last line in yields the presentation of the braid group B,. As the symmetric group S, is
obtained from the braid group by imposing additional relations, there is a canonical group
homomorphism II,, : B, — S, 0; — 0;.

Definition 1.1.9: For n € N the braid group B, on n strands is the group presented by
generators oy, .., 0,_1 and relations

0i0i+105 = 0410041 Vi € {17 sy TV — 2} (5)
00 = 0;0; Vi, j e {l,...,n— 1} with |i — j| > 1.
To apply the construction from Example to the families (By)nen, and (Sp)nen,, one

considers the following group homomorphisms that satisfy the condition ((3)

/
Pt Bm X By, = Bpim, (04,05) = 0,0 0y P S X Sp =+ Smin, (0i,05) = 030 Oy
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Definition 1.1.10:

1. The braid category B is the strict monoidal category from Example [1.1.8 asso-
ciated with the family (B,)nen, of braid groups and the group homomorphisms
P : Bm X By, = Bpim, (04,0) — 040 O

2. The permutation category S is the strict monoidal category from Example [1.1.8] as-
sociated with the family (S,,)nen, of permutation groups and the group homomorphisms
P+ Sm X Sp = Sniym, (04,05) = 050 Oy

The name braid group is due to the fact that elements ¢ € B, can be visualised by braid
diagrams, which involve two parallel horizontal lines with n marked points, labelled from the
left to the right by 1,...,n. The diagram for an element ¢ € B, is obtained by drawing n
smooth curves that are nowhere horizontal and connect the point ¢ on the upper line to the
point II,,(¢)(i) on the lower line. The intersection points of these curves are then changed to
overcrossings and undercrossings, in such a way that exactly one curve crosses over another at
each intersection point. The diagrams for the generators o; and their inverses o; ' are

1 i—=1 4 1+124+2 n 1 i—1 4 1+1e4+2 n

ol BN
g A

1 1—1 4 14+1i4+2 n 1 71—1 4 1+1i4+2 n
The generator o; € B,,. The generator o, LeB,.

The group multiplication in B,, is given by the vertical composition of diagrams. The diagram
for the group element 7 o 0 € B, is obtained by putting the diagram for 7 below the one
for o such that the points on the horizontal lines match, erasing the middle lines, connecting
the strands of the two diagrams and tightening them to remove unnecessary crossings. This
corresponds to applying the relations o' o ot =1

1 i t+1n 1 1 14+1n 1 7 1+1mn

Ol =l = O
h r

1 i 1+1n 1 i 1+1n 1 7 1+1mn

1 1

The relation o; " o0, =1 =000, .

The remaining relations of the braid group in Definition[l.1.9|correspond to sliding two crossings
that do not share a strand past each other and to sliding one crossing point in a triple crossing
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below the remaining strand:

zz+1j]+1n zz+1]j+1n
zz+1j]+1n ZZ+1]]+1TL

The relation o, 0 0; = 0, 0 0; for |i — 5| > 1.

1 i—1 4 1+1e+27:+3 n 1 =1 & ++1:4+2i+3 n

r r

1 i—1 ¢ t+1e+27:+3 n 1 i—1 ¢ t+1e+2:+3 n

The relation 0; 00,41 00; = 0,41 00;00;41.

Elements of the permutation group S,, are represented by the same diagrams, but with crossings
instead of overcrossings and undercrossings. This corresponds to the additional relations o7 = 1
for all i € {1,...,n — 1}, which identify over- and undercrossings. This implies that the group
homomorphism 11, : B, — 5,,, 0; — o0, is represented graphically by changing each overcrossing
or undercrossing in a braid diagram to a crossing:

1 i 1+1n 1 7 1+1n 1 i1 14+1n

1 ¢4i+1n 1 ¢i+1mn 1 i 4i+1n
The relation 0? =1 in S,,.

Elements of the braid category and the permutation category are visualised by the same di-
agrams. The only difference is that in addition to the wvertical composition of diagrams that
corresponds to the composition of morphisms, there is also a horizontal composition corre-
sponding to the tensor product. The tensor product f®¢g : m +n — m + n of two morphisms
f:m — m and g : n — n is obtained by putting the diagram for g with n strands to the right
of the diagram for f and adding m to each number in the diagram for g.

1 ii+1m 1 jj+1n 1 ii+1m m+1lm+7 m+n

1 iit1lm 1 jj+ln 1 4§ it1lm m+1lm+j m+n

®
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After introducing monoidal categories and investigating examples, we will now consider their
interaction with functors and natural transformations. The strictest possible compatibility re-
quirement for a functor F' : C — D with their monoidal structures on C and D would be to
impose that ®@p(F x F') = F®c and F(ec) = ep. However, there are very few functors that
satisfy these strict requirements. It is more natural to impose that these relations hold up to
isomorphisms, namely a natural isomorphism ¢® : ®p(F x F) — F®¢ and an isomorphism
gbe ep — F(ec).

Definition 1.1.11:
Let (C,®c, ec,a’,1¢,r¢) and (D, ®p, ep, aP, (P, rP) be monoidal categories.
1. A monoidal functor from C to D is a triple (F, ¢¢, ¢®) of

e a functor F: C — D,
e an isomorphism ¢°¢: ep — F(ec) in D,
e a natural isomorphism ¢% : @p(F x F') — F®¢,

that satisfy the following axioms:

(a) compatibility with the associativity constraint:
for all objects U, V, W of C the following diagram commutes

(F(U)®F(V))®F(W)GM)F(U)®(F(V)®F(W)) (6)
¢i‘?,v®1F<W>l L1U®¢{€?w
FUSV)@F(W) FU)QF(VaW)
¢%®V,Wj l‘ﬁg\/@u/
F(UeV)eW) FUe(VeW)).

F(“CU,V,W)

(b) compatibility with the unit constraints:
for all objects V' of C the following diagrams commute

ep@F(V) "LV R (e)oF (V) F(V)oer ~2 FW)@F(ee)  (7)

l?(v)l l‘ﬁégc,v T?(v)l l(b%’ec

F(V) F(ec®V) F(V) F(V®ec).

v v

A monoidal functor (F,¢°, ¢%) is called strict if ¢¢ = 1., and ¢® = idpg, is the
identity natural transformation. It is called a monoidal equivalence if F' : C — D is
an equivalence of categories, and in this case, C and D are called monoidally equivalent.

2. Let (F,¢% ¢%), (F',¢",¢'®) : C — D be monoidal functors. A monoidal natural
transformation from F' to F” is a natural transformation 7 : F' — F’ that satisfies:

(a) compatibility with ¢¢ and ¢*: the following diagram commutes

Flec) ——— F'(ec) (8)

\N #'e

Ep.
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(b) compatibility with ¢® and ¢'®: For all objects V, W of C the diagram

F(V)QF (W) X2X P (V)@ F (W) (9)
ml Las'&?w
F(V@W) —— F'(VRW).

nmve

commutes. A monoidal natural transformation n : F — F” is called monoidal isomor-
phism if for all objects V of C the morphism ny : F(V) — F(V’) is an isomorphism.

Remark 1.1.12: (Exercise @ Alternatively, a monoidal functor can be defined as a pair
(F, ¢%®) of a functor F': C — D and a natural isomorphism ¢® : ®@p(F x F') — F®¢ such that

(i) ¢® satisfies the compatibility condition (6]) with the associators,
(ll) F(ec) = ED.

A monoidal natural transformation from (F, ¢®) to (F',¢’®) can be defined equivalently as a
natural transformation n : F' — F” such that 7, : F(e) — F’(e) is an isomorphism and diagram
@ commutes.

Remark 1.1.13:

1. The isomorphism ¢¢ and the natural isomorphism ¢® are called the coherence data of
the monoidal functor (F,¢°, ¢®). The natural isomorphism ¢® determines ¢° uniquely
(Exercise @, and it is a choice of structure, not a property. A given functor between

monoidal categories may have several different monoidal functor structures, or none of
them (Exercise [7]).

2. It F': C — D is a monoidal equivalence, there is monoidal equivalence G : D — C such
that FG : D — D and GF : C — C are isomorphic to the identity functors by monoidal
isomorphisms. This gives an alternative definition of monoidal equivalence (Exercise [10]).

Example 1.1.14:

1. The forgetful functor F' : Top — Set is a strict monoidal functor, when Top and Set are
equipped with the monoidal structures defined by their products or coproducts.

2. For any group G and field F the forgetful functor F' : F[G]—Mod — Vectr is a strict
monoidal functor.

3. The functor F': Set — k-Mod that assigns to a set X the free k-module F(X) = (X);
and to a map f : X — Y the unique k-linear map F(f) : (X)r — (Y)r with
F(f) otx = ty o f is a monoidal functor, when Set is equipped with the product
monoidal structure. Its coherence data is given by the maps ¢° : k — (p)r, A — Ap and

qbg%y . <X>k®k<y>k — <X X Y)k, $®y — (:v,y)

4. For any group homomorphism « : G — H, the functor o* : F[H]—Mod — F|G]—Mod
that assigns to an F[H|-module (M, >) the F[G]-module (M, >,) with gi>,m = a(g)>m
and every [F[H]-linear map to itself is a strict monoidal functor.

14



5. For any ring R the functor F': (R, R)—BiMod — Fun(R—Mod, R—Mod) that assigns

e to an (R, R)-bimodule M the functor Ly, = M®g— := R—Mod — R—Mod,
e to an (R, R)-bimodule morphism f : M — N the natural transformation
Lf = f@R— : M@R_ — N@R_,
is a monoidal functor. Its coherence data is

e the natural isomorphism ¢° : idg_moa — Lr With ¢, : M — RQrM, m — 1@m,
e the natural isomorphism ¢® : ®(L x L) — L® whose component morphisms are
the natural isomorphisms ¢‘§\Z7N : Ly Ly — Lygn with component morphisms

((b%]\,)p = a]Tj’N’P : MRp(N®RP) — (M®gr)QrP, m®(n®p) — (m&n)®p.

6. Let D, £ be small categories, C a monoidal category and equip Fun(D,C) and Fun(&,C)
with the monoidal structures from from Example 6.

e Pre-composition with a given functor F' : €& — D defines a monoidal functor
F* : Fun(D,C) — Fun(&,C) that sends a functor G : D — C to GF and a natural
transformation n : G — G’ to nF : GF — GF".

e Pre-composition with a natural transformation n : F' — F” defines a monoidal natural
transformation n* : F* — F’* with component morphisms 7y, = Gn : GF — GF' for all
functors G : D — C (Exercise).

1.2 Strictification and coherence

Computations and proofs in monoidal categories can be quite complicated due to the amount
of coherence data. Many arguments that are fairly straightforward in a strict monoidal category
become a maze of commuting pentagon axioms, triangle axioms and diagrams that encode the
naturality of the associator and unit constraints in a non-strict monoidal category.

Mac Lane’s famous strictification and coherence theorem allow one to largely ignore these
complications. It states that any monoidal category is monoidally equivalent to a strict monoidal
category. The coherence theorem is a consequence of the strictification theorem and implies that
any two morphisms between given objects in a monoidal category that are composed of unit
morphisms, associators and left and right unit constraints are equal.

This allows one to perform computations as in a strict monoidal category, then choose appro-
priate bracketings of the tensor products and insert units, and finally add in coherence data
such that all the morphisms have the right start and target object. As a consequence of the
coherence theorem, any way of doing this will yield the same result. In fact, this result is already
used implicitly in elementary computations with tensor products of vector spaces, in which the
bracketings are usually omitted.

To prove Mac Lane’s strictification and coherence result, we need additional results about the
properties of the tensor unit in a monoidal category. The first result related the left and right
unit constraint for a tensor product of objects to the left and right unit constraints of the
individual objects and can be viewed as a generalisation of the triangle axiom.
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Lemma 1.2.1: (properties of the unit constraints) Let (C,®,¢e,a,l,r) be a monoidal
category. Then the diagrams

Qe VW av,W,e

(eV)QW R(VeW) (VeW)®e Ve (Wee)

(&

VoW VoW

commute for all objects V, W, and one has l.qy = 1.®ly, rvge = rv®1, and [, = re.

Proof:
1. We consider for objects U, V, W of C the diagram
(U@e)aV)2 e (UR(eaV))eW
W\lw th
AUQe,V,W U®V QW ay,e@V,W
laU,V,W
(Uee)o(Vaw) "2 e ew) <22YE™) re ((eaV)a W)

1y@lvew
m T © ly®ae,v,w

U (e@(VaW)).

The outer pentagon in this diagram commutes by the pentagon axiom, the upper triangle and
the lower left triangle commute by the triangle axiom and the two quadrilaterals by the natu-
rality of a : ®(® xid¢) = ®(ide X ®). As all arrows in this diagram are isomorphisms, it follows
that the lower right triangle commutes as well. To show that this implies the commutativity of
the first triangle in the lemma, we choose U = e and use the naturality of [ : ®(e x id¢) — ide,
which implies f = ¢ for all morphisms f,¢g: X — Y with 1.Qf = 1.®g:

!

l 1e®f )
X< eX eRY —~ =Y.
1e®g

g
This shows that the first triangle commutes, and the proof for the second triangle is similar.

2. To prove the last three identities in the lemma, we consider the commutative diagrams

le
eR(e@V) s e®V (e®e)@e
1E®zvl llv re®le le@1e
e®V s V exRe ﬂe@(e@e) l&. eRe
\_/
le®e

The first diagram commutes by the naturality of [ : ®(e x id¢) — id¢. Because ly : eV — V
is an isomorphism, it follows that l.g, = 1.®ly. The proof of the identity ryg. = ry®1, is
analogous. In the second diagram, the lower triangle is the identity .o = 1.®l., which follows
from the first diagram with V = e, the left triangle commutes by the triangle axiom and the
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right triangle commutes by 1. Hence, the outer triangle commutes as well and [, ®1, = r.®1,.
By the same argument as in 1., this implies r, = [.. O

Corollary 1.2.2: The endomorphisms of the tensor unit in a monoidal category form a
commutative monoid.

Proof:
In any category C and for any object C' the set Home(C, C) is a monoid with the composition
of morphisms. To show that Home (e, €) is commutative, we consider the diagram

g
A
Le 1le®g Le

exRke —eRe

f®1ej lf@le f

€ €

~

exRe — eRe

1e®
I eg lo
Te Te
g

(& €

where we used the identity I, = r. from Lemma [1.2.1] The inner rectangle commutes because
® : C xC — C is a functor. The inner quadrilaterals commute by the naturality of » and [, and
hence the outer square commutes as well. O

This last result motivates the name monoidal category. Using these results, we can prove Mac
Lane’s coherence theorem. Instead of MacLane’s original proof, which can be found for instance
in [Ka, Section XI.5] and in Exercise , we give an alternative proof from [EGNO| Chapter
2.8]. As usual, we ignore largeness and smallness issues in categories.

The construction in this proof can be viewed as the analogue of the right-module structure
of a ring R over itself by right multiplication, but for a monoidal category instead of a ring.
Consider a ring R as a right module over itself. Then R-right module endomorphisms of R
are maps f : R — R with f(s-r) = f(s) - r for all r;s € R. This implies that any R-right
module endomorphism f : R — R satisfies f(r) = f(1-7) = f(1) - r and hence is determined
by f(1) € R. It follows that the map L : R — Endger(R), r +— L, with L,(s) = r - s for all
s € S is a ring isomorphism.

In the following we consider the categorical counterpart of this statement. Instead of a ring
R we consider a monoidal category C, whose tensor product replaces the ring multiplication.
Instead of R-right module endomorphisms f : R — R, we consider endofunctors F' : C — C
together with a natural isomorphism ¢ : ®(F X id¢) — F®. To obtain a category, we take as
morphisms natural transformations between such endofunctors. After imposing compatibility
conditions involving the isomorphisms ¢ and the associators, we then obtain a strict monoidal
category C’, in which the tensor product is given by the composition of functors.

Instead of the R-right module endomorphisms L, : R — R, s — r - s, we then consider
the functors Lx = x®— : C — C for objects X in C and instead of the ring isomorphism
L : R — Endg(R), we obtain a monoidal equivalence L : C — C'.
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Theorem 1.2.3:

(strictification of monoidal categories)

Any monoidal category is monoidally equivalent to a strict monoidal category.

Proof:

1. Let (C,®,e,a,l,r) be a monoidal category. Construct a strict monoidal category (C’, ®’, €'):

e Objects of C' are pairs (F,c) of an endofunctor F' : C — C and a natural isomorphism
¢: ®(F x id) = F® such that the following diagram commutes for all XY, Z € ObC

AR (X),Y,Z CX,Y®RZ

(F(X)QY)Z —"F(X)o(Y®Z) — F(X®(Y®Z)) (10)

F((X®Y)®Z).

CX,Y®1ZL

®Y,Z

e Morphisms v : (F,c¢) — (F',) in C’ are natural transformations v : F' — F’ such that
the following diagram commutes for all X, Y € ObC

F(X)®Y % F(X®Y) (11)

ll’X@)Y

FI(X)8Y —= F/(X@Y).
Cxy

VX®1Yl

The composition of morphisms is the composition of natural transformations, and the
identity morphisms are identity natural transformations 1z = idp : (F,c) — (F,c).

e The tensor product ® : C'®C’ — (' is given by (F,c)®'(G,d) = (FG, cd) on the objects,
where cd : @(FG x id) - FG® is the natural isomorphism with component morphisms

(cd)xy = F(dxy)ocgx)y : FGX)®Y — FG(X®Y).

The tensor product of morphisms u : (F,¢) — (F',¢) and v :
the natural transformation p®'v = (uG') o (Fv) = (F'v) o (uG) : FG — F'G.

(G,d) — (G',d) in C' is

To see that C' is a category, note that the identity natural transformation idg : F' — F makes
the diagram for c = ¢ and F' = F’ commute. By stacking the diagrams for morphisms

v:(F,c)— (F',d)and v :
transformation v/ o v :
composition of morphisms is well-defined.

(F',d) — (F",") vertically, one sees that the composite natural
F — F" makes the diagram for ¢ and ¢’ commute. Hence, the

To show that the tensor product ®’ is well-defined on the objects, we verify that the dia-
gram commutes for (F,c)®'(G,d) = (FG,cd) for all objects (F,c) and (G,d) in C'. By

subdividing it, we obtain the diagram

(FG(X)eY)Z 0% po(X)o(Yez) X7, po(Xe(YoZ))

LCG(XW@lz Cyer TF(dX,mZ)

@xvel (FGX)2Y)0Z SN2 p(a(X)eY)oz) <90 pa(X)e((YeZ))
LF(dX,Y)(@lZ F(dx,y®lz)l

FO(XOY)SZ ~r PIG(XY)8Z) — = FG((X8Y)92).

(ed)x v,z
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in which the triangles commute by definition of c¢d : ®(FG x id¢) — FG®, the lower pentagon,
because it is the image of diagram for (G,d) under F', the upper pentagon, because it is
the diagram for (F,c), and the quadrilateral by naturality of c. This shows that (F'G, cd)
is again an object in C’ and ®’ is well-defined on the objects of C’.

To show that ®' is well-defined on the morphisms of C’, we show that the diagram commutes
for the natural transformation u®'v : FG — F'G’ for all morphisms u : (F,c¢) — (F',) and
v:(G,d) — (G',d'). This is the outer rectangle in the diagram

(ed)x,y

Ca(x),Y F(dx,y)

FG(X)®Y % p(G(X)eY) 2L FG(X@Y)

LF(Vx)(@ly F(Vx®1y) F(”X@Y)l
Cal(X),Y F(dy y)
we'v)xely | FG'(X)QY —= F(G'(X)QY) ——= FG'(XR®Y) |wev)xeyr
LMG/<X)®IY NG’(X)@Yl “G’(X@Y)j
F'G'(X)QY — F'(G'(X)QY) — F'G'(XQY),

(dd)xy

where the upper triangle commutes by definition of ¢d, the lower triangle by definition of /d’,
the left and right triangles by definition of u®’v, the upper left rectangle by naturality of ¢,
the lower right rectangle by naturality of u, the lower left rectangle, because it is the diagram
for p, c and ¢ and the upper right rectangle, because it is the image of the diagram ({11
for v, d and d’ under F. This shows that u®'v : (FG,cd) — (F'G’,dd') is a morphism in C'.

The tensor product of C’ is a functor ®’ : C' x C" — C’, since we have for all natural transfor-
mations p: F > F' p/:F - F' v:G—>G, vV :G —- G"and X € ObC

(idF®,idg)X = (ldF)G(X) O F(ldg(X)) — ldpg(X)
(W&V) o (u&'v))x = pgn(xy o F' (V) © tiar(x) © F(vx) = pign(x) © tiarx) © F(Vy) o F(vx)
=(Wopexyo F((V ov)x) = ((1 o )@ (V' ov))x.

The tensor product ®’ is strictly associative, since this holds for the composition of functors,
and we have for all (E,b), (F,c),(G,d) € ObC" and X,Y € ObC

((be)d)xy = EF(dx,y) o (bc)ox)y = EF(dxy) o E(cax)y) © brax)y
= E((Cd))gy) (@) bFG’(X),Y = (b(Cd))XA/.

That it is strictly associative on the morphisms follows from the identities

(n@'V)&'p = (u&'v)H' o (FGp) = (WG'H' o FVH') o (FGp) = (uG"H') o (FvH' o FGp)
= (uG'H') o F(v®'p) = (LG'H")&' (V&' p)

for all natural transformations p: F — F',v: G — G" and p: H — H'.

It is strictly unital with unit (ide,idg), since Fide = id¢F' = F for all functors F': C — C and
for all natural isomorphisms ¢ : @(F x id¢) - ®F and X,Y € Ob(C

(id@C)X,y =Cx)yy © 1F(X)®y =Cxy = 1F(X®Y) OCxy = (Cid@))X,Y'
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2. We construct a monoidal functor (L, ¢®,¢¢) : C — C'. Let L : C — C’ send

e an object C' in C to the the pair (L¢,ac— ) of the endofunctor Lo = C®— : C — C
and the natural isomorphism ac— — : ®(L¢ X ide) — Le® with component morphisms
acyz : (CRY)RZ — CR(Y®Z),

e a morphism f : C — C’ in C to the natural transformation L(f) : Lo — L¢ with
component morphisms L(f)x = (f®1x) : C®X — C'®X.

The pentagon axiom for C ensures that the diagram commutes for F' = Lo =C®—:C = C
and the natural isomorphisms ac — _ : @(L¢ X ide) = Le®, so L is well-defined on the objects.
The naturality of the associator guarantees that commutes for F' = L¢, cxy = acx,y,
F'= Lo, dyy = aor xy and vy = f®1x and hence L is well-defined on the morphisms.

That L is a functor follows because L(1¢) = id.. and one has for all morphisms f: C' — C’
and f': C" — C” and X € Ob(C

(L(f) o L(f))x = (f'®1x) o (f@1x) = ((f' o f®lx) = L(f o f)x.

To show that L is monoidal, we construct an isomorphism ¢¢ : (ide,idg) — (Le, Ge— ) in C’
and a natural isomorphism ¢® : ®'(L x L) = L®.

We define ¢¢ = 7! : id¢ — L. with component morphisms ¢$ = l;(l : X — e®X. Lemma m
implies that the diagram commutes for F' = ide, F' = L., cxy = lxoy, Cxy = dex,y and
v =171, and hence ¢¢ = [~! is indeed an isomorphism in C’.

We define the component morphisms of the natural isomorphism ¢® : ®'(L X L) — L® as
gbgc/ = aalc,,f : LeLer — Leoger. Their naturality follows from the naturality of the associator
in the last argument. The naturality of ¢® follows from its naturality in the first two arguments.
The pentagon axiom in C implies that diagram ((11)) commutes for

(F,c) = (Le,ac- - )& (Ler,acr~ =), (F',¢) = (Leger, Gcaer——-), V= 0gc = Agor_-
This shows that we constructed a natural isomorphism ¢%,C’ = @(_J,lc',— : LeLer — Legor.

It remains to show that the isomorphism ¢¢ = [=! : id¢ — L. and the natural isomorphism
¢® : @' (L x L) — L® satisfy the conditions from Definition [I.1.11] As C’ is strict, these
conditions are equivalent to the commutativity of the following diagrams of endofunctors and
natural transformations

°r Lot Luéy,
Le 2L Le Lo =S Lo L, LyLyLy —* LuLvew
Y
ol e | e e e
Lo~—1 Lo<—1L L Ly —— L — L .
C Loy FewC C o) HC®e vevLlw o weview o= Luerew)

Evaluating them on an object X and inserting the component morphisms of ¢¢ and ¢® shows
that the first diagram commutes by Lemma , the second by the triangle axiom and the
third by the pentagon axiom for C. This shows that (L, ¢%, ¢¢) : C — C’ is a monoidal functor.

3. We show that L : C — C’ is essentially surjective and fully faithful and hence a monoidal
equivalence. For essential surjectivity, note that any object (F,c) in C’ is isomorphic to

(Lr(ey, ap(e),—,—). The isomorphisms vx = F(lx)ocex : F(e)®X — F(X) are natural in X and
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define a natural isomorphism v : Lg) — F. It makes the diagram for (Lr(e), ap(e),—,—)
and (F,c) commute, since this is the outer rectangle in the diagram

aF(e),X,Y

(Fle)®X)®QY )®(X®Y)
Joxon j
oty [ F(e®X)oY —2X F((e@X)®Y) ey Fe®(X®Y))  |rxor
LF(ZX)®1y Flxols FUX@Y)j
F(X)®Y o FX®Y),

where the left and right triangle commute by definition of v/, the lower middle triangle by Lemma
1.2.1} the upper rectangle by for (F,c) and the lower left quadrilateral by naturality of c.
This shows that v : (Lp(e), ape),—,—) —= (F,¢) is an isomorphism in C'.

To see that L is faithful suppose that L(f) = L(g) for morphisms f,g : C' — C” in C. Then
f®e = L(f)®e = L(g)®e = g®e, and by naturality of the right unit constraints one has

f=rco(fee)org' =rco(gee)ors' =g.

To show that L is full, let v : L(C) — L(C") be a morphism in C'. Then v = L(f), where
f=rcov.ors', since we have for all X € ObC the commuting diagram

legx

CRX =—— (C®e)®X oo C®(6®X)—>C®X

re®lx Ix
L(f)x l—f@lx ve®1x l/’/e@)X Lux
O/®X7"c/® X(C/ )®X—acl_vevfCv/®(e®)()1C’®lXCfl®X*7

\//

lorgx

in which the top and bottom triangle commute by the triangle axiom, the left rectangle by
definition of f, the middle rectangle by for for v and the right rectangle by naturality of
v. This shows that L is fully faithful and hence an equivalence of categories. O

As a consequence of the strictification theorem, we obtain the coherence theorem for monoidal
categories that allow us to control associators and unit constraints. It justifies ignoring coherence
data and performing proofs in strict monoidal categories.

Theorem 1.2.4: (coherence for monoidal categories)

Let C be a monoidal category, Xi,...,X,, € ObC and X,Y € Ob(C parenthesized products of
X1,...,X,, in this order, and with insertions of the tensor unit. Let f, ¢ : X — Y be morphisms
in C that are are composites via o and ® of the associativity and unit constraints, their inverses
and identity morphisms. Then f=¢g: X — Y.

Sketch of Proof:
By Theorem there is a monoidal equivalence (L, %, ¢°) : C — C’ into a strict monoidal
category C'. Express f and g as a composites f = f,o0...0f; and g = g, 0...0g; of morphisms
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fi and g; that are tensor products of exactly one associator, unit constraint or their inverses
with identity morphisms. We need to show that the diagram

f2 fn—1

X e Iy, (12)
% N
X Y,
i m Yma

commutes. For this, take its image under L. Build a prism by attaching

e to each arrow L(f;) and L(g;) that contains an image of the associator under L the
commutative diagram @ from Definition [1.1.11]
e to each arrow L(f;) and L(g;) that contains the image of a left (right) unit constraint the

corresponding diagram from Definition [1.1.11]

Then the diagram at the top of the prism contains only identity morphisms due to the
strictness of C’, and all the side faces of the prism commute. This implies that the top face can
be contracted to a point, and one obtains a cone with commuting side faces. It follows that
the bottom face of the cone commutes as well. This is the image of diagram ((12)) under L, and
hence L(f) = L(g). As L is an equivalence of categories, it follows that f = g. O

The coherence theorem allows one to perform computations in a monoidal category by assuming
he category is strict. It also allows one to introduce a graphical calculus for monoidal categories.
Its usefulness will become apparent when we consider monoidal categories with more additional
structure.

In this graphical calculus, objects in a monoidal category C are represented by vertical lines
labelled with the object. The unit object e is represented by the empty line, i. e. not drawn in
the diagrams. A morphism f : X — Y is represented as a vertex on a vertical line that divides
the line into an upper part labelled by X and a lower part labelled by Y. Unit morphisms in C
are not represented by vertices in the diagrams.

X LX e
X ¢ S Colx Of
i Y X | e
the object X the tensor unit e a morphism identity morphism an endomorphism
f: X—=Y Ix: X=X fre—e

The composition of morphisms is given by the vertical composition of diagrams, whenever the
object at the bottom of one diagram matches the object at the top of the other. More precisely,
the composite go f : X — Z of two morphisms f : X — Y and g : X — Z is obtained
by putting the diagram for g below the one for f. The associativity of the composition of
morphisms and the properties of the unit morphisms ensure that this is consistent for multiple
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composites and that it is possible to omit identity morphisms.

X X LX X X
/ olx f
Y = Qgof = = Of
g f { )1Y
7 Z Y Y Y

Tensor products of objects and morphisms are given by the horizontal composition of diagrams.
The diagram for the tensor product U®X involves two parallel vertical lines, the one on the
left labelled by U and the one on the right labelled by X. The tensor product of morphisms is
represented by vertices on such lines. The condition that ® : C x C — C is a functor allows one
to slide these vertices past each other and to compose them individually on each line:

U X U (X U X |UsX Ui e U U
foOn S
= = Oh Qf = Ohef hi =1 On= On (13
h f S
v ly v ly v ly ey ve oy ly

Just as the tensor unit and the identity morphisms, the component morphisms of the associator
and of the left and right unit constraints are not represented in this diagrammatical calculus.
This is consistent because of Theorem [1.2.4] Any two objects represented by the same diagram
are related by a unique isomorphism composed of associators and left and right unit constraints.
Consequently, any two morphisms represented by the same diagrams are related by left and
right composition with the isomorphisms that relate their source and target objects.

Note also that the diagrammatic calculus for monoidal categories generalises the diagrammatic
representation of morphisms in the braid category B and permutation category S from Defi-
nition [I.1.10] In these categories, all objects are tensor products of a single object 1, and all
morphisms are composites of tensor products of one elementary transposition and its inverse.
This allows one to omit the labelling of the objects and morphisms in the diagrammatic calculus
for the categories B and S.
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2 Duals in monoidal categories

2.1 Rigid monoidal categories

In this section, we consider monoidal categories with additional structure, namely left and right
dual objects. These duals will play an important role in the construction of knot and manifold
invariants in the following section and give rise to a notion of trace in a monoidal category.
They generalise the dual V* of a finite-dimensional vector space over F and the associated
linear maps ev : V*®@V — F, a®v — «a(v) ad coev : F — VRV* X LI v;,Qa" for a basis
(v1,...,v,) of V and the associated dual basis (a!,...,a™) of V*.

For a finite-dimensional vector space V', it is merely a matter of convention if one defines the
evaluation map for V' as a map ev : V'@V — F, a®v — «(v) or as map ev : VV* — F,
v®a — «(v) and similarly for the coevaluations. These choices are related a trivial flip of the
factors in the tensor product. However, in a general monoidal category there is no structure
that exchanges the factors in a tensor product. For this reason, it is important to distinguish
these definitions and to introduce left and right duals.

Definition 2.1.1: Let (C,®,¢e,a,l,7) be a monoidal category.

1. An object X of C is called right dualisable if there is an object X*, a right dual of X,
and morphisms
vl XX —e coevi e = X@X*

such that the following diagrams commute

I3 coeviR ®1 15+ ®coevi
X 2 e X DN (X X)X X5 e P g (xex) (14)
1x lax,x*,x lx*l laXi’X’X*
X X®e X@(X*®X) X*<—e®X* (X*@X)X™.
X 1x®evk evE®1yx«

2. An object X of C is called left dualisable if there is an object *X, a left dual of X, and
morphisms
vk XX — e coevk e = *X®X

such that the following diagrams commute

coevl Il coevh @1+«
X % X 220 x o (X @ X) X X e T e X )0 X (15)
1Xl l/a)_(,l*X,X 1*Xl la*X’X’*X
X<—e®X<T (X@X)0X *X<—*X®e<— X ®(X®X).
evy®lx *X®evx

The category C is called right rigid if every object in C is right dualisable, left rigid if every
object of C is left dualisable, and rigid if it is both right and left rigid.

Note that Definition implies that an object Y in C is a right dual of an object X in C if
and only if X is a left dual of Y. Note also that the evaluation and the coevaluation are part
of the duality. We will see below that right and left duals may coincide as objects but differ in
their evaluations and coevaluations.
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Although the duals are not defined via a universal property, it turns out that they are unique
up to unique isomorphism. We will thus speak of the left or right dual of a given object.

Proposition 2.1.2: Let C be a monoidal category. If a left or right dual of an object X in C
exists, it is unique up to unique isomorphism.

Proof:
We prove the claim for right duals.

We suppose that X7 and X are right duals of X with right evaluations and coevaluations
e; : X;®X — eand ¢; : e > X®X] and show that there is a unique isomorphism ¢;; : X — X7
with €; © ((ﬁ”@lx) = €; and (1x®¢”) o ¢ = ¢y.

For this, we consider for i # j € {1,2} the morphisms

,1 —1
T 1 *®C X* X, X* e’i®1X*f lX*

bij X*—>X*®€—>X*®(X®X)—)(X*®X)®X*—]>6®X;—])X; (16)

and show that ¢;; is inverse to ¢j;. For notational simplicity we restrict attention to the case
where C is strict and consider the diagram

X Y XrRX®X)

j1®cj l1®0j®1®1 Loiel
181®e; QT

o X;@XoX; 5 XreX@X;0X0X]  —> X;@X®X!
lei®1 l8i®1®1®1 ei@ll
®ji

in which the upper triangle commutes by , the curved triangles by definition of ¢;; and the
rectangles by functoriality of the tensor product. This shows that ¢;; o ¢;; = (e;®1) o (1®¢;).
By applying the snake identity , we obtain ¢j; o ¢;; = 1x». This shows that ¢;; : X — X7
are isomorphisms. To show the remaining identities, we consider the diagrams

i ®1
X*®X®X*®X e X@X:
1®1 [ iQ1IR1 el
1®1®c e
Xr@X e XoX; L XeX;oXaX 0 XX,

W

in which the triangles commute by and the rectangles by functoriality of the tensor
product. This shows that e; o (¢;®1x) = e; and (1x®¢;;) 0 ¢; = ¢; for ¢;; from (L6)). It also
shows that any morphism ¢;; that satisfies these identities is given by . O
Example 2.1.3:

1. In the category C = Fun(D, D) an object F': D — D is left (right) dualisable, if and only
if it has a right (left) adjoint (Exercise [12).
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. The category Vectf;d of finite-dimensional vector spaces over [ is rigid with the dual vector
space V* = *V as the left and right dual and the evaluations and coevaluations

coevir : F = VRV* A= AY ;@' evii: V'RV = F, a®u+— a(v) (17)
COGV‘L/ F—=V'QV, A )\E?ZIO/QQW ev‘L/ VeV - F, v®@a— a(v),

where (vy, ..., v,) is a basis of V and (o, ..., ") the dual basis of V*. To show that Vect!’
is right rigid, we verify the identities

rv o (idy®evir) o ayy- v o (coevir®idy) o I (v) = B o' (v)v; = v

ly o (evii®idy-) o a\_/,lv*,v o (idy-®coevit) o i (B) = ¥, B(v;)a’ = B
forallv e V, € V*. A similar computation shows that Vect]{;d is left rigid.

. One may modify the left evaluation and coevaluation in Vect]’;d by setting
evit =evho (p'®idy) : VRV* = F  coevi? = (idy-®u) o coevis : F — V@V

for an isomorphism p : V' — V. A direct computation shows that evi® and ev{¥, again sat-
isfy . An analogous procedure can be applied to the right evaluation and coevaluation.

. The category F[G]—Mod’* of finite-dimensional modules over a group algebra F[G] from
Example |1.1.5]is rigid.

The left and right dual of an F[G]-module (V) is (V*,>*) with the F[G]-module
structure g >* a = a o (g7! > —). The evaluations and coevaluations are again given by
and become F[G]-linear with this dual module structure.

. For any finite group G and 3-cocycle w : G x G x G — F*, the monoidal category Vect, fd.

the full subcategory of the category Vect¢ in Example with only finite-dimensional
vector spaces as objects, is rigid (Exercise .

. If X is a right (left) dualisable object in C and F' : C — D a monoidal functor, then
F(X) is right (left) dualisable. It follows that if C is right (left) rigid and F essentially
surjective, then D is right (left) rigid (Exercise .

Note that the restriction to finite-dimensional vector spaces and finite-dimensional F[G]-
modules in the second, third and fourth example is necessary to ensure the existence of the
coevaluation. There is no way of extending it consistently to infinite-dimensional vector spaces.
Note also that although it is defined in terms of a basis, the coevaluation in the second example
does not depend on the choice of this basis (Exercise).

The first example and third example in Example show that left and right duals in a rigid
monoidal category need not coincide, and the existence of left (right) dual does not imply the
existence of a right (left) dual. In fact, one can characterise the existence of left or right duals
in a monoidal category C in terms of left or right adjoint functors.

Proposition 2.1.4: Let C be a monoidal category.

1. If C € ObC is right dualisable, then the functor Lo« = C*®— : C — C is left adjoint to

Le=C®—:C — C and Rg+ = —®RC™* : C — C is right adjoint to Rg = —®C' : C — C.
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2. If C' € ObC is left dualisable, then the functor L.¢ = *C®— : C — C is right adjoint to
Lo =C®—:C —Cand R:¢c = —®*C' : C — C is left adjoint to Rc = —®C : C — C.

If C is rigid all functors Lo = C®— and Re = —®C have left and right adjoints.

Proof:
We prove the claim for the functor Lo+ = C*®— : C — C. The proofs for the functors
L«c, Ro+, R« : C — C are analogous.

The unit € : Lo« Lo — ide and counit 7 : ide — Lo Lo+ of the adjunction Lo - Lo are given
by the right and left coevaluation and evaluation for C' and have component morphisms

aii evB
a s CFR(COM) ~C, (CoC) oM 2 eqM 22 M
s coevE
ar s M 25 e@M 28N (CRcM @M S, 0 (Cr R M).

Due to the naturality of the associator and the unit constraints, these morphisms are natural
in M and hence define natural transformations € : Lo« Lo — ide and 7 :ide — Lo Les.

That they satisfy the conditions (L¢e) o (nLe) = idg, and (eLe-) o (Lesn) = idg.. from
Proposition follows from the commuting diagrams

CoM o CoM oo CoM oo CoM
zchl lcl®1l Trc@)l Tl@lM
eR(CM) 2 (e@C)M (C®e)@M 2 Ce(exM)

coevg®(1®1)l (coev§®1)®1l T(l@ev?)@l T1®(6v0®1)

(CRCHR(COM) < (CRC*)RC)OM ~“Z (C2(C*@C))@M —i= Ce((C*2C) M)

a 1®a—1
CR(C*@(CRM))

CroM —— oM ———CM | v M ——— M oM
1®1Mll rci®1l Tzc*@ TZC*Q@M
C*®(e@M) - (C*®e)M (e@C*)M - eR(C*@ M)

1®(coevg®1)l (1®coev§)®1j T(evg@)l)@l) Tev@@(l@l)
C*R((CRCHRM) <2— (C*®(CRC*)) @M <2 (C*RC)RCH)OM —= (C*RC)(C*®@ M)
R(CR(C*@M)).

The outer paths from C®M to CR(C*®@(C®M)) and from CR(C*®(C®M)) to C®M in
the first diagram are the component morphisms (nL¢)a and (Lee€)y. The outer paths from
C*@M to C*®@(C(C*®@M)) and from C*®@(CR(C*®M)) to C*®M in the second diagram
are the component morphisms (Lc«n)y and (eLe+)p. In both diagrams, the pentagons at
the bottom commute by the pentagon axiom, the upper left and upper right rectangles by
Lemma and the triangle axiom, the lower left and lower right rectangles by naturality
of the associator and the hexagons in the middle by the snake identity for the right duals. O
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Left and right duals in a monoidal category can be included in the graphical calculus. We
represent the right and left (co)evaluation for right and left dualisable objects in a monoidal
category by the following diagrams

ULV M U
X X* *X X

vl X*@X = e coevie— X@X*  evhk X®'X —e  coevkie = *X®X.

The commuting diagrams 1 4)) and in Definition [2.1.1] “ then take the form

X X
G e L
X X

For this reason they are often called the snake identities or zigzag identities.

The diagrammatic representation of the duals also suggests a way of extending duals from
objects to morphisms. Given a morphism f : X — Y and representing it diagrammatically, we
may use pictures as the ones in the snake identity to construct a morphism f*:Y* — X* from
the right duals or a morphism *f : *X — *Y from the left duals:

Y™ Y™ *Y *Y
o= f [ O= f
Y Y
X* X* *X * X (19)

This suggests that one could extend the right or left duals to a functor. As the construction
in (19)) reverses the source and target objects and the tensor products, it should correspond to
a monoidal functor x : C — C°P°? where C°° is the category with the opposite composition
and the opposite tensor product. The following proposition shows that this is indeed the case.

Proposition 2.1.5: Let C be a right (left) rigid monoidal category. Then the right (left) duals
define a monoidal functor % : C — CP°P.

Proof:
We prove the claim for right rigid monoidal categories. The proof for left rigid monoidal cate-
gories is analogous. For this, we define * on morphisms by setting for each morphism f : X — Y

Y D0 yrge DEEOR g (X Xty X (yrg X)a Xt LSO gy g e
WO o Xt B X (20)

Diagrammatically, this morphism is given by the left picture in (19)). Using this diagrammatic
representation and the diagrammatic representation of the snake identities in ((18]), we obtain
for all objects X, Y and morphisms f: X — Y

Y* X Y X
o f X | = (21)
UUB fﬂ @f

vy Ixly Ix
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The snake identities also imply 1% = 1y« for all objects X and (g o f)* = f* o g* for all
morphisms g : Y — Z:

z* z* z*
¥ X
g
f
g
I Z
X X X

This shows that * : C — C° is a functor.

To prove that it is a monoidal functor, we construct an isomorphism ¢°€ : e — e* and a natural
isomorphism ¢® : @ (% X x) — *® that satisfy the compatibility conditions with the associator
and unit constraints from Definition [1.1.11] For this, we define ¢ := l.- o coev’ : ¢ — e*. By

e

combining the snake identity with Lemma|l.2.1} one finds that ¢, is invertible, with inverse
¢t =evlor_ e — e. We also define for all objects X,Y

e

Y+ X+ (X®Y)*

®—-1 __

PRy = Xy =

(X®Y)” X

The snake identity then implies directly that gzﬁ;(’ly is inverse to gb?;,y. The naturality of ¢®
follows from the identity , together with the fact that ® is a functor and the naturality of
the associator and the unit constraints. The compatibility conditions from Definition
that involve the the associator and the unit constraints follow directly from the definition of
¢® and ¢° and the coherence theorem. This shows that * is monoidal. O

Remark 2.1.6: (Exercise

1. One can show that for a rigid monoidal category C the functors = : C — C°P° and
«l . C — CPP defined by the right and left duals are equivalences of categories: The
functors *“+% : C — C and #%x* : C — C are naturally isomorphic to ide.

2. For any monoidal functor F' : C — D between right (left) rigid monoidal categories C
and D, the functors *pF : C — DP°P and Fx¢ : C — D%°P are naturally isomorphic.

3. Statements 1. and 2. imply that if C and D are rigid, any monoidal natural transformation
n: F — F’ is a monoidal isomorphism.

2.2 Pivotal categories and traces

Proposition shows that right (left) duals in a right (left) rigid monoidal category C define a
functor % : C — C°?. This functor generalises the functor  : Vect{* — Vect{* ”” that assigns
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to a vector space V' its dual V* and to a linear map f : V' — W the linear map f*: W* — V*,
a +— ao f. The question is what happens if we apply this functor twice.

In the category Vectﬂ{id, there is a natural isomorphism can : id — *x. Its component morphisms
are the canonical maps cany : V' — V** that assign to a vector v € V the linear map f, : V* — F
with f,(a) = «a(v) for all @« € V*. Hence, up to this canonical natural isomorphism, taking
double duals has no effect.

However, this is not inherent in the diagrammatic calculus. The diagrammatic definition of
the dual morphisms in (20)) shows that that taking multiple right or left duals of a morphism
f X — Y wraps the lines for the objects X and Y around the circle representing f. To undo
this wrapping, one would require a natural isomorphism w : ide — **. This would allow one
to interpret the functor x : C — C°P°? as a symmetry of the diagrams, namely a 180 degree
rotation in the plane.

Definition 2.2.1: Let C be a right rigid monoidal category. A pivotal structure on C is a
monoidal natural isomorphism w : ide — #*. A pivotal category is a pair (C,w) of a right
rigid monoidal category C and a pivotal structure w.

Example 2.2.2:

1. The rigid monoidal category Vectf;d is pivotal with the pivot w given by the canonical
isomorphisms wy = cany : V — V** v — f, with f,(a) = a(v) fora e Vv e V.

2. For any group G, the rigid monoidal category F[G]—Mod/ is pivotal with the pivot w
given by the canonical isomorphisms wy = cany : V — V* v — f, with f,(a) = a(v) for
a € V* v € V. As the F[G]-module structure >* on V* is defined by g>*a = ao(g~'>—),
these morphisms are F|[G|-linear.

A indicated in , the pivot of a pivotal category is represented diagrammatically as a mor-
phism that unwraps the double dual of each morphism in C. The naturality of the pivot states
that morphisms wy can be moved through any morphism f : X — Y, provided that suitable
double duals are taken and the argument of the pivot is adjusted:

X X X
wx O
X7 Sy Owx  OFf
X ; X+ Y (22)
Y
X = Of* = Owy

A pivot also guarantees that right dual objects are left dual objects and vice versa, just as in
the pivotal category finite-dimensional vector spaces. The left evaluation and coevaluation of
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an object X in a right rigid monoidal category can be defined by composing the pivot with the
right evaluation and coevaluation of its right dual X™*.

Proposition 2.2.3: Every pivotal category is left rigid, and right dual objects in a pivotal
category are left dual objects.

Proof:
Let C be a pivotal category. Define *X := X* for all objects X of C and

wR1 x evl, coevi, + Qw1
ev§<:X®X*®—1X>X**®X*—X>e Coevg(:e—X>X*®X**1XL>X*®X (23)

X X+
. ol Ny .
X X+ o= X X+ Wy
U X X

That this left evaluation and coevaluation satisfy the snake identities follows by a direct com-
putation from their definition and the snake identities for the right evaluation and coevaluation:

X* X X
X 1i = X li
X X*
X*
X X X
X X O

Proposition [2.2.3] allows one to simplify the graphical calculus for a pivotal category. As left
and right dual objects in a pivotal category coincide, we can denote the object X* = *X
diagrammatically by an arrow labelled with X that points upward and the object X by an
arrow labelled by X that points downwards. The left evaluation can be represented by the
diagrams in and all labels corresponding to left and right duals can be omitted.

Y Y
X X X X
X X*

Another benefit of a pivotal structure is that any pivotal category is equipped with the notion of
a left trace and right trace that generalises the trace in the category Vectf;d. The trace in Vecthcd
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assigns to each endomorphism f : V' — V a number, i. e. an endomorphism of the unit object
F. Similarly, the left and right trace in a pivotal category (C,w) assign to each endomorphism
f X — X an endomorphism of the unit object in C, i. e. an element of the commutative
monoid Endc(e).

In particular, this yields a generalised notion of dimension for each object X, namely the left
and right traces of the identity morphism 1x : X — X. The only difference is that in a general
pivotal category it is not guaranteed that left and right traces coincide. A pivotal category with
this property is called spherical, because the diagrams for left and right traces can be deformed
into each other if they are drawn on a sphere S2.

Definition 2.2.4: Let C be a pivotal category, equipped with the left evaluation and
coevaluation from Proposition X an object in C and f : X — X a morphism.

1. The left and right trace of f are defined as

trp(f) = ev§ o (1x-®f) o coevy trp(f) = evk o (f®1x+) o coevy
X X

trp(f) = f trr(f) = OFf
X X

2. The left and right dimension of X are defined as

dimy(X) = tr(1x) = ev¥ o coevk dimg(X) = trr(ly) = ev o coevk

3. The category C is called spherical if try(f) = trg(f) for all endomorphisms f in C.

The left and right traces in a pivotal category have many properties that are familiar from
the traces in Vectf;d such as cyclic invariance and compatibility with duality. They are also
compatible with tensor products, provided the morphisms satisfy a mild addition assumption.
In particular, this implies that the left and right dimensions of objects in C behave in a way
that is very similar to the dimensions of vector spaces.

Lemma 2.2.5: Let C be a pivotal category. The traces in C have the following properties:
1. cyclic invariance: try r(go f) = try g(fog) for all morphisms f: X =Y, ¢g:Y — X.
2. duality: trp g(f) = trr(f*) for all endomorphisms f: X — X.

3. compatibility with tensor products:
If ry o (1y®h) oryt = Iy o (h®1y) oy for all endomorphisms & : e — e and an object Y,
then trp r(f®g) = try r(g) - trp r(f) for all objects X and endomorphisms f : X — X,
g:Y =Y.
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Proof:
We prove these identities graphically for the left traces. The proofs for the right traces are

analogous. The definition of the left evaluation and coevaluation and the pivot implies:

Y= X Y
wx wx f* f* 24

1' nat.w ** 1} *k 23) ( )

X

Y+ Y ** nat w w)—(l li X

f f

Y X Y

By combining these identities with the corresponding identities for the right evaluation and
coevaluation in , we obtain

&

= trL(f Og)a

Gl
D
o
=
I
P =
< m;“<é <
[E
~ =
CED
=
I
~ S
CD
e
I
~ =
RIS

X X X X
tro(f) = fe = trr(f)
X X X X

The condition ry o (1y®h) = ly o (h®1y) implies that we can move try(f) : e — e to the right
of the line labelled with Y in the picture for try(f®g). This yields

Y Y Y Y X X
tro(f®g) = Qg9 = g [ =tro(g) - tro(f)
Y Y Y Y X X

where - is the multiplication in commutative monoid Home (e, e) from Corollary [1.2.2] O
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Corollary 2.2.6: Let C be a pivotal category. Then:
(1) XY implies dimL,R(X) = dimL,R(Y),
(i) dimp g(X) = dimpg (X*) for all objects X,

(iii) If ry o (1y®h) o ry' = Iy o (h®1y) oIy for all endomorphisms & : e — e and an object
Y, then dimy r(X®Y') = dimg g(X) - dimg g(Y") for all objects X,Y,

(iv) dimy(e) = dimg(e) = 1.

Proof:
(i) If X 2V, then there is an isomorphism f : X — Y. With the cyclic invariance of the trace
one obtains

dlmL<X) = tI‘L(lx) = tI’L(f_l o) f) = tI‘L(f @) f_l) = tI’L(ly) = dlmL(Y)

(ii) Follows directly from Lemma m 2. by setting f = 1x and using the identity 1x- = 1%,
which follows from the fact that * : C — C is a functor. Similarly, (iii) is obtained from Lemma

2.2.5 3. by setting f = 1x and g = 1y.

(vi) By Lemma we have r, = [, and the naturality of the unit constraints implies that

leo (1.®h) ol = h = r. o (h®l,) or;! for all enomorphisms i : e — e. With the cyclic

invariance of the trace from Lemma [2.2.5] 1. this yields for all endomorphisms h: e — €
tl"L,R(h) . dimL?R(e) = tI‘L7R(l’L®1e) = tl"LR(Te_l oho Te) = tI‘L’R(h).

and hence dimy, g(e) = 1., the multiplicative unit in the commutative monoid Home(e,e). O
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3 Braided monoidal categories

3.1 Braided monoidal categories

In this section, we consider monoidal categories C with additional structure, namely a natural
isomorphism ¢ : ® = ®°, where ®” : C x C — C is the opposite tensor product from Example
1.1.4) 8. It assigns to a pair (U, V) of objects in C the object UV = V®U and to a pair
of morphisms f : U — U’, g : V. — V'’ the morphism f®%g = gQf : VU — V'®QU’. The
component morphisms cyy : U®V — V®U of this natural isomorphism generalise the flip
maps 7yy : UV — VU, u®v — v®u in the category Vecty.

Just as the flip maps 71 in Vectr, these component morphisms need to satisfy a compatibility
condition with the tensor product in C, namely that flipping an object with a tensor product
of two other objects is the same as flipping it first with one and then with the other. A natural
isomorphism ¢ : ® — ®° that satisfies this condition is called a braiding. Unlike the flip map
7, a braiding does not need to be involutive or symmetric, i. e. to satisty cyy o cpy = idygy.

Definition 3.1.1: Let (C,®,¢,a,l,7) be a monoidal category.

1. A braiding for C is a natural isomorphism ¢ : ® — ®° that satisfies the hexagon
axioms: the following diagrams commute for all objects U, V, W in C

cu,v®lw, av,u,w

(UV)@W — (VU)W —= Ve (UW)
aU,vAwl l1v®cU,w

U(VW) — (VW)U Ve(WeU)

—
CU, VW ay,w,Uu

1
lu®cv,w, Au,w,v

U(VeW) —U(WeV) — (UW)xV
al_J,lv,WL

(UV)eW

l/CU,W@lV
—1
Ay, u,v

WRUeV)— (WeU)aV

——
CURV,W

2. A braiding is called symmetric if cyy = c‘_/},V for all objects V, W in C.

3. A monoidal category with a braiding is called a braided monoidal category. If the
braiding is symmetric, it is called a symmetric monoidal category.

Remark 3.1.2:
1. If (C, ®, e) is a strict monoidal category, then the hexagon axioms reduce to the equations
cvevw = (cuw®1y) o (ly®cyw) covew = (ly@cyw) o (cuy®@lw).

2. If ¢ : ® — ®% is a braiding for (C,®,e,a,l,r), then ¢ : ® — ®° with component
morphisms ¢}y, = ¢y, : URV — VU is a braiding as well (Exercise). It is called the
opposite braiding and shows that a braiding is a choice of structure, not a property.

3. For all objects V' in a braided monoidal category (C,®, e, a,l,r,c) one has

—1 —1
cve =1, ory = Coy-
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This is obtained from the diagram

CV,eQW

(Ve)oW 2L Ve (e@W) 22X (e@ W)@V

1y &1 lw®1
Mlvw Wvl

ey @l VoW — Y WV |aawy

ly 1w
lvew lwev

(e@V)QW T €®<V®W)1E®_CV,>W€®(W®V)’

in which the upper rectangle commutes by the naturality of ¢, the lower rectangle by
naturality of [, the triangle on the upper left by the triangle axiom, the triangles on the
lower left and on the right by Lemma [1.2.1] and the outer hexagon by the first hexagon
axiom. As all arrows are labelled by isomorphisms, this implies that the middle triangle
on the left commutes as well and hence (ly o ¢y, )®1y = ry®1yy for all objects V, W.
Setting W = e and applying the same argument as in the proof of Lemma[1.2.1| one then
obtains cy. = 1‘71 ory. The proof of the second identity is analogous.

4. For all objects U, V, W in in a braided tensor category (C,®,e,a,l,r,c) the dodecagon
diagram commutes:

cu,vlw, ay,v,w

(VU)W —(UV)eW —=Ux(VeW)

av,u,w ly®cy,w
Ve(UeW) UQ(WaV)

ly®cu,w ay v
Ve(WeU) (UeW)eV
aywo cuw®Ly
(VeWw)eU (Wel)eV

cv,w®ly aw,u,v

(W®V)®U‘1W,—V>,U W®(V®U)|V<1AX)_C[LVW®(U®V)

This follows because the two hexagons commute by the hexagon axioms and the
parallelogram by naturality of the braiding.

If (C,®,e,a,l,r c) is strict, it reduces to the Yang-Baxter equation

(cyw®1y) o (ly@cuw) o (cuv®@1lw) = (lwRcpy) o (cuw®1y) o (lyRcyw).

Example 3.1.3:

1. The category Vecty is a symmetric monoidal category with the braiding given by the flip
map cyy : URQV — VU, u®v — v&u. More generally, for any commutative ring k, the
category (k-Mod, ®y, k) is a symmetric monoidal category with cyv : U®iV — VU,
UKV — VRU.

2. For any group G, the category F|G]—Mod is a symmetric monoidal category with the
braiding cyy : URV — VU, u®v — v®u from Vecty. As g > (u®v) = (¢> u)@(g > v),
the maps cyy become F[G]-linear.
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3. The categories Set and Top with, respectively, the cartesian product of sets and the
product of topological spaces are symmetric monoidal categories with the braiding
cxy X XY =Y x X, (x,y) = (y,2).

4. More generally, any monoidal category C whose tensor product is given by a categorical
product or coproduct in C is a symmetric monoidal category.

5. Let T be a field of characteristic char F # 2. Then the category Vects, Joz 18 & symmetric
monoidal category with cpy @ UQV — VU, u®v + (—1)ds@ ey where
deg(u) =0 if u € Uy and deg(u) = 1 if u € Uy.

6. The category Chpg.oq of chain complexes and chain maps from Example [1.1.4] 6. is a
symmetric monoidal category.

Example 3.1.4: Let G be a group.
e A crossed G-set is a triple (X, >, 1) of a set X, a left action > : X x G — X and a
map u: X — G that satisfy p(g>z) =g - u(x)-g ' forallz € X and g € G.

e A morphism of crossed G-sets from (X,>x,ux) to (Y,>y,puy)isamap f: X - Y
with f(g>x x) =gy f(x) forall z € X and g € G and py o f = px.

e The tensor product of crossed G-sets (X, >y, pux) and (Y, >y, uy) is the crossed G-set

(X xY,>,u) with g> (z,y) = (9>x ,9 >y y) and p(z,y) = px(z) -y (y). The tensor
product of morphisms f : X — Y and h : U — V of crossed G-sets is the morphism
hx f:UxX—=>VxY.

Crossed G-sets form a monoidal category X (G), where the tensor unit is the singleton {e} with
the trivial group action and the map u : {#} — G, @ — e. It is braided, but not symmetric,
with the component morphisms of the braiding given by

CX,Y :XXY_>Y><X7 (l’,y) = (y7l’LY(y)_1[>X)
and the ones of the opposite braiding by

Yy = c{,}X cxxY =2Y x X, (z,y)— (ux(x) >y y, ).

Example 3.1.5:

1. The braid category B is a strict braided monoidal category.

2. The permutation category S is a strict symmetric monoidal category.

Proof:
We take as the component morphisms of the braiding in B the morphisms

Cmn = (0, 0...00920071) 0(0y410...003002)0...0 (Optm—1 0 ... 0 Opyp1 O Opy) (25)

that braid the first m strands over the last n strands.
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(26)

Then the hexagon axioms follow directly from the definition of the braiding. To prove naturality
of the braiding, it is sufficient to show that

Cmn © (0:®0;) = (0;®0;) 0 Cin

foralli € {1,....,m—1} and j € {1,...,n—1}. This follows by repeatedly applying the relations

S VAT

0;,00;4100; =0;4100;00;4+1 0;00;=0;00;
for alli € {1,.n+m — 2} forallie {1,.n+m—2} i —j| > 1.

The permutation category & is described by the same relations as the braid category B,

plus the additional relations o? = id. It follows that it is braided with the isomorphisms

Cmn @ @Sy — Sn®S, given again by . The additional relations o? = id imply that
overcrossings can be changed into undercrossings and hence ¢, ,, = c,_L}n for all n,m € Ny. This
shows that S is a symmetric monoidal category. O

The braiding in a braided monoidal category has a diagrammatic interpretation. As suggested
by Example|3.1.5|and the name braiding, the component morphisms of the natural isomorphism
c:® — ®%in a braided monoidal category are represented diagrammatically by undercrossings
and overcrossings of the lines that represent the objects

u v vV U VU u v
/ N / N
(V U U w 4 (U 4 4 w U
coy UQV = VRU ¢y :VRU = URV  cyy : VRU = URV ¢y URQV — VaU.

The identities in Remark [3.1.2] 3. ensure that it is still consistent to omit the tensor unit from
the graphical calculus, since they imply that the braiding of the tensor unit with any other
object is given by the left and right unit constraints: c.y = l;l ory = c‘_/’le and the left and
right unit constraints are not represented.
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The conditions cl_]’lv ocyy = lygy = cyy o c‘_,}U read
v v u Vv U |V
y N
oRlNe
U w V (U V

The naturality of the braiding implies that morphisms can slide above or below a crossing:

Uu v u v Uu v Uu v
f ) 0
f g
(V U’ 1% ' g/’ U v U

The hexagon axioms state that the two possible interpretations of the following diagrams, as (i)
the composite of two braidings and (ii) a braiding of the object for one strand with the tensor
product of the objects for the other two, coincide:

U)V w U V)W
-
V g/ U G/ u 'v

The dodecagon identity states that the following two diagrams represent the same morphism:
U ) VoW u v )W
K J (30

Q/VUW(VU

A symmetric braiding is represented by the analogous diagrams, but in this case one need not
distinguish overcrossings and undercrossings and may represent them as simple crossings.

That the diagrams for a braided monoidal category resemble the diagrams for the braid category
B from Definition [1.1.10] is not a coincidence. The braid category plays a special role among
the braided monoidal categories that becomes apparent once one considers monoidal functors
that respect the braiding. Such a functor is called a braided monoidal functor, and monoidal
natural transformations between such functors are called braided natural transformations.
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Definition 3.1.6: Let C, D be braided monoidal categories.

1. A monoidal functor (F, ¢, ¢®) : C — D is called a a braided monoidal functor from
C to D if for all objects V, W in C the following diagram commutes

D
Cr(v),F(W)
) ——

F(V)QF (W FW)®F(V)
¢§’Wl . jd’%&v
FIVaW) —) pavey).

If C and D are symmetric tensor categories, then a braided monoidal functor F': C — D
is also called a symmetric monoidal functor.

2. A braided natural transformation is a monoidal natural transformation between
braided monoidal functors. A braided natural isomorphism is a braided natural trans-
formation that is a natural isomorphism.

Example 3.1.7:

1. The forgetful functors V' : Top — Set, Vectr — Set from Example|l.1.14]and the forgetful
functors V' : k — Mod — Ab for a commutative ring k and V : F[G]—Mod — Vecty for a
group GG are symmetric monoidal functors.

2. The functor F' : Set — Vectr from from Example [1.1.14] that assigns to a set X the
free vector space (X)p generated by X and to a map f : X — Y the induced map
F(f): (X)r — (Y)r is a symmetric monoidal functor.

3. The family (II,,)nen, of group homomorphisms II,, : B, — S, 0; — o; introduced after
Definition define a strict braided monoidal functor F' : B — S with F(n) = n for
all n € Ny and F(f) =IL,(f) for all morphisms f € Homg(n,n) = B,.

4. One can show (Exercise that for any braided monoidal category (C,®,c) there is a
strict braided monoidal category C’' and a braided monoidal equivalence F' : ' — C. This
can be viewed as a braided version of MacLanes strictification theorem.

The braid category B captures the essence of a braided monoidal category. All morphisms in
B are obtained by composing braidings, their inverses and identity morphisms, via the tensor
product and the composition of morphisms. This makes it especially simple to construct braided
monoidal functors F': B — C into a braided monoidal category C.

Proposition 3.1.8: (universality of the braid category)
Let (C, ®, ¢) be a strict braided monoidal category. Then for any object V' of C there is a unique
strict braided monoidal functor Fy : B — C with Fy (1) = V.

Proof:

1. Any strict monoidal functor F': B — C satisfies F'(0) = e for the tensor units and for n € N,
one has Fi(n) = F(1+...4+1) = F(1)®...9F(1). This shows that F' is determined uniquely on
the objects by F(1) =: V.

The condition that F'is a strict braided monoidal functor implies that the image of the morphism
c11 =01 :2 — 2is given by F(c11) = cyy : VRV — V@V and F(cﬁ) = F(c1) ! = c(,,lv.
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As the generating morphisms in B are given by ajﬂ = 1i_1®cﬁ®1n_i_1 :n—nforalln eN
and i € {1,....,n — 1} and F is monoidal, we have F(c}"') = lyee-1®cyy Olyem-i-n. As any
morphism in B is a composite of the morphisms o;, this determines F' on the morphisms.

2. Conversely, for any object V in C, we construct a functor Fy : B — C by setting F/(0) = e,
F(n)=V® forn e N, Fy(ct') = 1v®(i—1)®c‘:5,1v®1v®(n—i—1). To show that this defines a functor
Fy : B — C, one needs to check that Fy respects the defining relations of the braid category:
The functoriality of the tensor product in C implies Fy (o;) o Fy/(0;) = Fy(0;) o Fy(0;) for all
i,j € {1,...,n—1} with |i — j| > 1 and the dodecagon identity in C implies Fy (0;) o Fy/(0;41) 0
Fy(0;) = Fy(0i41) © Fy(0;) o Fy(0441). Thus, Fy respects the relations in B,, and is a functor,
which is strict monoidal by definition.

3. It remains to show that Fy is braided, that is Fy (¢mn) = Cry(m),Fy (n) for all m,n € Ny. This
follows from the definition of ¢, , in and the definition of Fy together with the hexagon
axiom for the braiding in C. O

If we do not suppose that the category C is braided, the procedure in the proof of Proposition
still allows us to construct functors I’ : B — C as long as there is an object V' in C with an
isomorphism o : V®V — V®V that satisfies the dodecagon identity. We can then just consider
multiple tensor products of the object V' with itself and take the morphism o as the image of
the morphism ¢ ; : 2 — 2. This does not even require that C is strict.

Definition 3.1.9: Let (C,®,e,a,l,r) be a monoidal category.

1. A Yang-Baxter operator in C is an object V in C together with an isomorphism
o: VeV — V&V such that the dodecagon diagram commutes

(VeV)eV X (VeV)oV L ve(VeV)
av,v,v 1y ®o
VaveV) Ve((veV)
ly®c ayyy
Ve(VeV) (VeV)eV
ayyy o®1y
(VaV)eV (VRV)eV
o®R1ly ay,v,v

(V@V)@V m V®(V®V) m V®(V®V)

2. A morphism of Yang-Baxter operators in C from (V,o) to (W, 7) is a morphism
f:V =W with ro (fef) = (f®f)oco.

Yang-Baxter operators in C and morphisms of Yang-Baxter operators in C form a category
YB(C). A Yang-Baxter operator in Vectr is also called a braided vector space.
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Example 3.1.10:

1. If C is a braided monoidal category with braidings cyy : UV — V®U, then (V,cyy) is
a Yang-Baxter operator for any object V' of C.

2. If F: C — D is a monoidal functor, then for any Yang-Baxter operator (V, o) in C, the
pair (F\(V),o’) with o' = gzﬁ%?,;l o F(0) o ¢y is a Yang-Baxter operator in D.

3. Let g, A\ € F* with ¢ # 1 and V' a vector space over F with an ordered basis (vy, ..., v,).
Then V' becomes a braided vector space with

)\’Uj@?)i ) <j
o: VRV = VeV, vQu; — ¢ A\guQu; i=7
Avj@u; + Mg — ¢ Hui®u; > 7.

Corollary 3.1.11: Let (V,0) be a Yang-Baxter operator in C. Then there is a monoidal
functor F': B — C, unique up to coherence data in C, with F'(1) =V and F(c¢;;) = 0.

Proof:

The proof is analogous to the one of Proposition 3.1.8] We set F/(0) = e and take for F(n) an
n-fold tensor product of V' with itself with a chosen bracketing. This defines F' on the objects.
On the morphisms, we define F(c;;) = o, and for the generators o; € B, we set F(o;") =
lyei-1®0T @1 em—i—1), up to bracketings and associators that are determined uniquely by the
bracketing on the objects.

The functoriality of the tensor product in C then implies F(o;) o F(0;) = F(o;) o F(0;)
for all 7,7 € {1,..,n — 1} with |i — j| > 1 and the dodecagon identity for o implies
F(o;) o F(0i41) o F(0;) = F(0i41) © F(0;) o F(0;11). We thus obtain a functor F' : B — C.
The functor F' is monoidal with ¢¢ = 1. and the natural isomorphism ¢® given by the as-
sociators in C. It is unique up to the choice of the bracketings of multiple tensor products of V. O

Remark 3.1.12:  One can show (Exercise that the category VB of Yang-Baxter operators
and morphisms of Yang-Baxter operators in a strict monoidal category C is equivalent to the
category Fung(B,C) of strict monoidal functors F': B — C and monoidal natural transforma-
tions between them.

Corollary 3.1.13: Let (V,0) be a braided vector space. Then the maps
pn : By — Autp(VE"), 0y = idyei-1) @0Ridyem—i-1)

define a family of representations of the braid groups B,, on V®".

Proof:

We define p on the generators of B, by setting p(c:™") = idysu-n®@0*®idyem-i—1 for all
i € {1,..,n —1}. As (V,0) is a Yang-Baxter operator in Vecty, the functoriality of the
tensor product and the dodecagon identity allow one to extend p to a group homomorphism

p: B, — Autg(V®"). O
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3.2 The centre construction

The examples of braided monoidal categories in the previous sections might give the impression
that braided monoidal categories are rather special and that non-trivial examples are hard to
find. This is in fact not the case. In this section, we show that there is a canonical construction
that assigns to any monoidal category C a braided monoidal category Z(C).

It is called the centre construction, because it can be viewed as a categorical version of the
centre of a ring. The centre of a ring R is the subring Z(R) ={r € R|r-s=s-rVs € R}.
If we replace the multiplication of the ring by the tensor product of a monoidal category and
translate the definition naively, we would consider the full subcategory whose objects V' satisfy
X®V = V®X for all objects X in C. However, this is not very useful, since it is too strict.
There are very few such objects in typical monoidal categories such as Vectr. This makes it
more natural to impose X®@V = V®X instead.

One should also view the isomorphisms X®@V = V®X for different objects X as structures
associated with the object V' and not as a property of V. This forces us to consider the in-
teraction of these isomorphisms with tensor products and with morphisms in C and to impose
consistency conditions.

Theorem 3.2.1: Let (C,®,e) be a monoidal category. Then there is a braided monoidal
category Z(C), the centre of C, defined as follows:

e The objects of Z(C) are pairs (V,c_y) of an object V in C and a family c_y of
isomorphisms cxy : X®V — V®X defined for all objects X in C such that:

(i) cxv is natural in X: For all morphisms g : X — Y the following diagram commutes

XV XL vex (31)

9®1vl llv®g

(ii) for all XY,V € ObC the following diagram commutes

CX®Y,V
—_—

(X®Y)eV Ve(X®Y) (32)

y W

Xe(YeV) (VeX)QY

1X®CY\\ %@1‘;

Xe(VY) — (XoV)QY

Ax. vy

e A morphism f: (V,c_y) — (W,c_w) is a morphism f : V — W in C such that for all
objects X in C the following diagram commutes

XV -2 vex (33)
1X®fl lf@lx
XW —— WeX.

CX,W
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The identity morphisms are the identity morphisms of C, and the composition of
morphisms is the composition of morphisms in C.

e The tensor product in Z(C) is given by (V.c_v)@(W,c_w) = (VRW, c_ vgw) with
cx,vew defined by

CX,VQW

X(VeW) —— (VW)X (34)

—1 —1

(XQV)@W VR(WRX)

(VX)W —=V(XW)

av, X, w

e The braiding of Z(C) is given by cyw : (V,c_v)@(W,c_w) = (W, c_w)R(V,c_v).

Proof:

1. We show that Z(C) is a category. For this, it is sufficient to note that diagram commutes
for f = 1y and that for morphisms f : (U,c_y) — (V,e_y) and g : (V,c_y) = (W,c_w) in
Z(C), the morphism go f : U — W again makes the diagram (33) commute for all objects X
in C. This follows directly by stacking the diagrams for f and g vertically.

2. We show that Z(C) is monoidal. To show that the tensor product is well-defined on the
objects, we prove that the morphisms cx ygw from are natural in the first argument and
make the diagram commute. The naturality follows from the naturality of the associator
and of the morphisms cx  and cx . We show that diagram commutes for c_ ygw for the
case where C is strict. In this case we have the diagram

CXQY, VW

XYVl VeolVeoXeY
1®Cy,v®1l W W ]1®CX,W®1
cx,v®1l®l 1®1®cy,w

XRVRYW — VXYW — VeXWRY

l®l®cy,w CX,V®]-®]-
XQVRWY,

in which the top triangle commutes by , the triangles on the left and right by and
the quadrilateral at the bottom by the functoriality of the tensor product. As the paths from
the left and right top entry to the middle entry at the bottom are the morphisms 1x®cy vew
and cx ygw®ly by , this shows that diagram commutes for c_ ygy if C is strict. The
general case is obtained by inserting associators and subdividing the diagram into pentagon
axioms, diagrams with two associators and one braiding, which commute by the naturality of

the associators, and diagrams and .

To show that the tensor product is well-defined on morphisms, we need to show that for all
morphisms f:V — V' and g : W — W’ for which diagram (33)) commutes, diagram also
commutes for f®g : VW — VW’ with c_ yew and c_ ygu- given by . This follows
from , the naturality of the associator and the commuting diagrams for f, g. This shows
that the tensor product of Z(C) is well-defined and defines a functor ® : Z(C) x Z(C) — Z(C).

The tensor unit is the pair (e,c_.) with c¢x. = l)_(l oryx : X®e — e®.X, the unit constraints
are the unit constraints of C, and the associator is the associator of C. To show that this gives
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Z(C) the structure of a monoidal category, we need to show that these morphisms satisfy
and hence are morphisms in Z(C). The pentagon and the triangle axiom then follow from the
pentagon and triangle axiom in C.

That the left unit constraints of C satisfy follows from the commuting diagram

1
Ae, X,V 1®cx v Qe v, X

(eRX)QV —>e®(XQV) —=ex(VeX) —= (e®V)®X

Ix®1
CXyeT \ \jlx(gv llv(@%
\%

(X®e)oV 22~ xgv — XY L ygX
-1
aX,eva M

X®(exV)

in which the path from the lower left to the upper right along the left side and top of the
diagram represents cx .gv, the rectangle in the middle commutes by naturality of [, the two
triangles adjacent to it by Lemmall.2.1], the triangle on the lower left by the triangle axiom for
C and the triangle above it by definition of c_ .. This shows that the morphism [y : e®QV — V
is a morphism in Z(C), and the proof for the morphism ry : V®e — V is analogous.

The proof that the associators apyw : (UQV)QW — U®(V®W) are morphisms in Z(C)
proceeds by expressing the morphisms cx (gv)ew and cx yevew) as a composite of associators
and the morphisms cx i/, cx,v, cx,w via and inserting this into diagram for f = apvw.
By introducing additional arrows labelled with associators, one can subdivide this diagram
into pentagons, which commute by the pentagon axiom for C, and squares that involve two
associators and two morphisms cxy for Y = U, V, W, which commute by naturality of the
associators (Exercise). This proves that Z(C) is a monoidal category.

3. We show that Z(C) is braided. For this, it is sufficient to prove that the morphisms
cvw = (Viecv)@W, e w) = (W, c—w)®(V, c_ ) are morphisms in Z(C). The second hexagon
axiom in Definition then follows directly from condition and the first hexagon axiom
from the definition of cx ygw in .

To see that ¢y is a morphism in Z(C), we consider the commuting diagram

(XoU)oV M U X))oV XY Ua(XoV) X Ua (Ve X)
ayt agh
X,U,V U,V,X
Xe(UxV) (UV)eX
1x®cy,v ey Jexv cu,v®lx
Xa(Vel) (Val)aX
a;(,lv,U a\j,llJ,X

(X@V)BU —= (VOX)@U 7y, VB(XBU) ——= VO(UX),

—_—
ay, X, U

where the hexagons on the left and right commute by and the parallelogram in the middle
by naturality of c_y in the first argument.
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By subdividing this commuting diagram as

(XoU)oV 2 X))oV XY e (XeV) EX Ue (Ve X)
sl ol

X, U,V U, vV, X
X®(UaV) ey (URV)®X

1x®cu,v cu,v®lx

X®(VeU) vey (VRU)®X
a;}V‘U a\_/,lU,X
(X®V)®QMU(V®X)®U T V®(X®U)1v®_c;UV®(U®X)

in which the middle rectangle is for cyy and in which the top and bottom rectangle
commute by definition of cx gy and cxygy in , one finds that diagram for cyyv
commutes and cyy is a morphism in Z(C). O

Theorem [3.2.1] associates to each monoidal category a braided monoidal category. It is the
categorical counterpart to passing from a ring R to its centre Z(R). However, the relation
between a monoidal category C and its centre Z(C) is more complicated. For instance, any
commutative ring coincides with its centre, but this is not true for a braided monoidal category
C and its centre Z(C). It is obvious that in any braided monoidal category C, one can construct
objects in Z(C) as pairs (V,c_y), where c_y is given by the braiding in C. However, there is
also the opposite braiding from Remark 2. which defines additional objects in Z(C) and
there may be even more objects obtained by modifying the braidings.

This raises the question if the centre of a monoidal category can be characterised more abstractly
via a characteristic property or a universality condition, and if a braided monoidal category
can at least be embedded into its centre. One also wonders under which conditions a functor
F :C — D from a braided monoidal category C can be lifted to a functor F' : C — Z(D). For
this, we consider the forgetful functor Il : Z(C) — C with II(V,c_ ) =V and II(f) = f for all
objects V' and morphisms f : V — W in Z(C). It forgets the additional data that defines the
braiding of Z(C) and is monoidal by definition of Z(C).

Proposition 3.2.2: Let C be a braided monoidal category and F' : C — D a monoidal
functor that is essentially surjective and full. Then there is a unique braided monoidal functor
Z(F):C— Z(D) with [1Z(F) = F.
Proof:
1. Uniqueness of Z(F):
If G : C — Z(D) is a monoidal functor with IIG = F, then G(V) = (F(V),c_ pw)) for
all objects V' in C and G(f) = F(f) for all morphisms f in C. If additionally G is braided,
then cpix),Frv) = qﬁ@&l o Flexy) o ¢§V for all objects X and V in C, where cx y denotes the
braiding in C. Naturality of c_ (1) in the first argument then implies that the following diagram
commutes for all objects V' in C and morphisms ¢ : D — F(X) in D

g1 2

@
DRF (V)5 F(X)®F (V) F(X®V) (35)
CD,F(V)L LCF(X),F(V) jF(cX,V)

VvV, X
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As F is essentially surjective, for every object D in D, there is an object X in C and an
isomorphism g : D — F(X), and hence cp p(v) is defined uniquely by .

2. Existence of Z(F):

Using the essential surjectivity of F', we choose an isomorphism g : D — F(X) for each object D
in D and define Z(F) by Z(F)(f) = F(f) on the morphisms and by Z(F)(V') = (F(V),c_ rv))
on the objects, where cp r(yy is given by .

2.(a) To show that (F/(V'), c_ p(v)) is an object in Z(D), we check that (i) the morphisms cp p(v)
are natural in the first argument and (ii) they make the diagram (32)) commute.

(i) The naturality in the first argument follows, because for every morphism f : D — D" in D
and isomorphisms gp : D — F(X) and gp : D' — F(X'), there is a morphism [’ : X — X’
with F(f') = gpr o f o g5' by fullness of F. Naturality of ¢© and of ¢ yields

CD,F(V)

D&F(V) S5 F(X)®F (V) —= F(XOV) 7 F(V&X) —= F(V)@F (X) —> F(V)®D

Flex,v) ®9p"

X,V V,X
lf@l lF(f’)@l l (f'®1) lF(1®f ) l1®F(f ) 1f
, % 9 !
DeF(V) 2L F(XN@F(V) ~Y F(X'aV) XY P(VaX') —X F(V) @ F(X') 22 ) F(V)®D'.

D'\ F(V)

(i) To show that the diagram ([32)) commutes for the morphisms c_ (), we first consider the
case, where the first argument is the tensor product of two objects in the image of F. We
subdivide diagram into a diagram that is the image for the second hexagon axiom of C
under F', the defining diagrams for c_ p(y) and several diagrams that encode the naturality of
the braiding in C and the monoidal structure of F. With the shorthand notation X’ := F(X)
for all objects X in C, we then obtain the commuting diagram

X'@Y'aV) ax’ v’ (X'oY)eV! 22 X V/ (X'®Y") Gvix’y! (V'oX")Y'
6%y ®1 186% y
(XoY)eV' Y vig(Xey)
SXovv oV xov
)
(xev)ev) E2ve(xey))
F(a;{,ly,v) F(aVX Y)
®
X'@(YRV) —= (X@(YRV)) (VeX)oY) <—= frex, R vex) ey
Rvev
1®F(CY,V)L F(1®cy,v) F(ex,v®1) F(CX,V)®1T
BVRY) — (X(VEY)) —> (XV)Y) — (XaV) ey’
¢X VeY F(ax v,y) X®VY
X'o(V'eY) - (X'eVI)eY",
aX/,V/,Y’

in which the upper middle rectangle commutes by naturality of c_ gy in the first argument,
the rectangle below it by definition of c_ p(y), and the small middle hexagon below it by the
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second hexagon axiom for the braiding in C. The hexagons at the upper left, the upper right
and at the bottom of the diagram commute because F' is monoidal, the quadrilaterals at the
left and right by definition of ¢_ gy and the two lower middle rectangles by naturality of ¢%.

This shows that commutes if the objects X,Y in are in the image of F'. To prove this
for all objects in D, choose isomorphisms gp : D — F(X) and gg : £ — F(Y). The diagram

CDRE,F(V)

(DQE)®F(V) F(V)2(D®E)

DRYE)R®1

ap,E,F(V)

DR(EQF(V))

gp®(gr®1)
—_—

CF(X)QF(Y),V
E—

(F(X)QF(Y))QF(V)
laF(X),F(Y),F(V) A (v

FX)o(FY)oF(V))

(F(V)®@F(X))®F(Y)

W

FV)e(F(X)oF(Y))

). F(X),F(Y) T
(1®9p)®9E
PN

QF(V),D,E

(F(V)®D)®FE

l1®0F(Y),F(V)

1®ce, r(v) )
CR(X),F(V),

W

FX)o(F(V)oF(Y)) , —

CF(X),F(V)®1T

(F(X)QF(V))®F(Y)

F(Y)

¢p,F(v)®1

p®1)®gE

D(F(V)QFE)

(DRF(V))®E,

—1
Ap F(V),E

commutes. Its inner hexagon commutes, because it involves only objects in the image of F', and
the outer diagrams commute by naturality of c_ g1y in the first argument, the properties of the
tensor product and the naturality of the associator in D. This shows that Z(F') is well-defined
on the objects of C.

2.(b) To show that Z(F) is well-defined on the morphisms of C, we need to check that for each
morphism f : V — W in C the morphism F(f) : F(V) — F(W) in D makes the diagram (33])
commute. This follows, because this diagram can be subdivided as

CF(X),F(V)

F(X)®F (V) F(V)®F(X)
F(ex,v)
F(XoV) XY p(veXx)
1QF(f) lF(1®f) jF(f®1) F(fiel
FXeW Y raiwex)
PR %\
F(X)@F (W) e F(W)@F(X),

where the top and bottom quadrilateral commute by definition of c_ gy and c_ pw), the left
and right quadrilateral by naturality of ¢® and the middle rectangle by naturality of c.

As Z(F) coincides with F' on the morphisms, we have shown that Z(F') : C — Z(D) is a
functor, and by definition we have [1Z(F') = F.

2.(c) To show that Z(F') is monoidal, note that the only natural candidates for its coherence
data are the isomorphism ¢¢ : F'(¢) — e and the natural isomorphism ¢® : @(F x F) — F® for
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F. We thus need to show that (i) ¢ : F'(e) — e is a morphism in Z(D), (ii) the isomorphisms
¢}y are morphisms in Z(D) and (iii) that diagram (34) commutes for c_ p(y).

(i) That ¢° is a morphism in Z(C) follows from the diagram

CF(X),F(e)

F(X)®F(e) Fle)®F(X)
1
160° F(X@0e) % px) 2R (e X) so1
e L)
F<X)®€ CF(X),E €®F(X)7

in which the top quadrilateral commutes by definition of c_ p(.) and by Remark 3. for the

braiding in C. The bottom triangle commutes by Remark [3.1.2] 3. for the braiding in Z(D),
and the quadrilaterals at the left and right because F' is monoidal.

(ii) To show that the isomorphisms ¢y, : F(V)®@F (W) — F(V®W) are morphisms in Z(D),
we need to show that they make diagram commute. For this, we first consider the case,
where the first argument of c_ pv)grw) and of c_ pvew) is an object F'(X) in the image of
F' and subdivide the diagram

CF(X),F(V)QF(W)
) T —

FX)@(F(V)QF(W F(V)QF(W))®F(X)
Ll@qﬁ%w lqﬁ%w@l

F(X)@F(VeW) F(VW)®F(X)

CF(X),F(VRW)

into the subdiagram that relates cp(x) Fyerw) o crix),r(v) and cpx) rov) attached to
the top horizontal arrow, the subdiagrams given by with gp = 1 that relate crx) r),
crx),rw) and cpex) revew) to Fex,y), Fexw) and F(cx,vew), the subdiagram that relates
F(exyew) to F(exy) and F(cxw) and additional diagrams that encode the naturality of ¢®
and the compatibility condition of ¢® with the associators in C and D. The claim for general
objects D in C then follows as in 2.(ii) by choosing an isomorphism ¢gp : D — F(X), which
exists by essential surjectivity of F.

(iii) That diagram commutes for c_ p(yy follows by splitting it into subdiagrams as in 2.(ii),
only that now one uses the first hexagon axiom for C instead of the second one.

2.(d) That Z(F) is braided then follows directly from the definition of c_ vy in (35)). O

By applying Proposition to the identity functor F' = ide : C — C on a braided monoidal
category C, we obtain a functor that embeds a braided monoidal category into its centre and is
a right inverse of the forgetful functor 11 : Z(C) — C.

Corollary 3.2.3: For any braided monoidal category C, there is a unique braided monoidal
functor Z : C — Z(C) with I1Z = ide.

We now consider the interaction of the centre construction with monoidal equivalences. Any
ring isomorphism ¢ : R — S induces a ring isomorphism ¢’ : Z(R) — Z(S), that is an iso-
morphism of commutative rings. Replacing rings by monoidal categories, the ring isomorphism
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by a monoidal equivalence and the centres by categorical centres leads to the question if a
monoidal equivalence F': C — D induces a braided monoidal equivalence F’ : Z(C) — Z(D).
Indeed, we can lift ' to a braided monoidal functor F’ : Z(C) — Z(D) with FII = IIF’. As
FII : Z2(C) — D is essentially surjective and full, Proposition guarantees the existence
and uniqueness of F’. We show that F” is an equivalence of categories.

Proposition 3.2.4: Let ' : C — D be a monoidal equivalence. Then there is a unique braided
equivalence F' : Z(C) — Z(D) with FII = IIF".

Proof:

1. Uniqueness: Let F' : Z(C) — Z(D) be a braided equivalence with FII = IIF”. Then the
identity FII = IIF’ implies F'(f) = F(f) for all morphisms f in Z(C) and F'(V,c_y) =
(F(V),c—pv)). As F' is braided, one has cruy,rvy = ¢35 © Flcuy) o ¢g,, for all objects U,V
in C, and the naturality of c_ gy in the first argument implies that diagram

®

¢
DRF(V) F(X)QF (V) F(X®V) (36)
CD,F(V)L lCF(XLF(w jF(CX,v)

F(V)&D — F(V)&F (X) —= F(V&X).

g®1
e

®
V,

commutes for all morphisms g : D — F(X). As F is essentially surjective, for each object D is
D, there is an isomorphism g : D — F(X) for some object X in C, and determines c_ g
and hence I’ uniquely.

2. Existence: We define F' : Z(C) — Z(D) by F'(f) = F(f) for all morphisms f in Z(C). To
define F” on the objects, we choose for each object D in D an isomorphism g = gp : D — F(X),
which exists by essential surjectivity of F' and set F'((V,c_y)) = (F(V),c_r)), where c_y

is defined by for g = gp.

2.(a) That F" is well-defined on the objects and morphisms of Z(C) follows as in the proof of
Propositon That F’ becomes monoidal when equipped with the coherence data of F' also
follows analogously to the proof of Propositon m Diagram with g = 1p(x) then shows
that F” is braided.

2.(b) We show that F’ is an equivalence of categories. As F' is an equivalence of categories and
F'(f) = F(f) for all morphisms, it follows directly that F’ is faithful. To show that F” is full,
let h: (F(V),c_revy) = (F(W),c_ powy) be a morphism in Z(D). As F is fully faithful, there
is a unique morphism A’ : V' — W with F(h') = h. It remains to show hat h is a morphism in
Z(C) from (V,c_y) to (W,c_w), i. e. that diagram (33]) commutes for all objects X in C. As
F is fully faithful, it is sufficient to consider its image under F

¢®—1 c ¢®
F(X®V)—2 F(X)QF (V) 22X PV)oF (X))~ F(VRX)
LF(l@h’) 1®F(h’)=L1®h lh@l lFW@l)

in which the outer rectangles commute by naturality of ¢® and the middle one because h is a
morphism in Z(D). This shows that A’ is a morphism in Z(C) with F'(h') = f and F” is full.
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To see that F” is essentially surjective, let (D, c_ p) be an object in Z(D). As F is essentially
surjective, there is an isomorphism ¢gp : D — F(X) for some object X in C. As F' is fully
faithful, for every object X’ in C there is a unique morphism cxs x : X'©X — X®X' with
®XR—1
X/

¢
Flexx): F(X'9X) =5 F(X)®F(X

195! Cp(x'),D
) D

F(X"\®D DRF(X')

®

8L p(x)RF(X') 2 P(X@X). (37)

To show that F'(X,c_ x) = (D, c_ p) in Z(C), we need to show that (i) the morphisms cx x are
natural in the first argument and (ii) satisfy condition and that (iii) gp is an isomorphism
in Z(D) from (D,c_ p) to F'(X,c_ x). As F is fully faithful, claim (i) follows from the diagram

®—1 -1
1®9p CF(X'),D gp®1
—_—

F(X'®X) xx F(X®F(X) —2> F(X"®D —“ 2 Do F(X") F(X)®F(X') x| F(X®X')

jF(f@)l) lF(f)®1 LF(f)®1 Lo F(f) l1®F(f) lF(1®f)
¢®;1 1® —1 i ’" ¢® ”
F(X"9X) S F(XM@F(X) 22> F(X")oD " 2par(x") “22 F(X)oF(X") 2% F(X0X"),

which commutes by naturality of ¢® and c. Claim (ii) follows from the second hexagon
identity for c_ p, the condition that F'is monoidal and . Claim (iii) follows directly from
and ([37). This shows that (X, c_ x) is an object of Z(C) and (D,c_p) = F'(X,c_ x) in
Z(D). Hence, F’ is essentially surjective and hence a braided equivalence. O

The centre construction is quite abstract, and it is often difficult to describe the resulting
braided monoidal categories explicitly and concretely. In particular, it is often complicated to
write down explicitly the class of objects of the centre. However, this is often not necesary,
since one is only interested in the centre up to braided equivalence. The point is not to show
that a braided monoidal category is equal to the centre of a monoidal category, only that it is
braided equivalent to it. In Section [6.3| we will see an alternative, but less general construction
that gives a more concrete description of the centre of certain monoidal categories.

3.3 Ribbon categories

We now investigate the interaction of braidings with duals in a braided monoidal category C.
For this, we suppose that C is pivotal and that the left duals are constructed from the right duals
and the pivot as in Proposition [2.2.3] This allows us to use the simplified graphical calculus for
pivotal categories from Section [2.2]

The naturality of the braiding then implies that evaluations and coevaluations can be moved
below and above overcrossings and undercrossings in the diagrams, which allows one to undo
many braidings. However, there is a basic diagram that combines a braidings with an evaluation
and a coevaluation that cannot be undone by pulling evaluations and coevaluations under
crossings. It describes the twist morphism in C and merits further investigation.
Definition 3.3.1: Let C be a braided pivotal category.

1. For any object X in C the twist on X is the morphism

Ox =rx o (1x®evi) oax.x x- o (cx x®lx)o a},lx,x* o (1x®coevi) oryt (38)
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2. The category C is called a ribbon category if all twists are self-dual:
0% = 0x- : X* — X* for all objects X in C.

Clearly, the twist morphism fx depicted in Definition [3.3.1] exists in four variants, which are
obtained by reflecting its diagram on a vertical line and by exchanging over- and undercrossings
in the twist and its reflection. The former is its inverse ', while the latter two are the dual
0%. and its inverse. They coincide with the twist and its inverse if and only if C is ribbon.
This is a consequence of the following lemma, which also shows that the twist defines a natural
isomorphism @ : id¢ — ide, but that this natural isomorphism is in general not monoidal.

Lemma 3.3.2: Let C be a braided pivotal category.
1. The twist is invertible with inverse

0;(1 =lxo (ev§®1x) o a;,X,X o (1X*®C;(}X) O ax+ x,x O (coev%@lx) o l;(l

o3t = (39)

2. The twist satisfies 6, = 1. and Oxgy = cy.x 0 cxy 0 (Ox®0y) = (0x®0y) o cy x o cxy.
3. The twist is natural: f o 0x = 0y o f for all morphisms f: X — Y.

4. C is ribbon if and only if for all objects X one has

Ox = 0y = lx o (evi®lyx) oaX*XX (1x+®cx x) 0 axs XXO(coeVX®1X)OZ !

% & : N
Proof:

1. We prove graphically that 05 o 0x = 1x:

WA EGRGE
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where we used the naturality of the braiding with respect to the twist in the first step, the
naturality of the braiding with respect to U in the second step and then the snake identity. The
graphical proof that fx o §%" = 1 is analogous (Exercise).

2. That 6, = 1. follows directly from the identities ¢, = lege and trp(1.) = trg(l.) = 1. The
identities for fxsy can be proved graphically. From the diagram for the twist 0xgy we obtain

X XXIY{X Y | X<®)Y | XQY
\ 4{ (R, \/ JUL

where we used the naturality of the braiding with respect to #y and the dodecagon identity
in the first step and then twice the naturality of the braiding with respect to the twists.

3. The naturality of the twist follows from the naturality of the braiding and the identities
and for the left and right evaluation and coevaluation:

X X X X X
/
Y Y Y ¥ x
/ 9
Y Y Y Y Y

4. To prove 4. we use the definition of the dual morphism 6% in and compute

{10804

where we used identity and the naturality of the braiding with respect to U in the first
step, the snake identity in the second step, then again and the naturality of the braiding
with respect to N in the third step. Hence we have 6% = fx- if and only if 0x = ¢'. O

The fact that a pivotal braided monoidal category C is ribbon has consequences for the left
and right traces of morphisms f : X — X and for its quantum dimensions. It allows one to
transform a left trace into a right trace by pulling one side of the diagram for the trace behind
or in front of the other, creating two twists and passing it to the other side. It follows that the
left and right traces of any morphism in a ribbon category agree.
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Corollary 3.3.3: Every ribbon category is spherical.

Proof:
We give a diagrammatic proof as follows

! " J J Of X
03" 03" F\( F\( *
X X ¥ U

where we used the identity 0y = 6y in the first step, the naturality of 6’ in the second step,
the definition of fx and € in the third step, the naturality of the braiding with respect to f
and the pivotality of C in the fourth step, the inverse and the naturality of the braiding with
respect to the the evaluations and coevaluations and f in the fifth step and the snake identity
and the pivotality in the last step. O

Example 3.3.4: The categories Vectﬁfd and F[G]—Mod/? for a group G are ribbon.

We will see more non-trivial examples of ribbon categories in Exercise 22| and [24] and in the
following sections, where we also discuss their relations to knot and ribbon invariants.
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4 Applications

The graphical calculus for monoidal categories is not just a convenient tool for computations but
encodes connections between algebra, geometry and topology. A first example is knot theory.
This was a hot topic in 19th century mathematics and then did not advance much further,
until it had a sudden revival in the 1990s. The source of this revival was the discovery that
representations of certain algebras and certain topological gauge theories from mathematical
physics give rise to knot invariants. This was subsequently formalised and encoded in the
language of ribbon categories.

4.1 Knots, link and ribbon invariants

The goal of knot theory is to establish simple and manageable criteria that tell one if

(i) two knots can be transformed into each other without cutting them,

(ii) a knot can be unknotted without cutting it.

Similar questions are considered for generalised knots with several connected components such
as the olympic rings, which are called links. An efficient way to address these questions are knot
or link invariants. These are maps from the set of knots or links into a commutative monoid
that take the same value on all knots or links that can be transformed into each other without
cutting them. To introduce them, we require some background on knots an links and their
representations by diagrams.

Definition 4.1.1:

1. An oriented link is a smooth embedding L : I1,,S* — R3 for some n € N. An oriented
knot is an oriented link L : St — R3.

2. A link is an equivalence class of oriented links with respect to the equivalence relation
defined by individual orientation reversals on each copy of S*.

3. Two oriented links L, I’ are called equivalent or ambient isotopic if there is a smooth
map F : [0,1] x R® — R? such that F; = F(¢t,—) : R® —» R3? is a diffeomorphism for all
t €[0,1], Fo =id and Fy o L = L', an ambient isotopy from L to L’.

4. Two links are called ambient isotopic if they are ambient isotopic up to individual
orientation reversal on each copy of S*.

Here, I1,,S' denotes the direct sum of n copies of S, that is, the n-fold disjoint union with the
sum topology and the induced smooth manifold structure. The orientation reversal on S! is
given by the map o : S' — S, 2+ z=1. An embedding of a smooth manifold M into a smooth
manifold N is an injective smooth map f : M — N that is a homeomorphism onto its image
and such that T,, f : T,, M — Ty, N is injective for all m € M. The notion of ambient isotopy
encodes the intuitive picture of deforming a link smoothly, without passing it through itself.

By an abuse of notation, we often do not distinguish links or oriented links from their images
and write L C R? instead of L(IT,S') C R3.

Links in R? can be described by link diagrams. A link diagram is obtained by projecting a link

L C R? with the map P : R®> — R? (z,y,2) — (x,y). By applying an ambient isotopy to the
link L, one can always achieve that the projection P(L) C L is generic, i. e. satisfies:
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(i) |P~Y(z)NL| <3 for all z € R?
(ii) there are only finitely many points z € R?* with [P~ (z) N L| = 2,

(iii) if P~'(z) N L = {p,q}, then there are neighbourhoods U,, U, C R* and an orientation
preserving diffeomorphism f : R? — R? that maps P(U, U U,) to the following diagram

U,NL U,NL

X

U,NL U,NL

This means that each point where the projection of the link overlaps with itself is a transversal
crossing of exactly two strands and that there are only finitely many such crossings.

To reconstruct a link from its projection, at least up to equivalence, one requires the information
which strand lies above he other in each crossing point. This information is indicated in diagrams
by drawing the crossing as an overcrossing or undercrossing, where the strand with greater
z coordinate at the crossing point crosses over the one with smaller z-coordinate. The same
diagrams are used for oriented links, with the orientation of the link indicated by arrows on
each connected component. A knot diagram without crossing points is called a unknot.

Definition 4.1.2: Let L C R? be a link.

1. A link diagram for L is a generic link projection of L together with the information
which of the two points in P~*(z) N L = {p,q} has the greater z-coordinate for each
r € R? with |[P~Y(z)N L] = 2.

2. An oriented link diagram for L is a link diagram for L together with a choice of
orientation on each connected component of L.

It was shown by Reidemeister that (oriented) link diagrams capture all information about the
equivalence classes of (oriented) links. The proof uses just basic topology and basic facts about
smooth manifolds and can be found for instance in [Mnl, Mul.

Theorem 4.1.3: Two (oriented) links L, L/ C R? are equivalent if and only if their (ori-
ented) link diagrams Dj and Dj. are related by a finite sequence of orientation preserving
diffeomorphisms f : R? — R? and the three Reidemeister moves:

Reidemeister move RM1 Reidemeister move RM2 Reidemeister move RM3.
In this case, the link diagrams Dy, D} are called equivalent.

The Reidemeister moves are local moves that change only the depicted region in the link diagram
and leave the rest of the link diagram invariant. They are defined analogously for oriented links,
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where each connected component receives an orientation. They encode the fact that an ambient
isotopy F : [0,1] x R* — R3 from a link L to L' need not induce diffeomorphism f : R? — R?
with f(D) = D’. Instead, it may give rise to additional crossing points in the projections (RM1
and RM2) or move crossing points past other crossing points (RM3).

Besides the notion of a link, there is also the related concept of a framed link or ribbon, which
can also be oriented. It can be viewed as a link that is thickened to a strip or ribbon. The
information needed to define the thickening is contained in the framing.

Definition 4.1.4:

1. A framed link or ribbon is a link L : IT,,S* — R3 together with a vector field X along
L that is nowhere tangent to L: a smooth map X : IT,S" — R® with X (z) ¢ Ty,)L C R?
for all z € 11, 5.

2. Two framed links (L, X') and (L', X’) are called equivalent or ambient isotopic if there
is an ambient isotopy F : [0,1] x R* — R? from L to L' with X'(z) = Ty, F1(X(2)) for
all z € 11,5,

Given a link L C R? and a vector field X along L that is nowhere tangent to L, we can thicken
the link to a ribbon, that is twisted around itself only by multiples of 27. Note that this excludes

Mobius strips.

{

If one is only interested in equivalence classes of framed links, one can forget about the vector
field and define a framed link as a link with an assignment of an integer z € Z to each connected
component that indicates how many times the connected component is twisted around itself.
With the relation

i

one can transform any projection of an associated ribbon into a blackboard framed ribbon
projection that only involves twists of the type on the left but not the twist on the right. This
corresponds to colouring the ribbon in R? in two colours, black and white, and projecting in
such a way that the white side is up in all parts of the projection. Blackboard framed links
can be characterised by the same diagrams as links, where the link diagram represents the
projection of a line in the middle of a ribbon, the core.
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The only difference is that link diagrams that are related by the the Reidemeister move RM1
no longer describe projections of equivalent ribbons. Instead, one has a modified Reidemeister
move RM1'.

Theorem 4.1.5: Two framed (oriented) links L, L’ C R?® are equivalent if and only if their
link diagrams Dy, Dy are related by a finite sequence of orientation preserving diffeomorphisms
f :R? — R? and of the three Reidemeister moves

Reidemeister move RM1’ Reidemeister move RM2 Reidemeister move RM3.

Js A

In this case, the diagrams Dy, Dy, are called equivalent.

The central question of knot theory is to decide from two given link diagrams Dy, Dy, if the
associated links L, L' € R? or framed links in L, L' C R3 are equivalent. By Theorem and
this is the case if and only if the associated link diagrams are related by finite sequences
of orientation preserving diffeomorphisms f : R> — R? and the three Reidemeister moves RM1,
RM2, RM3 or the three Reidemeister moves RM1’, RM2, RM3, respectively.

However, it is not practical to address this question by the Reidemeister moves alone. Instead,
one considers link invariants or ribbon invariants, which are functions from the set of links
or ribbons into a commutative monoid R that are constant on the equivalence classes of links
or framed links. A good link or ribbon invariant should

e be easy to compute from a link or ribbon diagram,
e distinguish as many nonequivalent links or ribbons in R? as possible.

By Theorems4.1.3|and [4.1.5] link or ribbon invariants can also be defined in terms of diagrams.

Definition 4.1.6: Let R be a commutative monoid and D the set of (oriented) link diagrams.

1. An (oriented) link invariant is a map [ : D — R that is invariant under orientation
preserving diffeomorphisms f : R? — R? and the Reidemeister moves RM1, RM2, RM3.

2. An (oriented) ribbon invariant is a map [ : D — R that is invariant under orientation
preserving diffeomorphisms f : R? — R? and the Reidemeister moves RM1’, RM2, RMS3.
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An obvious but not very useful invariant of a link or ribbon is the number of connected com-
ponents. It is indeed easy to read off from a diagram, but does not distinguish enough links to
be useful. Two famous and important link invariants that can distinguish many links are the
HOMFLY polynomial and the Jones-Kauffman polynomial of a link. For more background on
these link invariants and the proofs of the following theorems see [Ka] and [Mn].

Theorem 4.1.7: There is a unique invariant of oriented links with values in Z[z, 27, y,y™'],
the HOMFLY polynomial H, that satisfies the following conditions:

(i) It takes the value 1 on the unknot: H(O) = 1.

(ii) If the diagrams of oriented links L, L’ € R? are related by the three Reidemeister moves
RM1-RM3 and orientation preserving diffeomorphisms f : R* — R?, then H(L) = H(L').

(iii) If the diagrams of the oriented links L, L_, Ly are skein related, i. e. locally related by

/ \ / \ / \

4 \ / \ / \
/ \ \ / / \ / \
! ! ! |
| I | I | I
\ ! \ ! \ !
\ / \ / \ /
\ / \ / \ /

L, L_ Ly
while the rest of their diagrams coincide, then

- H(Ly)—a - H(L_) = y- H(Ly). (41)

Proof:
That the HOMFLY polynomial is determined uniquely by these conditions follows because every

link can be transformed into an unknot by applying the skein relation and the Reidemeister
moves RM1-RM3.

To show that the HOMFLY polynomial exists, it is sufficient to prove that the skein relation
is compatible with the Reidemeister relations RM1-RM3. This follows by applying the skein
relation to the diagrams on the left and right in the Reidemeister relations RM2 and RM3 and
show that this does not give rise to any contradictions (Exercise). O

Another important link invariant is the Jones-Kauffman invariant. It is obtained from an in-
variant of framed links by rescaling it with the writhe, which describes how often each connected
component of the framed link twists around itself.

Definition 4.1.8: The writhe w(K) of a framed knot K is the sum over all crossing points
p in the knot diagram for K over the signs of the crossing

W)= 3 sen(p).

peKNK

where K is given an arbitrary orientation and the sign sgn(p) of a crossing point p is
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lower strand crosses from right to left lower strand crosses from left to right
sgn(p) = 1 sgn(p) = —1

The writhe of a link is the sum of the writhes of its connected components.

Note that in the definition of the writhe, only the crossings of each connected component of
the link with itself are taken into account, but not crossings involving two different connected
components. This implies that the writhe does not depend on the orientation of a framed link.
Reversing the orientation of a connected component K C L reverses the orientation of both
strands in each crossing point and hence does not change the sign of the crossing.

It also follows directly from the definition that the writhe is invariant under the Reidemeister
moves RM2 and RM3, since the Reidemeister move RM2 for one connected component of a
link creates two additional crossings with opposite signs and the Reidemeister move RM3 does
not change the number or signs of crossings.

It is also invariant under the Reidemeister move RM1’, which creates or removes two crossings
with opposite signs, but not under the Reidemeister move RM1.The latter creates or removes a
crossing point with sign 1 or -1 and hence changes the writhe by 4+1. It follows that the writhe
is an nvartant of framed links, but not a link invariant.

Theorem 4.1.9:

1. There is a unique invariant P of framed links with values in Z[z,27 ' a,a™ '], the
Kauffman polynomial K, that satisfies the following conditions:
(i) It takes the value 1 on the unknot: K(O) = 1.

(ii) If the diagrams of two links L, I’ € R? are related by the Reidemeister moves RM2,
RMS3 and orientation preserving diffeomorphisms f : R? — R?, then K(L) = K(L').

(iii) If the diagrams of links L., Lo, L__ are locally related by

while the rest of their diagrams coincide, then
a ' K(Lyy)=K(Ly) =a-K(L__).

(iv) If the diagrams of the links L, L_, Ly, Lo, are locally related by
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, \\ // \\ // \\ // \\
’ \ / \ / \ 4 \
I \ ! \ ! \ ! \
I | ! \ ! 1 ! |
! I ! I ! I ! I
\ / \ / \ / \ /
\ / \ / \ / \ /
\\ , \\ ; \\ ; \\/\ ,
L, L_ Ly L
while the rest of their diagrams coincide, then

KL )+ K(L.)=2 -K(Ly) + 2z K(Ls).

2. The rescaled Kauffman polynomial P given by P(L) = a *" K (L), where w(L) is
the writhe of L, is a link invariant.

Proof:

It is clear that the Kauffman polynomial and the rescaled Kauffman polynomial are determined
uniquely by conditions (i)-(iv), since any link L can be transformed into an unknot by removing
twists as in (iii) and transforming overcrossings into undercrossings and vice versa as in (iv).

To show that the Kauffman polynomial and the rescaled Kauffman polynomial are well-defined
and invariants of framed links, it is sufficient to show that the relations in (iii) and in (iv)
are compatible with the Reidemeister relations RM1’, RM2 and RM3. For the Reidemeister
relation RM1’, this follows directly from (iii). For the Reidemeister relations RM2 and RM3,
it follows by applying the relations in (iii) and (iv) to the diagrams on the left and right in the
Reidemeister relations RM2 and RM3 and to show that the resulting polynomials are indeed
equal. (Exercise). That the rescaled Kauffman polynomial is a link invariant follows directly
from its definition and from condition (iii). O

Many other famous link invariants can be viewed as special cases or rescalings of the HOMFLY
polynomial or the rescaled Kauffman polynomial. Examples are the following:

Definition 4.1.10:
1. The Alexander polynomial of an oriented link L is the polynomial in Z[t] given by
A(L)(t) = H(L)(1, /% —t71/%)
2. The Jones polynomial of an oriented link L is the polynomial in Z[tl/ 2 =V 2] given by
JL)(t) = HL) (Lt — 7Y% = —K(L) (=t~ Y4 — M4 73/%)

3. The Jones-Conway polynomial of an oriented link is the polynomial in Z[q, ¢~'] given
by C(O) = (¢" —q")/(q — q~') for the unknot and the skein relation

¢"C(L+) —q"C(L-) = (¢ — ¢ )C(Lo),
where L, L_, Ly are as in Theorem and n € N, n > 1.
These are less powerful link invariants than the HOMFLY and the rescaled Kauffman poly-
nomial. Even the HOMFLY and the Kauffman polynomial are not perfect, as there are non-
equivalent knots with the same HOMFLY and Kauffman polynomial. However, the goal is not

to construct a perfect link invariant, but to construct managable link invariants systematically.
This can be achieved by considering a suitable rigid monoidal category

61



4.2 Link and ribbon invariants via the tangle and ribbon category

It is clear that (framed) links are closely connected to the diagrammatic calculus for ribbon cat-
egories. The over- and undercrossings resemble the diagrammatic representation of the braiding
in a monoidal category, the maxima and minima in a (framed) link diagram the diagrams for
the evaluation and coevaluation in a pivotal category. These can be viewed as the elementary
building blocks of a link diagram.

These elementary building blocks satisfy additional relations. The Reidemeister move RM2 in
Theorem corresponds to diagram for the inverse of the braiding morphism, Reide-
meister move RM 3 to diagram for the dodecagon identity and the modified Reidemeister
move RM1’ is the diagrammatic expression of the statement that a pivotal braided monoidal
category is ribbon from Lemma [3.3.2]

This suggests to describe (framed) links via a very basic ribbon category that only contains
the minimal number of objects and morphisms required. On the levels of objects that should
be a basic object, its dual and all finite tensor products of this object and its dual. On the
level of morphisms, these are evaluation and coevaluation morphisms for this basic object, a
braiding of the basic object with itself and its inverse as well as all possible tensor products
and composites of these morphisms.

Just as in the case of the braid category, it seems sensible to define this ribbon category as a strict
monoidal category and to present it in terms of generators and relations. This means that every
object can be expressed as a tensor product of certain generating objects and every morphism
as a composite of the generating morphisms via the composition and the tensor product. All
relations between morphisms are obtained via the composition of morphisms and the tensor
product from the generating relations and the monoidal structure. This can be formalised in a
similar way to group presentations - the only difference is that there are two compositions and
the morphisms need not be invertible and the procedure becomes quite technical. For details,
see for instance [Kal, XII.1].

To account for links and framed links, we introduce two such categories that differ only in one
relation. The tangle category 7 describes oriented link diagrams, and the category R of ribbon
tangles that plays an analogous role for ribbons.

Definition 4.2.1: The tangle category 7 is the strict monoidal category with finite se-
quences (€1, ..., €,) in Z/27 as objects, six generating morphisms U, U, N, N, X, X!

R A A T

U: N: (U N X X1
-+ =0 P->+®- +@-—=0 0-=-0+ +0+-=>++ 4+ +0+

and the following generating relations:

e 1. RM1: 2. RM2 3. RM3

62



e 4. Snake identities:

m N

e 5. Snaked braiding:

R M-8

e 6. Modified RM2:

{ J t N
U_| | Y
S {
J 1 [ U

The identity morphisms 1, : + — 4+ and 1_ : — — — are denoted

S

e The composition of morphisms is the vertical composition of diagrams, whenever the
sequences at the bottom of the top diagram and at the top of the bottom diagram match.

e The monoidal structure is given by the concatenation of finite sequences in Z /27 and the
horizontal composition of diagrams.

/

") in T is called an (m,n)-tangle.

A morphism f: (€1,...,€,) = (€], ..., €

The tangle category exhibits as relations the Reidemeister moves RM1 to RM3, as well as
the snake identities and other relations between diagrams that are related by diffeomorphisms.
In particular, each (0,0)-tangle is an oriented link diagram, up to Reidemeister moves and
diffeomorphisms of the diagram. This makes this category suitable for the description of oriented
link invariants. There is an analogous strict monoidal category for the description of oriented
ribbons. It has the same generators and relations, just that the Reidemeister move RM1 is
replaced by the Reidemeister move RM1".

Definition 4.2.2: The category R of ribbon tangles is the strict monoidal category with
finite sequences (€1, ..., €,) in Z/27Z as objects, the same generating morphisms and relations as
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in Definition [4.2.1] except that relation RM1 is replaced by

CJ
s s

RM1’ == (42)
d
A morphism f: (€1, ...,€,) = (€], ...,€,) in R is called an (m,n)-ribbon tangle.

As suggested by their names and the diagrammatic representation, the tangle category 7 and
the ribbon category R are indeed ribbon categories, with the evaluations and coevaluations
given by U,U;,N, N and the braidings constructed from the morphism X and its inverse.

Proposition 4.2.3: The categories 7 and R are strict ribbon categories.

Proof:

1. By definition, the categories 7 and R are strict monoidal categories. It also follows directly
from the snake identities that they are left and right rigid with (€1, ...,€,)* = *(€1,...,€,) =
(—€n, ..., —€1) and evaluation and coevaluation maps given as composites of the morphisms
N, U, N, U as indicated in this example:

R _ L R
coev(l .y = coevi_ . evil ,

\J

_ L
) = V()

[

The snake identities and the snaked braiding relations imply that they are pivotal with the
identity morphisms as the pivot.

2. We show that 7 and R are braided. For this, note that a braiding in 7 and R is defined
uniquely by its component morphisms c. . : (€,€') — (¢,¢) for €,¢ € {£} since every object
(€1, ..., €n) = €1®...Q¢€, is a multiple tensor product of the objects 4, and the braiding in a strict
monoidal category satisfies

Cey = Cue = lu cvevw = (cuw®1ly) o (ly®cy,w) cuvew = (Lv®cuw) o (cuy@1w)

for all objects U, V, W by the hexagon identity, see Remark [3.1.2] We define

u_}<t1 Q_F{fj
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R R

We verify that c;l, is indeed the inverse of ¢ . The identities cfrl 4O cf = lyg follow directly
from the defining relation RM2, and the identities ¢I'_ o c¢i_ = 1ig7 and ¢! oct!, =150,

follow from the modified RM2 relation. For the identity c_ _ o c:’1 =1_g_ we compute

and the identity c:,l_ oc__ =1_g_ follows analogously. This shows that c. . : e®e’ — € ®e for
¢,€ € {£} are isomorphisms.

Il

It remains to prove the naturality of the braiding. As the morphisms N, N, U, N and X+!
generate 7, R and the braidings for tensor products of objects are given as composites of the
braidings c. . for €,¢ € {£1}, it is sufficient to prove naturality for N, N, U, 0" and X. To
prove the naturality for N we note that the definition of c_ ; and the snake identity imply

This proves the naturality for N for a line that is oriented downwards and crosses under the
strands N. The corresponding identity for a line that is oriented upwards and crosses under the
strands of N follows in a similar way from the definition of c_ _ and c;l,, which imply

- - 04 )

The corresponding identities where the line crosses over the strands of N and the identities for
"', U and U’ follow analogously. This proves the naturality of the braiding with respect to the
morphisms N, U, N, . It remains to prove the naturality of the braiding with respect to the
morphism X. For a line that is oriented downwards and crosses over or under the strands of X
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this follows directly from the RM3 relation. For a line that is oriented upwards it follows from
the definition of c_ , the snake identity and the RMS3 relation:

%

[|&
[+~

3. That the category R is ribbon follows directly from the modified Reidemeister 1 relation
RM1 in ([42)), which is equivalent to the condition 6, = ¢, from Lemma [3.3.2 4. and hence
to 07 = 0_. By taking another dual one obtains 6, = 07" = 0. That the tangle category 7T is
ribbon as well follows directly, since the relation RM1 implies the relation RM1’. O

In fact, the category R is not just a ribbon category, but a minimal ribbon category in the same
way as the braid category B is a minimal braided monoidal category. It contains the minimum
amount of objects and morphisms that are required for a ribbon category, an object +, its
dual — and tensor products of these objects, the evaluations and coevaluations for + and the
braidings, as well as composites and tensor products of these morphisms. As a consequence,
the category R has a similar universality property for ribbon categories as the universality of
the braid category for braided monoidal categories from Proposition [3.1.8]

Proposition 4.2.4: (universality of the ribbon category)
Let C be aribbon category and V' € Ob C. Then there is a braided monoidal functor Fy : R — C,
unique up to natural isomorphisms composed of associators and unit constraints in C, with

Fo(+)=V Fy(=)=V" F(U)=evi: VoV e F/(U)=evj:VaV'—e

Proof:
We prove the claim for the case where C is a strict braided monoidal category and Fy : R — C
is a strict braided monoidal functor.

If Fyy : R — C is a strict braided monoidal functor with Fy(+) = V and Fy(—) = V*, then
one has Fy () = e and F(ey,....e,) = Fy(61)®...0Fy(e,) for all n € N and ey, ...,¢, € {£}
and hence Fy is determined uniquely on the objects by Fy(+) = V and Fy(—) = V*. By
assumption, one has Fy (U) = evil, F,(U) = evk. The snake identity then enforces Fy (N) =
coevlt, , Fy (M) = coev.

As Fy is braided, one has Fy/(X*') = Fy (¢} ) = ¢y, - VOV — V@V, and as the morphisms
U, N, U, ", X*! generate R, this defines Fy, uniquely on the morphisms.

To show that these assignments define a braided monoidal functor Fy : R — C, we need to
show that the morphisms Fy (U), Fy(N), Fy(U'), Fy (1) and Fy (X*!) satisfy analogues of the
defining relations from Definition [4.2.2]

e The Reidemeister relation RM1’ follows directly from the condition 6y = 6, in Lemma [3.3.2]
and the associated diagrams , and for the component morphisms of the twist 6
and its dual.

e The Reidemeister relations RM2 and RM3 follow directly from the fact that C is braided and
FV (X) =Cyy.
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e The snake identities for Fy (U), Fy (N), Fy(U') and Fy (M) follow from the fact that C is
pivotal and hence left and right rigid, see the corresponding diagrams after Example [2.1.3]

e The snaked braiding identities in Definition follow from the identities and (24),
applied to the braiding in C and the snake identities in C.

e The modified RM2 relations follow again from the identities and (24), applied to the

braiding, and the snake identities.

This shows that the assignments are compatible with the relations in 7 and define a monoidal
functor Fy, : R — C. This functor is braided, since it sends X to cyy. As the braiding in R is
determined uniquely by the morphism X, it follows that Fy is braided. O

The main motivation to consider braided monoidal functors F' : T — C or F': R — C is that
every monoidal functor F' : T — C or F' : R — C defines oriented link and ribbon invariants.
If we view oriented link or ribbon diagrams as (0, 0)-tangles or (0, 0)-ribbon tangles, then any
monoidal functor F' : T — C or F' : R — C into a monoidal category C assigns to a link or
ribbon diagram an endomorphism of the unit object in C. This assignment is invariant under
Reidemeister moves and certain diffeomorphisms of the plane encoded in the other relations of
R and 7 and hence depends only on the link or ribbon up to ambient isotopy.

Theorem 4.2.5: Let C be a monoidal category. Every monoidal functor F': 7 — C defines
an oriented link invariant and every monoidal functor F' : R — C an oriented ribbon invariant.

Sketch of Proof:

The oriented link or ribbon invariant is obtained by projecting a link or ribbon L to a link or
ribbon diagram D;. By applying orientation preserving diffeomorphisms f : R? — R2, one can
transform the projection to a diagram representing a (0, 0)-tangle in 7 or a (0, 0)-ribbon tangle
in R.

It remains to show that the relations in 7 and R ensure that the resulting morphisms in 7 or
R do not depend on the projection and agree for all oriented links or ribbons that are ambient
isotopic. For diagrams related by Reidemeister moves, this follows directly from the Reide-
meister relations in 7 and R. For diagrams related by orientation preserving diffeomorphisms
f: R? — R? this is more difficult to show. For a proof, see [Ka, Chapters X.5 and XII| and
[T, Chapters 1.2-1.4] and the references therein.

Applying the functor F to this (0, 0)-tangle or ribbon tangle yields an morphism F(D) : e — e
that depends only on the ambient isotopy class of the link or the ribbon. O

Corollary 4.2.6: Every object in a ribbon category C, together with a choice of left and right
evaluation, defines an oriented ribbon invariant.

In particular, Corollary [6.4.15] can be applied to symmetric pivotal categories such as the cat-
egories Vectf;d or F[G]—Modf for a group G, which are ribbon categories by Example .
However, the resulting ribbon invariants are not very interesting, because they cannot distin-
guish ribbons that are obtained from each other by changing overcrossings into undercrossings
or vice versa. By exchanging over- and undercrossings and applying the three Reidemeister
moves, one can transform any ribbon into a disjoint union of unknots, possibly with a number
of twists. As pairs of twists on one connected component cancel, the resulting ribbon invariants
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can at most measure the number of connected components of the ribbon and determine if the
writhe of each connected component is odd or even.

Example 4.2.7: The following defines a braided monoidal functor F : T — Vectf;d

e [(+) =V for some finite-dimensional vector space V over F and F(—) = V*,
FU) = VRV = F, F(N) = coevit : F — VaV*,

o F(U)=evl : V@V* = TF, F(N') = coevk : F — V*®V.
F(

X)=F X H=7:VaV = VeV, v@uw — wRu.

The associated ribbon invariant is a link invariant and assigns to a link with n connected
components the number (dimg V')".

To obtain more interesting link or ribbon invariants, one needs to consider non-symmetric
ribbon categories, which we will construct systematically in the following sections. Another
option is to consider objects with additional structures in monoidal categories that give rise to
monoidal functors as in Theorem [£.2.5]

This is similar to the relation between Proposition [3.1.8] which states that every object in a
strict braided monoidal category C defines a braided monoidal functor F' : B — C, and Corollary
3.1.11} which states that any Yang-Baxter operator in a monoidal category C defines a monoidal
functor F' : B — C. Clearly, if C is braided, any object in C has a canonical Yang-Baxter operator
structure, but this is not required to construct a monoidal functor F : B — C.

Similarly, by Proposition [4.2.4] every object in a ribbon category C defines a monoidal functor
F : R — C as in Theorem but we may also consider objects with additional structure
in more general monoidal categories to construct such functors. One possibility to obtain such
functors is to consider braided vector spaces as in Definition |3.1.9| with additional structure.

Example 4.2.8: Suppose that ¢ € C* is not a root of unity and (Vo) the braided vector
space from Example [3.1.10[ with ordered basis (vy, ..., v,) and A = ¢~" and

q_”v]@w 1<
o: VeV — V@‘/, 'Ui®Uj — ql_n’Ui@Ui 7 :_]
¢ "0;Qu; + ¢ (g — ¢ Hu®u; i > .

Then there is a monoidal functor F': 7 — Vecty with FI(+) =V, F(—) = V* and

FX)=0:V@V =2 VeV
F(U) VIRV — IF, Oéj®1)i — (51']‘
F(U):VeV* = F, n@al — ¢ 26,

where (a!,...;a™) is the dual basis of V*. Tt satisfies the additional relation
"F(X) = ¢ "F(X™") = (¢ — ¢ Vidvey
and assigns to a link L the evaluation of its Jones-Conway polynomial from Definition |4.1.10;

F(L) =ev,~C(L).
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Proof:

1. To show that this defines a monoidal functor F' : T — Vecty, we verify that the images of the
morphisms U, N, ', and X*! under F satisfy analogues of the relations in Definition [4.2.1]
By Example (V, o) is a braided vector space, and this implies that relations RM2 and
RM3 are satisfied. The snake relations fix the images of the morphisms N, N’ as

F(N):F = VeV 1= X y0a" F():F—= VeV, 1~ X ¢ "a'Qu;

The analogues of the relations RM1, the snaked braiding relations and the modified RM2
relations follow by direct, but lengthy computations. This shows that we obtain a functor
F T — Vectg.

2. The relation ¢"F(X)—q¢ "F(X 1) = (¢—¢ !)idy gy follows by a direct computation from the
definition of o. Up to exchanging ¢ — ¢!, this is precisely the relation for the Jones-Conway
polynomial from Definition We also obtain the expression from Definition for the
value on the unknot

n —n

F(O) = F(U)F(R) = FU)F(r) = Siyg 02 = gy gr = T4 0
qa—q
Thus, the evaluation of F yields the evaluation of the Jones-Conway polynomial in ¢~!. O

This example illustrates the power and usefulness of the diagrammatic calculus for ribbon
categories and shows that it has nice applications in geometry and topology. However, one
might wonder about the origin of the map ¢ : V®V — V&V in Example and, more
generally, how to construct braided vector spaces or ribbon categories systematically. We will
develop methods to do this in the following sections, where we construct ribbon categories as
representation categories of certain algebras with additional structure.

4.3 Topological quantum field theories

The concept of a topological quantum field theory was developed by Atiyah in [At], originally to
describe quantum field theories on manifolds. The basic idea is to assign to each oriented closed
(n — 1)-manifold S a vector space Z(.S). To the manifold S with the opposite orientation, one
assigns the dual vector space Z(.S)* and to each oriented, compact n-manifold M with boundary
OM = SIS alinear map Z(M) : Z(S) — Z(S'). This assignment is required to be compatible
with disjoint unions of manifolds and with gluing.

For this, one constructs a category C with (n — 1)-manifolds as objects and n-manifolds with
boundary as morphisms between them. Compatibility with gluing amounts to the statement
that Z : C — Vecty is a functor. The disjoint union of manifolds defines a tensor product in
the category C. The compatibility of Z with disjoint unions then states that the category C is
a symmetric monoidal category and Z : C — Vectyr a symmetric monoidal functor.

Definition 4.3.1: The cobordism category Cob,, ,_; with n € N is the symmetric monoidal
category given as follows:

e Objects of Cob,,,_; are oriented closed smooth (n — 1)-manifolds.

e Morphisms in Cob,, ,_; are equivalence classes of cobordisms:
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— A cobordism from a closed oriented smooth (n — 1)-manifold S to a closed
oriented smooth (n — 1)-manifold S’ is a pair (M, ¢) of a smooth compact oriented
n-manifold M with boundary M and an orientation preserving diffeomorphism
¢ : SIS — OM, where S is S with the reversed orientation and II the disjoint
union of manifolds.

— Two cobordisms (M, ¢), (M',¢') : S — S’ are called equivalent if there is an
orientation preserving diffeomorphism ¢ : M — M’ such that the following diagram

commutes
M v M
y V
SIS
e The identity morphism 15 is the equivalence class of the cobordism ([0, 1] x S, ¢5), where
¢s: SIS — {0,1} x S with ¢s(z) = (1,z) and ¢s(y) = (0,y) forall z € S, y € S.

e The composite of morphisms [(M, p)] : S — S" and [(N,0)] : " — S” is the equivalence
class of the cobordism (P, ), where P = M#g N is the n-manifold obtained by gluing
M and N along S’ with the gluing maps given by pls : S’ — OM and ol|g : S — ON.
The diffeomorphism 7 : ST1.S” — 9P is induced by p|g: S — M, o] : S” — N and the
canonical surjection 7 : M II N — P. The smooth structure on P is constructed with a
choice of collars around S/, but the the equivalence class of the resulting cobordism does
not depend on this choices.

e The tensor product of cobordisms is given by the disjoint union of manifolds and the
tensor unit is the empty manifold (), viewed as an oriented smooth (n — 1)-manifoldE].

Remark 4.3.2:

1. There are other versions of topological quantum field theories based on topological or
piecewise linear manifolds with boundary. For n < 3 the associated cobordism categories
are equivalent. For n > 4 the smooth framework is the most common and well-developed.

2. Orientation reversal defines a functor * : Cob,, ,—1 — Cobffn_l with ** = idcgp It
assigns to a smooth oriented (n — 1)-manifold S the manifold S with the opposite orien-
tation and to the equivalence class of a cobordism (M, ¢) : S — S’ the equivalence class
of the cobordism (M, ¢) : S" — S, where M is equipped with the opposite orientation.

Thus, the symmetric monoidal category Cob,,,_1 is pivotal.

n,n—1"

With the notion of the cobordism category it is simple to define a topological quantum field

theory. Although one usually considers topological quantum field theories with values in the
fd . . . .

category Vecty, the notion can be generalised to any symmetric monoidal category.

Definition 4.3.3: Let C be a symmetric monoidal category.

1. An oriented n-dimensional topological quantum field theory with values in C is a
symmetric monoidal functor Z : Cob,,,,—1 — C.

2. Two oriented topological n-dimensional quantum field theories Z, Z’' : Cob,,,,—1 — C are
called equivalent if there is a monoidal natural isomorphism ¢ : 7 — Z'.

INote that the empty set @) is by definition an n-dimensional smooth oriented manifold for all n € Ny.
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The goals in the investigation of topological quantum field theories are the construction of
interesting examples, the use of topological quantum field theories to gain information on
manifolds and the classification of topological quantum field theories.

For this we need describe the category Cob,, ,,_; as explicitly and concretely as possible, namely
to present it in terms of generators and relations, as for the tangle category and the ribbon
category. Such presentations are obtained with techniques from Morse theory. In principle, these
techniques allow one to obtain a presentation of Cob,, ,,_; for any n € N, but the description in
terms of generators and relations becomes more complicated with growing dimension.

We therefore focus on n = 1 and n = 2. For general background on Morse theory and Cobor-
disms, see for instance [H, Chapter 6,7], for a brief summary and the application to n = 1 and
n = 2, see [Kockl, Chapter 1].

Example 4.3.4: The cobordism category Cob,

The symmetric monoidal category Cob; o has

e as objects finiteb disjoint unions of oriented points, given by finite sequences in Z/27Z,
e as morphisms finite unions of oriented circles and of oriented lines such that the orienta-
tions of lines match the orientations of the objects.

This can be depicted by a diagram in the plane as follows:

O[\f\

- 4+ -+ — 4+

A morphism f: (+,4+,—,—, —, —,+) = (—,+, —,+,—,+) in Coby .

The category Coby o is generated by the the morphisms

N \J
[ [

Its defining relations are analogous to the defining relations of the tangle category with
the additional relation that the braiding coincides with its inverse.

Note that the relations in Coby o imply that any cobordism from () to () is a disjoint union of
circles. As Cob; o has the relations of the tangle category with a symmetric braiding, where
over- and undercrossings agree, any link is equal to a disjoint union of unknots. Due to the
naturality conditions, circles can be moved freely in the diagrams.
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Example 4.3.5: The cobordism category Cob,

e objects:
The cobordism category Coby; has as objects finite unions of oriented circles.

=D = = =

e generating morphisms:

The cobordism category Cobg; is generated by the following six morphisms. Each of them
arises in two versions with opposite orientation, and the orientation of the boundary circles is
induced by the orientations of the surfaces:

LS eel XK

trinion opposite trinion cap cup cylinder exchanging cylinder

e relations:
The generators are subject to the following defining relations:

a) identity relations

TR
Ag-o O
SR-60 % BE

These relations state that the identity morphism on a finite union of oriented circles is the finite
union of cylinders over these circles.

b) associativity and unitality

Y- ero
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c¢) coassociativity and counitality

ﬁi@ Oy T

) Frobenius relation

é@g%

e) commutativity and cocommutativity

%fj -1

) relations for the exchanging cylinder

%ZE sl

W B
ol i)

The first four relations state that the exchanging cylinder is natural with respect to cap, cup
and trinions. The last two are a symmetric version of the Reidemeister relations RM2 and RM3.

We will now use the presentation of the cobordism category Coby; to classify topological
quantum field theories Z : Coby; — Vecty. Note that as monoidal functors TQFTs send
duals to duals by Exercise [14]and .duals are unique up to unique isomorphisms by Proposition
. Thus any TQFT Z : Coby; — Vect]{;d is determined on the objects by the image of

73



the oriented circle V' := Z(O.), and its value on the circke with the opposite orientation is
given by the dual Z(O_) = V*. On the morphisms it is determined by the images of cup, cap,
and the trinions. The condition that Z is monoidal implies that the empty manifold is sent to
the field I, the tensor unit. The condition that Z is a functor implies that the cylinders are
sent to identity morphisms, and the condition that Z is symmetric monoidal implies that the
exchanging cylinder is sent to the flip map 7 : V@V — V@V, v@v' — v'Qwv.

The image of the cup and cap define linear maps e = F(U) : V — Fandn = F(N) : V — F. The
images of the trinions define linear maps m : V@V — V and A : V — V®V. The associativity
and unitality relation state that (V,m,n) is an algebra over F, and the commutativity relation
states that it is commutative. The linear maps A : V — V®V and € : V — F define additional
structure on this algebra. It turns out that this additional structure is that of a Frobenius
algebra. The concept of a Frobenius algebra can be defined in two equivalent ways.

Definition 4.3.6: A Frobenius algebra over [ is an algebra A over F together with a linear
map K : ARA — F, a®b — k(a®b), the Frobenius form, such that
L. k((a-b)®c) = k(ax(b-c)) for all a,b,c € A,

2. k is non-degenerate: the map ¢, : A — A* b— k(—®b) is a linear isomorphism.
It is called symmetric if k(a®b) = k(b®a) for all a,b € A.

A morphism of Frobenius algebras [ : (A,x) — (A,x) is an algebra homomorphism
f:A— A with k' (f(a)®f(b)) = k(a®D) for all a,b € A.

Definition 4.3.7: A (A, ¢)-Frobenius algebra over F is an algebra A over F together with
linear maps A: A — A®A and € : A — F such that the following conditions are satisfied:

1. coassociativity and counitality:

(A®id) o A = (id®A) o A and [4 o (e®id) 0o A =id =74 o (Id®e) 0 A,
2. A is a morphism of A®A°?-modules:

A(ab) = (a®1) - A(b) = A(a) - (1®D) for all a,b € A.

A morphism of (A, ¢)-Frobenius algebras f : (A, A)e) — (A, A’,¢) is an algebra homo-
morphism f: A — A’ with (f@f)ocA=A"ofand € o f=¢.

To see that these two definitions are indeed equivalent, one needs to construct the linear maps
A: A — ARA and € : A — F from the algebra structure and the Frobenius form and to

construct a Frobenius form from the data of a (A, e)-Frobenius algebra. This is left as an
exercise (Exercise .

Lemma 4.3.8: Every Frobenius algebra has a canonical (A, €)-Frobenius algebra structure,
and every (A, €)-Frobenius algebra a canonical Frobenius algebra structure.

Remark 4.3.9:

1. Every Frobenius form satisfies k(a®b) = k(ab®1) = r(1®ab) and hence is given by a
linear form A : A — F with x(a®b) = A(a - b) for all a,b € A.

2. Every commutative Frobenius algebra is symmetric: if A is commutative, then 1. implies
k(a®b) = k(b®a) for all a,b € A.
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3. Every Frobenius algebra is finite-dimensional, since the non-degeneracy condition implies
A* = A and hence dimp A < 00.

Example 4.3.10:

1. Any invertible matrix A € Mat(n x n,F) defines a Frobenius form x4 on Mat(n x n,F)
4 Mat(n x n,F) ® Mat(n x n,F) = F, M®QN — Tr(M-N - A).
It is symmetric if and only if A = A1,, for some \ € F.

2. Let G be a finite group. Then & : F|G|®QF[G] — F, k(g®h) = d.(g- h) is a Frobenius form
on F[G] and &' : Fun(G,F)®@Fun(G,F) — F, &'(f®h) = X,eqf(9)h(g) is a Frobenius
form on Fun(G,F). Both Frobenius algebras are symmetric.

3. If (A, k) is a Frobenius algebra and a € A is invertible, then
Kot ARA = F,  b®c — k(b®ca) ko AQA = F,  bRc— k(ab®c)

are Frobenius forms on A as well. One says they are obtained by twisting with a.

4. The tensor product A®B of two Frobenius algebras (A,k4) and (B, kp) over F has a
natural Frobenius algebra structure with the Frobenius form

k: (AB)®(A®B) = F, (a®b)®(d'®) — ka(a®ad")kp(bRD').

Given the concept of a Frobenius algebra and some relevant examples, we can now classify
TQFTs Z : Cobgy — Vecty. For this, note that the images of the cap and one trinion define a
commutative algebra structure on the image of the circle. The image of the cap and the other
trinion have to satisfy the coassociativity and counitality condition (c¢) in Example , which
coincides with the first condition in Example Finally, the Frobenius condition condition
(d) in Example is precisely the second condition in Definition [4.3.7]

Theorem 4.3.11: Equivalence classes of 2-dimensional oriented topological quantum field
theories Z : Coby; — Vect]{;d are in bijection with isomorphism classes of commutative Frobe-
nius algebras over F.

Proof:

A monoidal functor Z : Coby; — Vectf;d is determined uniquely (up to rebracketing and left

and right unit constraints) by its value on the positively oriented circle and on the six generating

morphisms. If Z assigns to the positively oriented circle a vector space Z(0O) = V, then it assigns

to the circle with the opposite orientation the dual vector space Z(O) = V*, to an n-fold union

of circles the vector space Z(O11...110) = V®...®V and to the empty set the underlying field
= . This implies that Z associates to the six generating morphisms linear maps

7 A o oo 0 %

m: VeV -V A VoVV n:F-V e VoSF idp: V=V 7:VV=2VeV

where we took already into account the identity relations for cylinders and suppose that all
circles match the oprientation of the cobordism. In order to define a functor Z : Coby; — Vectl?
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the linear maps m, n, A, €, 7 must satisfy certain relations that correspond to the defining
relations of Cobg .

(b) associativity and unitality: they state that (V,m,n) is an algebra:

m o (m®id) = m o (idem) mo (n®idy) = idy = mo (idy®n).

(c) coassociativity and counitality:
coincide with the coassociativity and counitality condition from Definition [4.3.7

(A®id) o A = (id®A) o A ly o (e®idy) o A =idy = ry o (idy®e) o A.

(d) Frobenius relation: coincide with condition that A is A®A°-linear from Definition [4.3.7]
(idy®@m) o (A®idy) = Aom = (mRidy) o (idyRA)

Together (b), (c), (d) state that (V,m,n, A, €) is a (A, €)-Frobenius algebra and hence a Frobe-
nius algebra by Lemma 4.3.8|

(f) relations for the exchanging cylinder: The last two relations state that the linear map
7:V®V — V®V is an involution and defines a functor § — Vectf;d. The remaining ones are

7o (n®idy) = idy @, (m®id) o (idy®T) o (T®idy) = 7 o (idy®@m),
(idy®e) o 7 = e®idy (T®idy) o (idy®7) 0 A = (idy®A) o 7.

We conclude that 7 is the flip map 7 : VRV — VRV, v@v — v'®v.

(e) commutativity and cocommutativity relations: They state that the (A, ¢)-Frobenius
algebra (V,m,n, A, €) is commutative and cocommutative:

moT=m ToA = A.

One can show that a (A, €)-Frobenius algebra is commutative and cocommutative if and only if
the associated Frobenius algebra is commutative. This shows that oriented topological quantum
field theories Z : Coby; — Vecty correspond to commutative Frobenius algebras.

Due to the conditions in Definition [1.1.11], 2. a monoidal natural isomorphism ¢ : Z — Z’
between two topological quantum field theories Z and Z’ is specified uniquely by the linear map
oV =2Z(0) = Z'(O) = V'. The naturality of ¢ implies that the map ¢ is an algebra and
coalgebra isomorphism, which is the case if and only if ¢ is an algebra isomorphism that pre-
serves the Frobenius form. Conversely, every algebra isomorphism ¢ : V = Z(0) — Z'(O) =V’
defines a monoidal natural isomorphism ¢ : Z — Z'. O
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5 Bialgebras and Hopf algebras

5.1 Bialgebras

In this section we focus on monoidal categories and rigid monoidal categories that arise from
representations of algebras over a field F. As already noted in Example [I.1.14] the category
F[G]—Mod of modules over a group algebra F[G| is a monoidal category with the tensor product,
tensor unit, associators and unit constraints from Vectr. By Example the full subcategory
F[G]—Modf 4 of finite-dimensional modules is a rigid monoidal category when equipped with
the left and right evaluations and coevaluations of Vect{;‘d.

These statements do not hold for the category A—Mod of modules over a general algebra A
over [F. In this case there is no canonical A-module structure on the field IF, the tensor product
of two A-modules over F does not inherit an A-module structure, and there is no canonical
A-module structure on the dual vector space V* of an A-module V.

We start by investigating which additional structure on A is needed to ensure that the category
A—Mod is a monoidal category when equipped with the the tensor product over F. Clearly,
this requires an A-module structure on the tensor unit F in Vecty and an A-module structure
on the tensor product over F of any two A-modules.

An A-module structure pp : A — Endp(FF) is given by an algebra homomorphism € : A — F with
pr(a)X = e(a)A. If we require A-module structures on all tensor products of A-modules over
F, we require in particular an A-module structure ps : A — Endp(A®A), where A is viewed
as an A-module over itself with the left multiplication. This defines an algebra homomorphism
A:A— ARA, a — p(a)(1®1). Given such an algebra homomorphism and two A-modules
V, W, we obtain an A-module structure pygow = (pv®pw) o A : A — Endp(VRW) on VW,

To ensure that A—Mod inherits the monoidal structure from Vecty, we need to impose that
the associativity isomorphisms ayyw : (URV)@W — U®(V@W) and the left and right unit
isomorphisms 7y : V®QF — V and Iy : FQV — V in Vecty are homomorphisms of A-modules.
This imposes additional conditions on the algebra homomorphisms e and A.

The A-module structures on the tensor products U®(V®@W) and on UR(V®W) are given by
pwaeview = ((pr®@py)@pw) o (A®id4) o A puevew) = ((pr@py)@pw) o (ida®A) o A.
From these expressions, it follows that the associator ay v, is an isomorphism of A-modules if

as a0 (ARidy) o A = (Id4®A) o A. (43)

By setting U = V. = W = A and applying the endomorphisms pagaea(a) to (101)®1
and pagaga)(a) to 1®(1®1), we find that this condition is not just sufficient, but necessary.
Similarly, the representations of A on V®F and F®QV are given by

pver = (py®pr) o A prav = (pr®py) o A,
and ry : VRF — V and [y : FQV — V. The condition
lao(e®idy) o A =ryo (ids®e) o A =idy. (44)

ensures that ry and [y are isomorphisms of A-modules. By setting V' = A and applying them
to the elements 1®1, one finds that these conditions are also necessary.
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A vector space A over F together with linear maps ¢ : A — F and A : A — A®A subject
to and is called a coalgebra. If we also require that the linear maps ¢ : A — F and
A:A— A®A are algebra homomorphisms, we obtain the concept of a bialgebra.

Definition 5.1.1:

1. A coalgebra over a field I is a triple (C, A, €) of an F-vector space C' and linear maps
A:C— C®C,e:C — F, the comultiplication and the counit, such that the following
diagrams commute

(CRC)oC 22 cgC FoC <% 0 -2 OoF
ac,c,c A
A e®id id®e
- CxC
CR(C®C0) 1-x— C®C < C ®
coassociativity counitality
A coalgebra (C,Ae) is called cocommutative if A” = 70 A = A, where

7:0RC — CRC, c®cd — d®c is the flip map.

2. A homomorphism of coalgebras or coalgebra map from (C, A¢, ec) to (D, Ap,€p)
is a linear map ¢ : C'— D for which the following diagrams commute

CoC <2 ¢ F<C_C
¢>®¢l j(b id l¢

Note that the comultiplication A is a structure on C', whereas the counit is a property. One
can show that for each pair (C;A) there is at most one linear map € : C' — T that satisfies the
counitality condition (Exercise [34).

Note also that the commuting diagrams in Definition |5.1.1| are obtained from the corresponding
diagrams for algebras and algebra homomorphisms in Definition by reversing all arrows
labelled by m or n and labelling them with A and e instead. In this sense, the concepts of an
algebra and a coalgebra are dual to each other, which motivates the name coalgebra.

Remark 5.1.2: For a coalgebra (C, A, €) we use the symbolic notation A(c) = 3 cqy®c(a),
which stands for a finite sum A(c) = X7, ¢;®c, with ¢;, ¢; € C. It is called Sweedler notation.

It is symbolic since the properties of the tensor product imply that the elements ¢(1) and c¢(o are
not defined uniquely. However, this ambiguity causes no problems as long as all maps composed
with A are F-linear. The coassociativity of A then implies for all ¢ € C

(A®id) o A(c) = Zycym)@cay@2)®cz) = X c1)@c@)1)@c@)z) = ([d®A) o A(c).
This allows us to renumber the factors in the tensor product as
2(0)c(1)DC2)DC(3) = X(e)C(1)(1)BC(1)(2)DC(2) = Li(e)C(1)DC(2)(1)DC(2)(2)

and similarly for higher composites of A.
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Example 5.1.3:

1. For any coalgebra (C, A, ¢€), the opposite comultiplication A? = 710 A : C — C®C
defines another coalgebra structure on C' with counit e. The coalgebra (C, A% ¢) is called
the opposite coalgebra and denoted C'“P.

2. For any pair of coalgebras (C,A¢,ec) and (D, Ap,ep) the vector space C®D has a
canonical coalgebra structure given by

Acgp = To3 © (Ac®Ap) : C®D — (CRD)R(C®D)  c®d — X(e),a) ¢(1)Dd(1)Rc2)@d(2)
€cop = €c®ep : CRD — F c®d — ec(c)ep(d),

with 73 @ CRCRDRXID — CRIDICRID, cRdRdRd — cdd®d. This coalgebra
structure on C'®D is called the tensor product of the coalgebras C', D.

3. If (A,m,-) is a finite-dimensional algebra over F, then the dual vector space A* has a
coalgebra structure (A*, m*,n*), where m* : A* —» (A®A)* = A*®A* and n* : A* - F
are the duals of the multiplication and unit map given by

m*(«a)(a®b) = aab) n(a) =a(l) VYae A% a,be A.

If A is infinite-dimensional, then the dual of the multiplication is a linear map
m* : A* — (A®A)*. However, in this case we can have A*®A* C (A®A)*, and then m*
does not define a coalgebra structure on A*. However, we obtain a coalgebra structure
on the finite dual A° = {a € A*|m*(a) € A*®A*} (Exercise).

4. The dual statement of 3. holds also in the infinite-dimensional case. If (C,A,€) is a
coalgebra over F, then the (C*, A*|c+gc+, €°) is an algebra over F.

5. We consider the algebra Mat(n x n, F) with the basis given by the elementary matrices E;;
that have the entry 1 in the ith row and jth column and zero elsewhere. The dual basis
of Mat(n x n,[F)* is given by the matrix elements M,; : Mat(n x n,F) — F, M — m;;.
The comultiplication and counit of Mat(n x n,F)* are given by

A(MIJ) = Zz:lMik@)Mkj G(Mij) = 51]

6. By Definition every (A, €)-Frobenius algebra and hence by Lemma every Frobe-
nius algebra over I is a coalgebra over F.

As we can view a coalgebra as the dual of an algebra, we can also introduce subcoalgebras
and left, right and two-sided coideals by dualising the concepts of subalgebras, left, right and
two-sided ideals. In particular, we can take the quotient of a coalgebra by a two-sided coideal
and obtain another coalgebra.

Definition 5.1.4: Let (C, A, €) be a coalgebra.

1. A subcoalgebra of C is a linear subspace I C C with A(I) C I®I.

2. A left coideal in C is a linear subspace I C C' with A(I) C C®I, a right coideal is a
linear subspace I C C' with A(/) C I®C and a coideal is a linear subspace I C C' with
A(I) C I®C + C®I and ¢(I) = 0.
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Proposition 5.1.5: If C is a coalgebra and I C C a coideal, then the quotient space C/I
inherits a canonical coalgebra structure with the following characteristic property:

The canonical surjection 7 : C'— C/I is a coalgebra map. For any coalgebra map ¢ : C' — D
with ker(¢) C I there is a unique coalgebra map ¢ : C'/I — D with ¢ o = ¢.

Proof:

As I C C'is a coideal, the map A" : C/I — C/IRC/I, c + I — (m@7)A(c) is well defined and
satisfies A’ o m = (7®m) o A. Its coassociativity follows directly from the coassociativity of A
and the surjectivity of 7

(A'®id) o A’ o = (A’'®id) o (7®@7) 0 A = (7@7®7) o (A®id) o A
= (r@7@m) o (Id®A) 0 A = (Id®A") o (7@7) 0 A = (Id®A") 0 A’ o 7.

As I is a coideal, we have I C ker(e) by definition and obtain a linear map ¢ : C/I — F with
¢ o = e. The counitality of € then follows from the counitality of € and the surjectivity of 7:

(€®id) o Ao = (€®id) o (7@7) 0 A = (1d®7) o (e®id) 0 A = 17
(Id®e) o A" o = (Id®e') o (r@7) 0 A = (1d®@7) o (id®e) 0 A = 1p®.

The canonical surjection is a coalgebra map by definition of the coalgebra structure on C/I.
The rest of the characteristic property follows directly from the characteristic property of the
quotient spaces and the definition of the coalgebra structure. O

In a similar manner, we can dualise the concept of a module over an algebra to obtain the notion
of a comodule over a coalgebra. One also can define subcomodules, quotients of comodules by
subcomodules and related structures. All of them are obtained by taking the defining commuting
diagrams for modules over algebras and reversing all arrows labelled by m, n and >.

Definition 5.1.6: Let (C, A, ¢) be a coalgebra over F.

1. A left comodule over C is a pair (V,d) of a vector space V over F and a linear map
0 :V — C®V such that the following diagrams commute

CR(CV) L2 orY V-8 Ry
aC,C,V 5
8 e®id
)

A@id V C®V

(CRC)QV CRV

2. A homomorphism of left comodules or an C-colinear map from (V,dy) to (W, dw)
is an F-linear map ¢ : V' — W for which the following diagram commutes

oV _vy

o

Cow 2w,

Analogously, one defines right comodules over C' as left comodules over C°? and (C,C)-
bicomodules as left comodules over C®C“P.
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One often uses a variant of Sweedler notation and denotes the map 0 : V' — V®C for a right
C-comodule V' by §(v) = X(,)v0)®v(1), which stands for as a finite sum over elements of C®V.
By definition of a right comodule, one then has

(6®ide)0d (v) =X (1) v(0)(0) BV(0)(1)BV(1) =1 () V(0) BV(1)BV(2) 1= L) V(0) ®V(1)(1)@V(1)(2) = (Id@A) 05 (v).

Analogously, for a left C-comodule V' with 6 : V' — C®V one writes 0(v) = X)v1)®v () and

(ide@d)0d (v) =X v(1) BV (0) (1) @V(0)(0) = L) V(2 BV1) EV(0) 7= (@) V(1) (1) BV(1)(2) @0(0) = (ARiId)0d (v).

Example 5.1.7:

1. Every coalgebra (C, A, €) is a left and right comodule over itself with the comultiplication
0=A:C — C®C. This gives C' the structure of a (C, C')-bicomodule.

2. If V is a left comodule over a coalgebra (C, A, €) with 6 : V = CQV, v = X,)v1)@v(0),
then it is a right module over the algebra (C*, A*|cxge, €*) with < @ VRC* — V,
v = Npya(vy) ve). However, not every right module over (C*, A*, €*) arises from a
comodule over C, if C' is infinite-dimensional. The modules that arise in this way are
called rational modules.

3. If (C,A¢€) is a coalgebra and I C C' a linear subspace, then the comultiplication of C'
induces a left (right) comodule structure on the quotient C'/I if and only if I is a left
(right) coideal in C' (Exercise [34)).

The statements in Proposition[5.1.5 and in Example[5.1.7], 3. justify the definition of left coideal,
right coideal and coideal in Definition [5.1.4] which seem slightly odd at first sight. They are
defined in such a way that quotients of coalgebras by coideals have properties analogous to
quotients of algebras by ideals: quotients of (co)algebras by (co)ideals yield (co)algebras, and
quotients by left or right (co)ideals yield left or right (co)modules.

If we require that a coalgebra over [F also has an algebra structure and that its comultiplication
and counit are algebra homomorphisms, we obtain the notion of a bialgebra. Note that the
condition that comultiplication and the counit are algebra homomorphisms is equivalent to
imposing that the multiplication and unit are coalgebra homomorphisms. Hence, the coalgebra
structure and the algebra structure enter the definition of a bialgebra on an equal footing.

Definition 5.1.8:

1. A bialgebra over a field F is a pentuple (B, m,n, A, €) such that (B, m,n) is an algebra
over F, (B,A,€) is a coalgebra over F and A : B — B®B and € : B — F are algebra
homomorphisms.

2. A bialgebra homomorphism from (B, m,n,A ¢) to (B',m’,n',A’,€) is a linear map
¢ : B — B’ that is a homomorphism of algebras and a homomorphism of coalgebras:

m' o (pR¢) = pom pon=r1 Ao p = (pR¢p)o A €op=c¢
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Example 5.1.9:

1. For any bialgebra (B, m,n,A ¢€), reversing the multiplication or the comultiplication
yields another bialgebra structure on B. The three new bialgebras obtained in this
way are B? := (B, m n, A ¢€), B°? := (B,m,n, A’ ¢) and B?? := (B, m,n, A% ¢).

2. For any two bialgebras B,C' over F, the vector space B&C' becomes a bialgebra when
equipped with the tensor product algebra and coalgebra structures. This is called the
tensor product bialgebra and denoted BRC.

3. For any finite-dimensional bialgebra (B, m,n, A, €), the dual vector space has a canonical
bialgebra structure given by (B*, A* €*, m*,n*). If B is infinite-dimensional, the finite
dual B° = {b € B|m*(b) € B*®B*} is a bialgebra with the restriction of the maps
m*: B* — B*®QB*, n*: B* - F, A*: B*®B* — B* and ¢* : F — B* (Exercise).

4. A subbialgebra of a bialgebra B is a linear subspace U C B that is a subalgebra and a
subcoalgebra of B.

Theorem 5.1.10: Let (B,m,n, A, ¢€) be a bialgebra over F. Then B—Mod has the structure
of a monoidal category that makes the forgetful functor F': B—Mod — Vecty monoidal.

Proof:
We define the B-module structure on F and the B-module structure on the tensor product of
two A-modules V, W by

>r: BRF — F, b\ — €(b)A
Dyew : BR(VW) = VoW, ba(vew) — Xu)(bay >v v)@(bwe) B>w w).

The fact that A and e are algebra homomorphism ensures that these are indeed B-module
structures. We define the functor ® : B—Mod x B—Mod — B—Mod on the objects by
(V.>v)@(W,>w) = (VRW, >yew) and as the usual tensor product of F-linear maps on the
morphisms. A direct computation shows that for any two B-linear maps f : V — V' and
g: W — W' the map f®g: VW — V'QW’ is again B-linear:

bview (f@g)(v@w) = Sg)(bay >vr f(0)@(b) Bwr g(w))
= S (f(bay Bv 0)@(g(be) Bwr w)) = (f29)(b Bvew (vRW)).

As the identity map on any B-module and the composite of two B-linear maps are again
B-linear, this defines a functor ® : B—Mod x B—Mod — B—Mod.

The associator is given by its component morphisms ayyw : (UQV)QW — U(VRW),
(U)W — uR(v@w), the tensor unit by e = (F, >y) and the left and right unit constraints
by their component morphisms ly : FQV — V, A®@v — v and ry : VRF — V, v@\ — \v.

That the associator and the unit constraints are morphisms of B-modules follows from the
coassociativity and counitality of A and €, as shown at the beginning of this section. That they
satisfy the pentagon and triangle axiom follows from the pentagon and triangle axiom in Vectp.
This shows that B—Mod is a monoidal category.

That the forgetful functor F' : B—Mod — Vectr is monoidal follows directly from the definition
of the tensor product, the associator and the unit constraints in B—Mod. O
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5.2 Hopf algebras

We now investigate which additional properties a bialgebra needs so that the monoidal category
B—Mod’? of finite-dimensional B-modules becomes a right rigid, left rigid or rigid monoidal
category, when equipped with the coevaluations and evaluations in Vecty. The evaluation and
coevaluation maps for a finite-dimensional vector space V over F were introduced in Example
and are given by

coevir : F = VaV*, A AN v;®a evii . V'@V = F, a®v+— a(v)
coevi : F = V*®V, X AXL a'®uy; evi : VRV* = F, v®@a— a(v),
where (v1, ..., v,) is a basis of V and (o, ...,a") the dual basis of V*.

We thus require an B-module structure on the dual vector space V* of each finite-dimensional B-
module V', such that the right evaluation and coevaluation, the left evaluation and coevaluation
or all of them are homomorphisms of B-modules.

For this, note that the B-module structure on V' induces a B-right module structure on V*
that is given by a <<0 = ao (br> —) for all & € V* and b € B. To turn this into a B-left module
structure, we need an anti-algebra homomorphism S : B — B and then define

>: BV - V", b®ar— ao(S(b)>—).
The condition that the right evaluation and coevaluation are B-linear read in Sweedler notation

v (b > (a®v)) = a((E0)S (b)) - b)) > v) = e(b)a(v) = bi> evif(ao) (45)
br> coevii (1) = S ((Swybay - S(bey)) > v;)®@a’ = e(b)Sv;0a" = coevir (b > 1),

and the corresponding conditions for the left evaluation and coevaluation read

evir (b > (v®a)) = a((Sw)S(be))bay) &> v) = €(b)a(v) = b > evi(vRa) (46)
b > coevir(1) = X (' @(ZpybayS(bay)) > i) = €(b)S a'@v’ = coevi(b > 1),

where we used the identity X7, ¢(v;)®@a’ = S v;0¢* (o) for any linear map ¢ : V — V and
its dual ¢* : V* — V* «a — «a o ¢. They conditions for the right evaluation and coevaluation
are satisfied for all finite-dimensional B-modules V' if

mo (S®id)oA = noe = mo (Id®S)oA (47)
and the ones for the left evaluation and coevaluation if
mo(S®id)oA = noe= m”o(id®S)oA. (48)

If B is finite dimensional, we can set V = B, v = 1 in (45]) and and work with a basis of B
that contains the unit of B as the first basis element: v; = 1. In this case, it follows that
and are not only sufficient, but also necessary conditions.

We will see later that the conditions and are in general not equivalent, and that either
of them implies that S : B — B is an anti-algebra morphism. Imposing condition for the
right duals leads to the following definition.
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Definition 5.2.1: A bialgebra (H,m,n, A, ¢) is called a Hopf algebra if there is a linear
map S : H — H, called the antipode, with

mo (S®id) o A =mo (id®S)oc A=noe.
Remark 5.2.2:

1. In Sweedler notation, the axioms for a Hopf algebra read:

(a1 @aa)@®a@) = E@)an®@ae)®@ae)e)  Z@elam))ae) = Swanelae) = a
E(avy(ab) 1y®(ab) o) = (X ambny®a@be)  €(ab) = e(a)e(b
Z(a)S(a(l))a(g) = Z(a)a(l)S(a@)) = e(a) 1 Va, be H.

2. Asindicated by the wording of Definition [5.2.1], the existence of the antipode is a property

of a given bialgebra (H,m,n, A, €) and not a choice of structure. We will see in Corollary
that there is at most one antipode for a given bialgebra structure on H.

3. Although the antipode replaces the inverse for representations of a finite group, it does
not need to be an involution. In fact, it is not even guaranteed to be invertible. A Hopf
algebra with S? = id is called involutive. We will show in Theorem that for every
finite-dimensional Hopf algebra H the antipode is invertible.

The defining condition on the antipode in Definition is motivated from the representation
theoretical viewpoint by right rigidity of H—Mod/?. Nevertheless, it is possible to understand
it conceptually without representations. This is achieved with the convolution product of a
bialgebra H, which is defined more generally for a pair of an algebra A and a coalgebra C'.

Lemma 5.2.3: Let (A, m,n) be an algebra and (C, A, €) a coalgebra over F.

1. The convolution product defines an algebra structure on Homgp(C, A)
 : Homp(C, A)@Homp(C, A) - Homp(C, A), f®gr— fxg=mo(f®g)oA.

2. The convolution invertible elements in Homy(C, A) form a group with unit 7 o €.

Proof:
That * is F-linear follows from the F-linearity of A, m and the properties of the tensor product.
The associativity of x follows from the associativity of m and the coassociativity of A

(fxg)xh=mo ((f*g)®h)oA=mo(mRid)o (fRgRh) o (ARid) o A
— o (idsm) o (f©geh) o (i®A) o A = mo (fe(gx h) o A= 5 (g % h).

That noe:C — Ais a unit for * follows because 7 is the unit of A and e the counit of C'
(noe)xf=mo((noe)@f)oA=mo (ildef)o (n®id) o (e®id) o A =mo (14Qf) = f
fx(noe)=mo(fR(noe))oA=mo (f®id)o (iden)o (id®e) o A =mo (fR14) = f.

This shows that the vector space Homp(C, A) with the convolution product is an associative
algebra over F. The uniqueness of two-sided inverses and the statement that the elements with
a two-sided inverse form a group holds for any monoid. O
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If (B,m,n,A ¢) is a bialgebra, we can choose (C,A,¢) = (B, A ¢) and (A,m,n) = (B, m,n)
and consider the convolution product on Endp(B). It is then natural to ask if the element
idg € Endp(B) is convolution invertible. We find that this is the case if and only if B is a
Hopf algebra, and then the convolution inverse is the antipode of B. This gives an additional
motivation for Definition [5.2.1f and allows us to investigate the properties of the antipode.

Proposition 5.2.4: Let (B,m,n,A,¢e) and (B’,m',n/, A, ¢’) bialgebras over F.

1. The identity map idg : B — B is convolution invertible if and only if (B, m,n, A €) is a
Hopf algebra, and in this case the convolution inverse of idg is the antipode S': B — B.

2. If f € Homp(B, B) is a convolution invertible algebra homomorphism, then its convo-
lution inverse f~! : B — B is an anti-algebra homomorphism: m®o(f~'®f~1) = f~Lom.

3. If f € Homp (B, B) is a convolution invertible coalgebra homomorphism, then its convolu-
tion inverse f~! : B — B is an anti-coalgebra homomorphism: Ao f~! = (f~'@ f~1)o AP.

4. If ¢ + B — B’ is an algebra homomorphism, then Ly : Homgp(B, B) — Homg(B, B’),
f > ¢ o fis an algebra homomorphism with respect to the convolution products.

5. If ¢ : B — B’ is a coalgebra homomorphism, then R, : Homg(B’, B') — Homg(B, B’),
g — go is an algebra homomorphism with respect to the convolution products.

Proof:

1. By definition, the identity map idg is convolution invertible if and only if there is a linear
map f: B — B with fxidg =mo (f®idg)o A =noe=mo (idg®f)o A =idg * f. This is
the defining condition for the antipode in Definition [5.2.1]

2. For any algebra homomorphism f : B — B with convolution inverse f~! : B — B we have

fron=mo(fTlon@fon)=mo(fT'@f)oNon=(f"xflon=noeon=n,
where we used the identities m o (id®n) = id and f on = n for an algebra homomorphism f in
the first step, then the identity A on = n®n, the definition of the convolution product and the
identity € o = idy.

To show that m? o (f~'@f~!) = f~tom, we consider the convolution algebra Homp(B® B, B),
where B® B is equipped with the tensor product coalgebra structure from Example 2. We
show that f~! om and m® o (f~'®@f~!) are both convolution inverses of mo (f®f) = fom:
B®B — B. The uniqueness of the convolution inverse then implies m o (f ' f~!) = f~lom.

To show that both, f~*om and m? o (f~'®f~!), are convolution inverses of fom, we compute
(ffom)*x(fom)=mo(f lom®fom)oApgp=mo(f'®@f)oAom
—(f '+ flom=nocom =no(eve) = 0 epop,

and an analogous computation shows that (f om) * (f~'om) = noepgp.
To show the corresponding identity for m® o (f~'®f~') , we note that in Sweedler notation
we have (f * g)(b) = X)f(ba))9(b2)) and Apgp(b®c) = X)) b1)@c(1)@b2)@c(2). This yields
(m”o (f'@f™)) * (f o m)(b&c)

= Sy (m™ o (f7'@f 1)) (bay®cay) - (f o m)(by®cq >) =S f " ew) [T 0wy) - Fbece)

= Yy f (0(1)) f_l(b ) fby) - ( ) =SS Hew) - (FH+ F)B) - fle)
= e(0)Z(e [ (ey) - flew) = e@)(f* £)(c) = e(D)e(c)1p = n 0 epgp(bRc),

85



and a similar computation proves (fom) (f~tom) = (f*xm)o(m®o(fto f7!) =noepgys.

3. The proof for 3. is analogous to 2. One considers the convolution algebra Homp(B, BRB),
where B®B is the tensor product of the algebra B with itself from Example[A.5] 5. and proves
that Ao f~t and (f~'®f~1) o A% are convolution inverses of Ao f = (f®f)o A: B — BXB
(Exercise).

4. and 5. For any algebra homomorphism ¢ : B — B’, coalgebra homomorphism ¢ : B — B’
and linear maps f, g € Endp(B), h, k € Endg(B’) one has

¢o(fxg)=domo(f®g)oA=m'o(¢R¢)o (f®g)o A= (dof)x(dog)
(hxk)otp =m'o (h®k)o Aoty =m' o (h®k) o (Y@1)) o A= (hot) (ko).

As any algebra homomorphism ¢ : B — B’ satisfies Lg(noe€) = ¢onoe = n oe and
any coalgebra homomorphism ¢ : B — B’ satisfies Ry(n o €) = n o€ oy = n oe, we
estabished that L, : Endg(B) — Homp(B, B') and Ry : Endp(B’) — Hompg(B, B’) are algebra
homomorphisms. O

Corollary 5.2.5: (Properties of the antipode 1)

1. If a bialgebra (B, m,n, A, ¢€) is a Hopf algebra, then its antipode S : B — B is unique.

2. The antipode of a Hopf algebra is an anti-algebra and anti-coalgebra homomorphism
m? o (S®S)=Som Son=n AoS = (5®5)o0A%” €oS =ce

3. If (B,m,n,A,¢e,S)and (B',m',n/, A’ ¢, 5") are Hopf algebras, then any bialgebra homo-
morphism ¢ : B — B’ satisfies S'o¢ = ¢o S.

Proof:
1. The first claim follows from the uniqueness of the convolution inverse in Lemma 5.2.3| and
because the antipode is the convolution inverse of the identity map by Proposition [5.2.4] 1.

2. The second claim follows from Proposition [5.2.4) 2. and 3., since idy is an algebra and
coalgebra homomorphism.

3. The last claim follows directly from Proposition [5.2.4, 4. and 5. since for any bialgebra
homomorphism ¢ : B — B’, one has

(poS)x¢d = Ly(Sxidp) = Ly(noe) =n'oe=Ly(noe)=Ly(idg*S) = ¢p* (¢po9)
(5'0.0) % 6= Ry(S' # i) = Ry(1f 0 ) =1 o€ = Ryl o) = Ry(ids + &) = 6 (8 0 ).

This shows that both, S’ o ¢ and ¢ o S are convolution inverses of ¢ : B — B’ in Homp(B, B’).
The uniqueness of the convolution inverse then implies S’ o ¢ = ¢ o S. O

Before considering examples, it remains to clarify the dependence of our definitions on the
choices involved. Our definition of a Hopf algebra took as the defining condition for the an-
tipode equation , which ensures that the right evaluation and coevaluation maps are ho-
momorphisms of representations. Note that this is also the defining condition for the antipode
of the bialgebra B°P = (m° n, A% ¢), since equation is invariant under simultane-
ously replacing m and A by m and A°. In contrast, the corresponding condition for
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the left evaluation and coevaluation is the defining condition on the antipode of the bialgebras
B = (m°.,n,A,e) and B“P = (m,n, A% ).

It turns out that for a Hopf algebra with a bijective antipode S : H — H, switching the condi-
tions and amounts to replacing its antipode by its inverse. Imposing both conditions
amounts to the requirement that the antipode is an involution.

Lemma 5.2.6: (Properties of the antipode 2)

Let (H,m,n,A ¢, S) be a Hopf algebra.
1. If S is invertible, then m? o (S7'®id) 0o A = m o (id®S ') o A =noe.
2. S? = idy if and only if m? o (S®id) o A =noe=m? o (id®S) o A.
3. If H is commutative or cocommutative, then S? = idy.

Proof:
1. If S~': H — H is the inverse of the antipode S : H — H, one has

Som®o (S7'®id) o A =mo (S®S) o (S7'®id)o A =mo (id®S)o A=noe
Som o (idS ) oA =mo (S®S5) o (idS ') oA =mo (S®id)o A =noe.

As Sonoe=noe=S"1tonoe, applying S~! to both sides of these equations proves 1.

2.1f S = idy, then S = S~! and from 1. one obtains m o (S®id)oA = noe = m»o(id®S)oA.
To prove the other implication, one computes with the convolution product in Endr(H)

S5 =mo(S®5%) oA =Som?o (id®S)o A =mo (id®S)o A% 0o S (49)
S?2%x S =mo (S?®5) oA =Som?o (S®id) o A =mo (S®id)o A% o S.

If m° o (S®id) o A =noe=m o (id®S) o A, this implies S* S? = S?% S =Sonoe=noc
and by uniqueness of the convolution inverse S? = idg. Claim 3. also follows directly from (49)

since m® = m or A°? = A imply S * S? = S? x S =idy in and hence S? = idy. O

This corollary shows that for any Hopf algebra (H,m,n, A ¢, S), reversing the multiplication
and the comultiplication yields another Hopf algebra structure on H, namely the Hopf alge-
bra HPP = (H,m n, A% ¢, S). If S is invertible, then reversing the multiplication or the
comultiplication and taking the inverse of the antipode yields new Hopf algebra structures
H = (H,m,n,A,e,S™) and H*?P = (H,m,n, A% e, S™!) on H.

By combining this result with the investigation of the right and left evaluation and coevaluation
maps at the beginning of this subsection, one obtains sufficient conditions that ensure that the
representation category H—Mod/? of finite-dimensional modules over a bialgebra H is rigid.

Corollary 5.2.7: Let H be a Hopf algebra over F.

1. The monoidal categories H—Mod/?® and H°?<?—Mod/¢ are right rigid.

2. The monoidal categories H?—Mod/® and H?—Mod’? are left rigid.

3. If the antipode of H is bijective, then H—Mod”? is rigid.

4. If the antipode of H is an involution, then right and left duals in H—Mod’? coincide.
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Proof:

By Theorem the representation category H—Mod is a monoidal category, and so is
its full subcategory H—Mod/? of finite-dimensional H-modules. At the beginmng of this
subsection, we established that the right evaluation and coevaluation of Vect become
H-linear if H is equipped with a linear map S : H — H that satisfies and the left
evaluation and coevaluation become H-linear if S : H — H satisfies . The former is the
case for H and H"“P  the latter for H” and H°P. The last two claims then follow directly
from Lemma 1. and 2. O

With these results on the properties of the antipode, we can now consider our first examples,
which are rather trivial but structurally important, because they care used in many construc-
tions. More interesting and advanced examples will be considered in the next subsection.

Example 5.2.8:

1. For any two Hopf algebras H, K over F, the tensor product bialgebra H®K is a Hopf
algebra with antipode S = Syp®Sk. This is called the tensor product Hopf algebra
and denoted HR K.

2. For any finite-dimensional Hopf algebra (H,m,n,A ¢, S), the dual bialgebra
(H*,A* e*,;m*,n*) is a Hopf algebra with antipode S*. For any Hopf algebra
(H,m,n,A,¢,S), the finite dual (H°, A*|gogpo, €, m*|ge,n*|ge) from Example [5.1.9]
3. is a Hopf algebra with antipode S*|y. (Exercise).

3. A Hopf subalgebra of a Hopf algebra H is a subbialgebra U C H with S(U) C U.

Example 5.2.9: Let G be a group and F a field.

The group algebra F[G] is a cocommutative Hopf algebra with the algebra structure from
Example [A.10, comultiplication A : F|G| — F[G]®F[G], g — ¢g®g, counit € : F|G] = F, g — 1
and antipode S : F[G] — F[G], g — g~

Proof:

As the elements of F[G] are finite linear combinations Y,eq Agg with A\, € F, it is sufficient to
verify that the axioms hold for the basis elements. This follows by a direct computation

(A®id) 0 A(g) = A(g)®g = g®gRg = g®A(g) = (Id®A) o A(g)
(e®id) o A(g) = €(g9)®g = 1R®g (id®e) o A(g) = g®e(g) = g1
A(g - h) = (gh)®(gh) = (9®9) - (hah) = A(g) - A(h)
€lg-h)=1=1-1=¢(g) e€(h)
mo (S®id) o A(g) =m(g~'®g) = g 'g=1=1n(e(g)) = g9~ = m(g&g™") = mo (id®S) o A(g).
O

Example 5.2.10: Let G be a finite group and [ a field.
The dual vector space F[G]* is the vector space Map(G,F) of maps f : G — F with the
pointwise addition and scalar multiplication. In terms of the basis elements d, : G — F with
ds(9) = 1 and d04(h) = 0 for g # h, the dual Hopf algebra (Map(G,F), A*, e*,m*, n*, S*) is
A*<5g®6h) = 59 . 6h = 5g(h) 6h 6*()\) = )\deG(Sg
m*(8g) = Lnecdn@dp-1g 1" (dg) = dy(€) §'(dg) = 5"(0g) = 041
This Hopf algebra is commutative, and its algebra structure is given by the pointwise multipli-
cation of functions f : G — F.
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Proof:
This follows by a direct computation from the definition of the dual Hopf algebra structure.
We have for all g, h,u,v € G

A" (0g@0n) (1) = (5g@0,)(A(w)) = (6g@0) (u@u) = 8q(u)0n(u) = dg(h) oy (u)
€' (A)(u) = Ae(u) = A = EgeaAdy(u)

m*(8y) (u®v) = dg(u - v) = Sneaon(u)dg(hv) = Lnedn()dp-14(v)

" (0g) = dg(e€)

S*(89)(u) = 85(S(u)) = G4(u™") = §g-1(u).

This implies for all u € G and maps fi, fo : G = F

(f1- f2)(u) = A*([1®f2)(u) = Xy nec [1(9) f2(R) A" (6,®04) (1) = Ly nec f1(g) f2(h)dg(u)dn(u)
= fi(u) fou). O

5.3 Examples

In this section, we consider examples of Hopf algebras, which show that the concept goes
beyond group algebras and other familiar constructions. In particular, we construct parameter
dependent examples that are non-commutative and non-cocommutative and can be viewed
as deformations of other, more basic Hopf algebras. We start with two most basic examples,
namely the tensor algebra of a vector space (cf. Example and the universal enveloping
algebra of a Lie algebra (cf. Example .

Example 5.3.1: The tensor algebra T'(V) of a vector space V over F is a cocommutative
Hopf algebra over F with the algebra structure from Example and the comultiplication,
counit and antipode given by

An®...Qu,) = X7 _0Yseshpn—p) (Vo)® - - - DVs(p)) D (Vo (p+1)®@ - - - DVs(n))
€(v1®...®v,) =0 S(n®...Q0u,) = (—1)",®...Qu,
where Sh(p, q) is the set of (p, ¢)-shuffle permutations
o€ Spry with o(1)<o(2)<..<o(p)ando(p+1)<o(p+2)<..<olp+q),

and we set vy(1)® ... Vs = 1 for p =0 and vy(p41)® ... QVs(n) = 1 for p = n.

Proof:

By the universal property of the tensor algebra, see Example [A.6] the linear maps

AV STV)RTV), v l1leuv+vel  €:V-oTF v—=0 S: VSTV v —v

induce algebra homomorphisms A : T(V) - T'(V)QT(V), e : T(V) = F, S: T(V) — T (V)
with Aoy = A’, oy = € and S oy = 5. To show that A and e are coassociative and
counital and S is an antipode it is sufficient to prove that

(A®id) o Aoty = (Id®A) o Aoy (50)
lpvy o (e®id) o Aoy = 1y = rpy o (id®e) o Aoy
mo (S®id)o Aoy =noeoty =mo (id®S) o Aoy
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by the universal property of the tensor algebra. As A, e are algebra homomorphisms and S is
an anti-algebra homomorphism, they satisfy A(1p) = 1p®1p, €(1g) = 1 and S(1p) = 1p for the
unit 1y of T'(V'). The identities follow by a direct computation from the expressions for
A €S

The formulas for the comultiplication, counit and antipode follow by induction over n. If they
hold for all products of vectors in V' of length < n, then we have by definition of A, € and §

€(V1®...QU,11) = €(N1®...QVy,) - €(Vyy1) =0

S(1®...0Un41) = S(Vnt1)RS(11®...00,) = (—1)" 11 QU,®...Qv;
A(1®..Qup41) = A(1®...Qv,) - A(vp41)

= (Zp—oXoeshpn—p) (Vo()®--BVo()) @ (Vo (ps1)®---BVo(n)) * (Un1®1 + 1@Vp41)
= X0 Xeeshpn—p) (Vo(1)®---OVo(p) DVn41) O (Vs (p+1) ®--. BVg (n))

+ 20 Zoesh(pn—p) (Vo(1) @ @V (p) ) (Vo (p1) D @Vs () DVn 1)

- EZié Yoesh(pn+1-p) (Vo) @ BUs(p)) (Vo (p41)D-- Qs (n41)).

In the last step we used that every shuffle permutation ¢ € Sh(p,n — p) defines a shuffle
permutation ¢’ € Sh(p 4+ 1,7 — p) and a shuffle permutation ¢” € Sh(p,n + 1 — p)

; 1<i<
» 091 7-;f " o(i) 1<i<n
g = n 1= g =

b n+tl i=n+l

o(i—1) p+2<i<n+1
Conversely, for every shuffle permutation 7 € Sh(p,n + 1 — p), one has either m(p) = n + 1
or m(n + 1) = n + 1. In the first case, one has p > 0 and 7 = ¢’ for a shuffle permutation

o € Sh(p—1,n+ 1 —p) and in the second m = ¢” for a shuffle permutation o € Sh(p,n — p).
The cocommutativity of 7'(V') follows directly from the formula for A’ O

Example 5.3.2: The universal enveloping algebra U(g) of a Lie algebra g is a cocommutative
Hopf algebra with the algebra structure from Example and the comultiplication, counit and
antipode given by A(z) = z®1 + 1®z, €(z) = 0 and S(z) = —z for all z € g.

Proof:
The linear maps
A:g—=U(g)U(g), r—a2l+1@x  €€:g—>F 20 S :g—>U(@% z— —x

are Lie algebra homomorphisms, since one has for all x,y € g

[A'(2), A(y)] = A(z) - Al(y) = Al(y) - Al(z) = [z, y]®1 + 18[z,y] = A([2,y])
[€'(2), € (W)]) = €(x)€ (y) — € ()€ () = 0= €([x,9])
[5'(2), 8" (y)] = S"(y)S'(x) = S"(2)S"(y) =y -z —x -y = =[x, y] = ([, y]).
By the universal property of U(g), they induce algebra homomorphisms A : U(g) — U(g)®U(g)
e:U(g) > Fand S:U(g) = U(g)” with Aoy =A" eory =€ and So; =5". To prove the
coassociativity and counitality and that S is an antipode, it is sufficient to show that
(A®id) o Aoty = (Id®A) 0o Aoy, (51)
lug) © (e®id) 0 Aoy = 13 = Ty(g) 0 (Id®e) 0 A 0 14
mo (S®id) o Aoty =noeoiy =mo (id®S) o A oy,.
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The claim then follows from the universal property of U(g). The identities follow by a
direct computation that yields the same formulas as in the proof of Example That this
bialgebra is cocommutative follows from the fact that A o i3(2) = 1@z + 201 = A% o 14(x)
for all x € g. With the universal property of U(g), this implies A = A : U(g) — U(g)®@U(g). O

All examples of Hopf algebras treated so far are cocommutative, and hence their (finite) du-
als are commutative. To construct more interesting examples that are neither commutative
nor cocommutative, we consider certain polynomials in Z[q|, the so-called g-factorials and ¢-
binomials. Their name is due to the fact that they exhibit relations that resemble the relations
between factorials of natural numbers and binomial coefficients.

Definition 5.3.3: Let Z[g| the ring of polynomials with coefficients in Z and Z(q) the asso-
ciated fraction field of rational functions. We define:

e the g-natural (n),=1+q¢+..+¢" ' = E for all n € N,

e the g-factorial (0)!, = 1 and (n)!, = (n)y(n—1), - - (1), = L= ((z 11;,})"'(‘1*1) forn e N,

e the g-binomial or Gaufl polynomial (Z) = W for k,n € Ny with 0 < k£ < n.
q

Lemma 5.3.4:
1. The g-naturals, the ¢-factorials and the g-binomials are elements of Z|q].

2. For all k,n € Ny with 0 < k < n the ¢g-binomials satisfy the identity

(:),= (),

3. For all k,n € Ny with 0 < k < n the g-binomials satisfy the ¢-Pascal identity

n+1\ (n ka1 n _ n ek [T
(170 = () re () = () v ()
q q q q q

4. If Ais an algebra over Z(q) and z,y € A with xy = qyz one has the ¢g-binomial formula

(+y)" =) (Z) yran Tk,
Proof: k=0 !
That (n), and (n)!, are polynomials in ¢ follows directly from their definition. That this also
holds for the g-binomials follows by induction from 3. and from the fact that they are equal to
1 for kK = 0 or £ = n. The second claim follows directly from the definition of the ¢-binomial,

and the third follows by a direct computation:

n e (om0 _@ =D (@ =1 (=1 (@ - 1)
(k)qw <k+1)q‘<an—1>-~<q—1>+q T =1 - 1)
=D (@ -1 btk gy o @1 (@ 1) Mgl
e ) = S = ()
(o)) +ot (f) = b o

k1), e VR Ve N (T S VRN gy
("= 1) (= )

- k4 ek (@ =1 (@ -1)
T (g F—1)-(g—1) (q 1+¢""(q 1)) @ F =1 (g=1) (k:—l—l) )
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4. To prove the last claim, we show by induction over n that for all z,y € A and n € Ny

n+1
(x+y) H—Z( I ) yra" R € (2y — qux) =: I (52)
k=0 q
For n = 0 this holds by definition. Suppose it holds for n € Ny and =,y € A. With the identity
vy* — "yt = 250 qy (wy — qya)yt Y, (53)

which follows by induction over k for all z,y € A and with 3. we compute

n+1
(z+y)" ™ - Z <n _]: 1> g1k
q

k=0

n n+1
ind (w . y) Z (Z) ykxn—k . Z (n ;{" 1) ykxn—i-l—k mod I
= q q

k=0

k41, n—k — (n k n—k - n k n+l—k — (n k, k_n+l—k
Yy —i—Z(k)qu:z: <k_1>qyx 1<k>qqyx mod [

k=0 )q k=1 k=1 P
n n k-1
n n— n+1— (53) n el e
- (k;) (e 2" — ¢FyF ™M) mod I G Z (k;) 'y (zy — qua)y* 2" * = 0 mod I,
k=1 q k=1 1=0 q

where we write @ = bmod [ for a — b € I = (zy — qyz). If xy = qyz, then the ideal
(xy — qyx) C A is trivial and the claim follows. O

To evaluate the g-naturals, ¢g-factorials and g-binomials, we recall that for every integral domain
R, we have a unital ring homomorphism ¢ : Z — R, z +— z = z1. By the universal property
of Z[q] it induces a unique unital ring homomorphism ¢’ : Z[g] — R|q] with ¢'(1) = 1. By
composing it with the evaluation homomorphism ev, : R[g] — R for an element r € R, we
obtain a unital ring homomorphism ev/, : Z[q] — R, ¥,eny@nq" — Znen,an™.

Definition 5.3.5: Let R be an integral domain. The evaluation of the ¢g-naturals, g-binomials
and ¢-factorials at an element r € R is

(), = evtln)y (), = evl(n)l, (’,j) — v, (Z)

Clearly, there are two cases of special interest. The first is R = Z and r = 1, where the
evaluations of ¢-factorials and ¢-binomials in r = 1 coincide with the usual factorials and
binomials. This justifies the names g-naturals, g-binomials and g-factorials.

The second is the case, where r € R is a primitive nth root of unity: »® = 1 and r¥ # 1
for 1 < k < n. In this case, one has (n). = 0 and (k). # 0 for all £ < n since the roots
of the polynomial (m), are precisely the non-trivial mth roots of unity. This implies that the
evaluations of all ¢g-factorials (m)!, with m > n vanish, since they contain a factor (n),. The

same holds for the evaluations of all ¢-binomials with entries n and 0 < k < n, since (n)!. =0
and (k). # 0 for all £ < n implies

(): (Ml (=1,
T LR, k- D ()




We now use the g-naturals, g-factorials and ¢g-binomials to construct an example of a Hopf alge-
bra that is neither commutative nor cocommutative. The simplest way to proceed is to present
its algebra structure in terms of generators and relations, see Definition [A.7] Clearly, the min-
imum number of linearly independent generators that can give rise to a non-commutative and
non-cocommutative bialgebra is two. The simplest relations that can be imposed on such an
algebra without making it commutative or trivial are quadratic relations in the two genera-
tors, i. e. relations of the form xy — qyx for some ¢ € F and generators x,y. This defines an
infinite-dimensional non-commutative and non-cocommutative bialgebra. If we impose addi-
tional relations of the form z™ = 0 and y” = 1 to make the bialgebra finite-dimensional, we
have to take g as a primitive nth root of unity and obtain Taft’s example.

Example 5.3.6: (Taft’s example)
Let IF be a field of characteristic zero, n € N and ¢ € IF a primitive nth root of unity. Let T be
the algebra over ' with generators x,y and relations

xy — qyxr =0, 2" =0, y"—1=0. (54)
Then Tj is a Hopf algebra with the comultiplication, counit and antipode given by
Alx) =10z + 2@y, Ay) =yy, elv) =0, ey) =1, S(z) = —ay"™", Sy) =y" . (55)

Proof:

Let V be the free F-vector space generated by B = {z,y}. Then the algebra T, is given as
T,=T(V)/I, where I = (zy — qyz,z",y" — 1) is the two-sided ideal in T'(V') generated by the
relations and - denotes the multiplication of the tensor algebra T'(V').

1. We show that defines a bialgebra structure on T'(V):

By the universal property of the tensor algebra, the linear maps A’ : V' — T(V)®T' (V') and
¢ : V — F that are determined by their values on B from (55 induce algebra homomorphisms
A":T(V)=>TWV)QT(V), € :T(V) = F with A" o, = A" and €’ o1y = €.

To prove that these algebra homomorphisms satisfy the coassociativity and the counitality
condition, it is sufficient to show that

(A'®id) o A'(2) = (Id®A") o A'(2) (€®id) o A'(2) = 182 = (Id®€') o A'(2)
for z € B. This follows by a direct computation from and shows that A” and €’ define a
bialgebra structure on the tensor algebra 7'(V).
2. We show that it induces a bialgebra structure on 7, = T'(V')/I:

By Proposition[5.1.5]it is sufficient to show that I is a coideal in (V). As [ is the two-sided ideal
generated by the relations in (54) and A” and €” are algebra homomorphisms, it is sufficient
to show that A”(r) € IQT(V) + T(V)®I and €’(r) = 0 for each relation r in (54)). The latter
follows directly from the definition of €”. For the former, we compute

x) - N'(y) — qA"(y) - A" ()

zy) + (2y)@y* — qy@(yz) — q(yr) QY
zy — quyr) + (zy — qur)@y? € T(V)®I + IT(V).

A”(l'y _ qyx> — A//
A'(y" = 1) = A"(y)" — 1ol = (yoy)" - (1e1) = y"®y" — 1ol
=y"@W" —1)+ (y" -1l e T(V)RI + IQT(V).

—~ o~ o~~~
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To prove this for A”(z2") = (1®x+2x®y)", note that from the proof of Lemma implies

n /
(1®x + z@y)" — Z (Z) (z@y)" - (1oz)" " e J
k=0 q
where the binomial coefficient is evaluated in ¢ € F and J is the two-sided idea generated by
the element (1®x) - (z®y) — q (zQy)(1®z) = 2@ (zy) — 2@ (yx) = 2@ (zy — qyz) € T(V)RI.
As T(V)®I is a two-sided ideal in T(V)®T(V'), we have J C T(V)®I. As ¢ is a primitive nth
root of unity, the evaluations of the binomial coefficients for 0 < k£ < n vanish. This yields

A"(z") —1@z" —2"@y" e T(V)®I = A'(@")eT(V)RI+IT(V).

Hence, we have shown that A” and €’ induce algebra homomorphisms A : T, — T,®T, and
€: T, = F with (r®7) o A” = Aom and €’ = eom, where 7 : (V) — T(V)/I is the canonical
surjection, and that this defines a bialgebra structure on T, = T'(V)/I.

3. We show that 77, is a Hopf Algebra:

For this we consider the linear map S’ : V — T'(V)° defined by (57)). By the universal property
of the tensor algebra it induces an algebra morphism S” : T(V) — T'(V)% with S” o vy = 5.
By composing it with the canonical surjection 7 : T'(V') — T}, we obtain an algebra morphism
moS":T(V)— T7P. To show that this induces an algebra morphism S : T, — Tj, we have to
show that 7o S”(r) = 0 for all relations r in (54). With we compute

mo S"(ry — qyw) (S'( ))m (S”( ) —qm(S"(x)w(S"(y) = —y" ay" T +qay" Tty

yn y + qnyn 1 yn—l _ (q _ 1)yn—1xyn—1 — 0’

n

o S = K" = (ay =y = (1) () = (1

mo Sy —1) =m(S"(y)") 1=y —1=1""—1=0.

To show that the algebra morphism S : T, — T;? satisfies the defining condition on the
antipode, it is sufficient to verify

mo (S®id) o A(z) = €(z) = mo (Id®S5) o A(z)
for z € {z,y}, which follows by a direct computation. This shows that 7, is a Hopf algebra. O

Remark 5.3.7:
1. Taft’s example for ¢ = —1, n = 2 is also known as Sweedler’s example.

2. The elements z'y’ € T, with 0 < 4,5 < n — 1 form a basis of the vector space T,. This
follows because every mixed monomial in = and y can be transformed into one of them
by applying the relations, and the elements 2'y’ are linearly independent. The elements

y'z? € T, with 0 < i,j <n— 1 form as basis as well. In particular, one has dimyp T, = n*.

3. It follows from the proof of Example that the algebra with generators x,y and the
relation xy — qyx is also a bialgebra for any ¢ € F, because the ideal I’ = (zy — qyx) is
a coideal in T'(V'). This infinite-dimensional bialgebra is sometimes called the quantum
plane. It is not cocommutative, commutative if and only if ¢ = 1, and the elements x'y’
for i, 57 € Ny form a basis of this bialgebra.

4. The antipode in Taft’s example satisfies S?(y) = y and S?(x) = yxy~'. This shows that
S? and hence S are invertible, but we do not have S? = id.
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Our next example of a non-cocommutative and non-commutative bialgebra and Hopf algebra
are the so-called g-deformed matrix algebras M,(2,F) and SL,(2,F). They are again presented
in terms of generators and relations and their coalgebra structure will be interpreted later as a
generalisation and deformation of the coalgebra Mat(2 x 2,IF)* from Example 5.

Example 5.3.8: Let F be a field and ¢ € F \ {0}.

1. The matrix algebra M, (2, F) is the algebra over F with generators a, b, ¢, d and relations
ba = qab, db=qbd, ca=qac, dc=qecd, bc=cb, da—ad=(q—q ")bc. (56)
It has a bialgebra structure with comultiplication and counit given by

Aa) = a®a + bxc, A(b) = a®b+bd, A(c)=c®a+dxc, A(d) = c®b+ dod
€la) =1 e(b) =0 €(c) =0 e(d) = 1. (57)

2. The g-determinant det, = ad — ¢ 'bc is central in M,(2,F) with
A(det,) = det,®det, e(det,) = 1.

3. The bialgebra structure of M,(2,F) induces a Hopf algebra structure on the algebra
SL,(2,F) = M,(2,F)/(det, — 1) with the antipode given by

S(a)=d, S(b)=—gb, S(c)=—q'c, S(d)=a.

Proof:

1. The proof is similar to the one of Example[5.3.6] The algebra M,(2, F) is given as the quotient
M,(2,F) = T'(V')/1, where V is the free vector space with basis {a,b,c,d} and I C T(V) the
two-sided ideal generated by the six relations in (56|). By the universal property of the tensor
algebra, the maps A’ : V. — T(V)®T(V) and € : V — F specified by induce algebra
homomorphisms A" : T(V) — T(V)®T (V) and ¢’ : T(V) — F. To show that A” and ¢’ are
coassociative and counital, it is again sufficient to show that for x € {a,b, ¢, d}

(A"®id) o A"(z) = (Id®A") o A”(x)

lrovy o (€'®id) o A"(z) = rrpy o (Id®€”) o A" ().
This follows by a direct computation from . To show that this induces a bialgebra structure
on M,(2,FF) it is sufficient to prove that I is a two-sided coideal in T'(V), i. e. that we have
A"(r) € IQT(V)+T(V)®I and €”(r) = 0 for each relation r. For the latter, note that €”(zy) = 0

if z,y € {a,b,c,d} with {x,y}N{b,c} # 0. This proves that ¢”(r) = 0 for the first five relations.
For the last relation, we have

'(da — ad) = €'(d)e"(a) — "(a)"(d) =1 —-1=0= (¢ — ¢ )" (b)"(c) = (g — ¢ )" (be).

The identities A”(r) € IQT (V) +T(V)®I follow from a direct computation, which we perform
for the first relation, since the other computations are similar

A"(ba — gab) = (a®b + bRd) - (a®a + b&c) — q(a®a + bRc) - (aRb + bRd)
= a*®(ba—qab) + b*®(dc—q cd) + (ba—qab)®da + qab®(da—ad + (¢~ q)bc) + ab®(cb—bc).

2. That the element det, is central in M, (2, F) follows by a direct computation from the relations
in M,(2,F), and so do the formulas coproduct and the counit of the g-determinant.
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3. As we have A(det, —1) = det, ® det, —1®1 = det, ®(det, —1)+(det, —1)®1, e(det, —1) = 0,
the two-sided ideal (det, —1) in M,(2,F) is a coideal in M,(2, F). This implies that the quotient
M,(2,FF)/(det, —1) inherits a bialgebra structure from M, (2, F).

To show that this bialgebra is a Hopf algebra, one verifies with the expressions for S that
mo (S®id) o A(z) = mo (Id®S) o A(x) = €(z) for all z € {a,b,c,d} in SL,(2,F). This shows
that S is an antipode for the bialgebra SL,(2,F) and SL,(2,F) is a Hopf algebra. O

To understand the names M, (2, F) and SL,(2,F) for these algebras, we note that for ¢ =1 the
relations of the matrix algebra M (2, F) in imply that M;(2,F) is a commutative algebra
with four generators and the coalgebra structure given by . If we interpret the generators
a,b, c,d as linear maps a, b, c,d € Mat(2 x 2,F)* given by

a v a v a v a v
a: (c’ d’) —a', b: (c’ d’) — b, c: (c’ d’) —cd, d: (c’ d’) —d,

we see that M;(2,F) is isomorphic to the algebra of functions f : Mat(2 x 2,F) — F that are
polynomials in the entries o/, V', ¢, d’, with the pointwise addition, scalar multiplication and
multiplication.

Moreover, the coalgebra structure defined by coincides with the one from Example |5.1.3]
5. Hence, we extended the coalgebra structure on Mat(2 x 2,F) to the commutative algebra
M;(2,F) and obtained a bialgebra structure on M;(2,F). We can therefore interpret ¢ as a de-
formation parameter that changes the algebra structure of the commutative bialgebra M; (2, F)
to a non-commutative one given by . This justifies the name M, (2,F).

Note also that for ¢ = 1, we have det; = ad — bc and hence can interpret det; € M;(2,F)
as the determinant det : Mat(2 x 2,F) — F. The algebra SL;(2,F) = M;(2,F)/(det; —1) is
obtained from M;(2,F) by identifying those polynomial functions that agree on the subset
SL(2,F) = {M € Mat(2 x 2,F)| det(M) = 1}. Hence, we can interpret SL;(2,F) as the
bialgebra of functions f : SL(2,F) — F that are polynomials in the matrix entries, with the
pointwise addition, scalar multiplication and multiplication.

The antipode of SL;(2,F) is given by S(a) = d, S(b) = —b, S(¢) = —c and S(d) = a, and
we can interpret it as a map that sends the matrix elements of a matrix in SL(2,F) to the
matrix elements of the inverse matrix. The algebra SL,(2,F) for general ¢ can then be viewed
a deformation of this algebra, in which the multiplication becomes non-commutative, and the
matrix elements of the inverse matrix are replaced by their image under the antipode.

Our last important example of a g-deformation are the so-called g-deformed universal enveloping
algebras. The simplest non-trivial one is the ¢-deformed universal enveloping algebra U, (sl(2)),
which is related to the Lie algebra sl(2) of traceless (2 x 2)-matrices with the Lie bracket given
by the matrix commutator. We first give its bialgebra structure in the simplest presentation and
then discuss its relation to the Lie algebra s[(2) and its universal enveloping algebra U (sl(2)).

Example 5.3.9: Let F be a field and ¢ € F\ {0, 1, —1}.
The ¢-deformed universal enveloping algebra U, (sl,) is the algebra over F with generators
E,F K, K~ ! and relations

K- K1

KK =1, KEK'=¢E, KFK'=q°F, [E F]= —.
q9—q

(58)
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A Hopf algebra structure on Uy (sly) is given by

A(K*) = K oK™, A(E) = 1®F + E®K, A(F) = Fl + K~ '®F
(K =1, e(E) =0, e(F) =0,
S(K*" = K¥ S(E)=—-EK™! S(F)=—KF. (59)

Proof:

The proof is analogous to the one for the previous two examples and is left as an exercise. O

Remark 5.3.10: One can show that the set B = {E'FVK*|i,j € Ny, k € N} is a basis of
U,(slz) and that the Hopf algebra SL,(2,F) from Example is the finite dual of U,(sl;) and
vice versa. The duality is given by the unique linear map ( , ) : SL,(2)®U,(sly) — F with

<CL, Kil) - q:Fl <d7 Kil) = qil <b, E> =1 <C, F> =1

and (x,U) = 0 for all other combinations of x € {a,b,c,d} and U € {K*', E, F}. The proofs
of these statements, which are are lengthy and technical, are given in [Ka].

We will now relate the bialgebra U,(sl2) to the universal enveloping algebra of the Lie algebra
sl of traceless (2 x 2)-matrices. However, for this the presentation of Uy(sls) in Example [5.3.9]
is unsuitable, since it is ill-defined for ¢ = 1. It turns out that this is not a problem with its
Hopf algebra structure but with its presentation in terms of generators and relations.

We show that there is a bialgebra U (sly) defined for all ¢ € F\ {0} which is isomorphic to
U,(sly) for ¢ # £1 and closely related to the universal enveloping algebra U(sl) for ¢ = 1. The
price one has to pay is a higher number of generators and relations.

Proposition 5.3.11: Let ¢ € F\ {0}.

For ¢ # +1 the Hopf algebra U,(sl) is isomorphic to the Hopf algebra Uy (sly) over F with
generators e, f, k, k~!, 1 and relations
kk™'=k'k =1, kek™ = e, kfk—' = q%f, le, fl =1,
(G—aY=k—k",  [Lel=glek+kTe), [Lf]= - (Fh+ k1) (60)

and the Hopf algebra structure

AN (K = EF'ok™, Alle) = 1@e 4+ e@k, A'(f) = fol+Ek'of, A(l) =1k + k'l

(k) =1, €(e) =0, €(f) =0, €(l) =0,

(k) = kT S'(e) = —ek™, S'(f) = —kf, S'(1) = —l. (61)
For ¢ = 1, the element k is central in U(sly) with k> = 1, and U{(sly)/(k — 1) is isomorphic to
U(sly) as a bialgebra.

Proof:
1. Let V be the free vector space generated by E,F, K*' and V' be the free vector space
generated by e, f, k¥, 1. Let I C T(V) and I' C T(V') be the two-sided ideals generated by
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the relations and (60), respectively. To show that Uy(sly) and U] (sly) are isomorphic, we
consider for ¢ # +1 the linear maps

¢:V =TV with O(E) = e, ¢(F) = f, o(K*') = k*!
GV ST(W)  with () = B, (f) = F o(k) = K, g(0) = [E, F)
By the universal property of the tensor algebra, there are unique algebra homomorphisms
¢ :TV)—=TV')and ¢ : T(V') = T(V) with ¢/ o 1y = ¢ and ¢’ 0 1y = 1. To prove that
the latter descend to algebra homomorphisms between U,(sly) and Uj(sly), we have to show
that ¢'(r) € I' and ¢'(1’) € I for each relation r of U,(sly) and 7’ of U;(sly). For the first four
relations of Uy(sly) and the first five relations of U, (sly), this is obvious. For the 5th relation of
U,(sly) and the 6th relation of U] (sly), we have
S(EF)—(g—¢ )V (K=K ")) =[efl-(¢g—q¢ ") ' (k=Fk")=1—1=0mod '
V((@—g DV —k+k ") =(q—¢EF]-K+K'=0modl,

and for the last two relations in I’, we obtain
([l e] — qlek + k~ e)) =[[E,F],E] — ¢(EK + K 'E)

= (q—q¢ ) ' [K-K ' E]—qEK+ K 'E)mod I
= (P -1)(qg—q¢ )V (EK+K'E)—q(EK + K 'F) mod I = 0 mod I
[

([ 1+ q  (fk+ k- f)) = [[E,F,F]+q¢ "(FK+ K 'F)
=(q—q ') [K K Fl4+ ¢ (FK+ K 'F) mod I
= ?2-Dg—¢ V)V YWFK+K'F)+ ¢ (FK+K 'F)mod I =0 mod I,

where we use the shorthand notation ¢ = bmod I for a — b € I. This shows that ¢ and
induce algebra homomorphisms ¢ : Uy(sly) — U, (slz) and ¢ : Ul (s1(2)) — Uy(sly).

That they are mutually inverse algebra isomorphisms follows with the universal properties of the
tensor algebra and the characteristic property of the quotient and the identities ¢pop(X) = X for
X e{E F, K*'} and ¢po)(z) = x for x € {e, f, k*!, 1}, which follow by a direct computation.
By setting A’ = (¢®¢) o Ao, € = €o¢p and " = ¢ oS o1, we obtain the Hopf algebra
structure from , and ¢ becomes an isomorphism of Hopf algebras with inverse .

2. The algebra Uj(sly) is defined for ¢ = 1. In this case its relations reduce to
=1, [kel=0 [kfl=0, lefl=1,  [l,e]=2ek, [I,f]=—2fFk,
and its Hopf algebra structure is given by e(k) =1, e(e) = €(f) = €(I) = 0, and

A(k) = k@k,  Ale) = 1@e + ek,  A(f) = fRl+kof,  A(l) = I2k + kol
S(k)y=k,  S(e)= S(f) = —f, S() = —L.

As k is central in U] (sl(2)) with £ = 1 and A(k) = k®k, the quotient Uj(s[(2))/(k — 1) inherits
a bialgebra structure from U] (sly). Its algebra structure is given by

e, fI=1, [le]=2e, [l f]=-2f, (62)
and its Hopf algebra structure by

(X)=0, AX)=X®1+10X, S(X)=-X VX €{e f1} (63)
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If we choose as a basis of sly = {M € Mat(2 x 2,F) | tr(M) = 0} the matrices

SRR A ()] g

then the Lie bracket of sly is given by (62)), and the bialgebra structure of the universal
enveloping algebra U(sly) from Example by and (63). This shows that the Hopf
algebras U] (sly)/(k — 1) and U(sly) are isomorphic. 0

Proposition [5.3.11|motivates the name ¢-deformed universal enveloping algebra and the notation
U,(sly), since it relates U,(sly) for ¢ = 1 to the universal enveloping algebra U (sly).

Besides ¢ = 1, there are other values of ¢, for which the ¢g-deformed universal enveloping algebra
U,(sly) has special structure, namely the case where ¢ is a root of unity. In this case, one can
take a quotient of U,(sly) by a two-sided ideal to obtain a finite-dimensional Hopf algebra.
This finite-dimensional Hopf algebra is often called the g-deformed universal enveloping
algebra U, (sl;) at a root of unity, but the name is slightly misleading since it is a quotient
of U,(slz). The proof of the following proposition is left as an exercise.

Proposition 5.3.12: Let F be a field, ¢ € F\ {1,—1} a primitive dth root of unity and
r:=dif d is odd and r := d/2 if d is even.

1. The elements K=", E", F" are central in U,(sly).
2. Ul (sly) = Uy(sly)/(F", E", K" — 1) inherits a Hopf algebra structure from U,(sly).
3. U;(sly) is finite-dimensional and spanned by {E'F/K*|i,j,k =0,1,...,r — 1}.

Clearly, the g-deformed universal enveloping algebra Ug(sly), its counterpart Uy (sly) and its
quotient Uy (sly) at a root of unity have a complicated mathematical structure, and it is not
obvious at all how to generalise this construction to other Lie algebras in a systematic way.

Nevertheless, they are part of a general construction that is possible for all complex, simple Lie
algebras and can be generalised to affine Kac-Moody algebras. These are the so-called Drinfeld-
Jimbo deformations of of universal enveloping algebras. For complex simple Lie-algebras of type
A, D, E, they take a particularly simple form.

Remark 5.3.13: (Drinfeld-Jimbo deformations)

Let g be a complex, simple Lie algebra and B = {H;, E;, F;|i = 1, ...,r}, the Chevalley basis
of g, in which the Lie bracket takes the form

[HmHj] =0, [Hian] = aijEj> [HiaFj] = —az’ij> [Equ] = 5ini,
(adEi)l_aijEj = 07 (adFi)l_aU‘Fj = 07

where ady is the linear map ady : g — g, Y — [X,Y] and A = (a;;) € Mat(r x r,Z) the
Cartan matrix of g.

If g is a complex simple Lie algebra of type A, D or F, its Cartan matrix is positive definite and
symmetric with a;; = 2 fori € {1, ...,r} and a;; € {0, —1} for ¢ # j. In this case, the g-deformed
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universal enveloping algebra U,(g) is has generators {K;, E;, F; | i = 1,...,r} and relations

KK =1, [K;, K] =0,
(B, Fj) = 0i(q — ¢ )N (K = K7') KiEK' = ¢"Ej, KiF K[ = q " F,
E!E; — (q+q YEEE,+ E;E} =0 F!F;—(¢+q YEEF+FF}=0  ifa;=—1.

Its Hopf algebra structure is given by

AKH) = KFeKS  A(B)=19E+ 50K  A(F) = Aol + K 'eF,
(K =1 e(E;) =0 e(F;) =0
S(KE) = KT S(Ei) = —EiK; S(F) = —KiF.

There is also a presentation of U,(g) similar to the one in Proposition [5.3.11|that is well-defined
at ¢ = 1 and relates the Hopf algebra U,(g) to the universal enveloping algebra U(g). If ¢ is a

root of unity, then there is a finite-dimensional quotient Uy (g), which inherits a Hopf algebra
structure from U,(g) and generalises the Hopf algebra U (sl) from Proposition [5.3.12,

6 Structure and Properties of Hopf algebras

6.1 Grouplike and primitive elements

Before investigating the representation theory of bialgebras and Hopf algebras in more depth,
we focus on their structure. Many features of Hopf algebras can be understood by focusing on
two types of special elements. The first are the grouplike elements, which behave in a similar
way to the elements g € G in the group algebra F[G]. The second are primitive elements, which
generalise the elements v € V' in the tensor algebra T'(V') and the elements = € g in the universal
enveloping algebra U(g) of a Lie algebra. Such elements play an important role in the classifi-
cation of Hopf algebras, especially in the cocommutative and finite-dimensional case. Although
these classification results are rather involved and cannot be proven here, understanding the
properties of grouplike and primitive elements is helpful to develop an intuition.

Definition 6.1.1: Let H be a Hopf algebra.

1. An element g € H is called grouplike if g # 0 and A(g) = g®g. The set of grouplike
elements of H is denoted Gr(H).

2. An element h € H is called primitive if A(h) = 1®h + h®1. The set of primitive
elements of H is denoted Pr(H).

Example 6.1.2:

1. The elements g € G are grouplike elements of the group algebra F[G]. The element y in
Taft’s example and the elements K*! in U, (sl,) are grouplike.

2. The elements v € V' are primitive elements of the tensor algebra T'(V) and the elements
x € g are primitive elements of the universal enveloping algebra U(g).
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3. Let H* be the (finite) dual of a Hopf algebra H.

Then grouplike elements of H* are the algebra homomorphisms o : H — [, also called
characters of H. This follows, because an element 0 # o € H* is grouplike if and only
if for all h,k € H a(h-k) = A(a)(h®k) = (a®a)(h®@k) = a(h)a(k). As a # 0, this
implies a(1) = e(a) = 1.

An element g € H* is primitive if and only if for all h, k € H it satisfies the condition
B(h - k) = A(B)(hok) = (186 + fR1)(hek) = e(h)B(k) + €(k)B(h). A linear map
b : H — T that satisfies this condition is called a derivation on H.

The reason for the name grouplike element is not only that grouplike elements mimic the
behaviour of elements ¢ € G in the group algebra F[G], but one can show that they form
indeed a group. Primitive elements could in principle be called Lie algebra-like since they form
a Lie algebra with the commutator. One can show that both, grouplike and primitive elements
generate Hopf subalgebras of H.

Proposition 6.1.3: Let H be a Hopf algebra.

. Every grouplike element g € H satisfies ¢(g) =1 and S(g) = g~ .

1

2. The set Gr(H) C H is a group and spanyGr(H) C H is a Hopf subalgebra.

3. Every primitive element h € H satisfies e(h) = 0 and S(h) = —h.

4. The set Pr(H) C H is a Lie subalgebra of the Lie algebra H with the commutator, and

the subalgebra of H generated by Pr(H) is a Hopf subalgebra.

5. If g € H is grouplike and h € H primitive, then ghg! is primitive.
Proof:
1. If g € H is grouplike, then A(g) = g®g and g # 0. The counitality condition then implies
1®g = (e®id) o A(g) = (e®id)(g®g) = €(9)®g = 1®e(g)g. As g # 0 it follows that e(g) = 1.
Similarly, we have noe(g) =1 =mo (S®id) o A(g) = S(g) - g = mo (id®S) o A(g) = g - S(g).
This shows that S(g) is an inverse of g.

2. As Ais an algebra homomorphism, we have A(1) = 1®1and 1 € Gr(H). If g, h € Gr(H), then
A(gh) = A(g) - A(h) = (g®g)(h®@h) = gh®gh and hence gh € Gr(H). As S is an anti-algebra
homomorphism, we obtain A(g~!) = A(S(g)) = (S®S)(A(g)) = S(9)®S(9) = g '®g~ ! and
hence gh, g=' € Gr(H). This shows that Gr(H) is a group. By definition of a grouplike element,
one has A(g) = g®g and hence spanyGr(H) C H is a Hopf subalgebra.

3. As 1®h = (e®id) o A(h) = (e®id) o (1&h + h®1) = €(1)®@h + €(h)®1 = 1®h + €(h)®1 for
each primitive h € H, we have ¢(h) = 0. Similarly, for each primitive element h € H we have
mo (S®id) o A(h) = (mo S)(1®h+ h®1) = S(1)-h+ S(h)-1=h+ S(h) =noe(h) =0 and
hence S(h) = —h.

4. It follows from the definition of a primitive element that Pr(H) C H is a linear subspace. If
h,k € Pr(H), then their commutator [h, k] = h -k — k - h satisfies

A([h, k]) = [A(h), A(k)] = (1®@h + h®1) - (1Qk + k®1) — (1Qk + k®1) - (19~ + h®1)
= 1®hk + k®h + h®k + hk®1 — (1Qkh + h®k + k®@h + kh®1) = 1®[h, k| + [h, k]®1.

This shows that [h, k] € Pr(H) and hence Pr(H) C H is a Lie subalgebra of the Lie algebra H
with the commutator.
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As A(h) = 1®h + h®1 and S(h) = —h for every primitive element h € H and the maps
A:H— H®H and S : H — H° are algebra homomorphisms, it follows that the subalgebra
of H generated by the primitive elements is a Hopf subalgebra of H.

5. If g € H is grouplike and h € H primitive, then

Aghg™) = A(9)A(W)A(g™") = (9©9)(1®h + h®1)(g '®g ') = 1®ghg™" + ghg~'®1.

Proposition suggests that every Hopf algebra H should contains a Hopf subalgebra K
that is a semidirect product K = F[Gr(H)] x A of the group algebra of Gr(H) and the Hopf
subalgebra A C H generated by the primitive elements. In other words, K = F[G]® A as a vector
space with the multiplication law (a®g)-(b@h) = a(gbg~!)®gh for alla,b € A and g, h € Gr(H).
To show that this is indeed the case, we need to prove that different grouplike elements of H
are linearly independent, i. e. that spangGr(H) = F[Gr(H)] and that Gr(H)NA = {1x}.

Proposition 6.1.4: Let H be a Hopf algebra over F.

1. The set Gr(H) of grouplike elements is linearly independent.
2. If H is generated as an algebra by primitive elements, then Gr(H) = {1}.

Proof:
1. We show by induction over n that ¥ ;\;¢g; = 0 with \; € F and distinct ¢g; € Gr(H) implies
A1 = ... = A\, = 0. For n = 1, this follows from g # 0 for all ¢ € Gr(H). Suppose the claim

holds for all linear combinations with at most n nontrivial coefficients, and let X' \;g; = 0
with pairwise distinct g; € Gr(H).

Let¢: H — H*, h— h' be the canonical injection defined by h'(a) = «(h) for all @« € H*. Then
the elements g; € H™ satisfy g;(a - §) = (a - §)(g:) = (a®B)A(g:) = (9:)B(9:) = gi(a) - 6:(B)
for all a, € H* and ¢}(1) = €(g;) = 1p. AS gni1 ¢ {91, .-, gn} there is an element v € H* with

Ghii(a) = a(gny1) = 1 and gi(o) = a(g;) # 1 for all i € {1,...,n} by Exercise [37] (a). This
implies for all 5 € H*

0 =X Nigi(B) — B2 Nigi(or- B) = SN (1L — gi(a))gi(B) = BE ML — o(g:))gi)

and hence X7 \;(1 — a(g;))g; = 0. With the induction hypothesis and «(g;) # 1 one obtains
A1 = ... =\, =0, and this implies \,,.; = 0 since g, 1 # 0.

2. Let Hy =TF1y, X C H aset of primitive generators and H,, the linear subspace of H spanned
by all elements of the form z"" - -- x:';”“ with z;; € X and my + ... + my < n. Then we have
H=ux,H,, H, C Hy, for all m > n, and H, - H,, C H,4,,. It follows by induction with the
Pascal identity for the binomial coefficients that for any primitive element A € H, one has

A(h™) = i (Z) W @Rk, (65)

This implies k=0

mi my

my my l l -1 mg—lg

mi Mk CymLL . . mka E 1ol g ema=le o me—l
A(xil xik)—A(x“) A(z;,)™ = <l1> (lk>xi1 TR Ty

11=0 l,=0
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and hence A(H,) C X}_ Hy®H, ;. If g € H is grouplike with m = min{n € Ny |g € H,} > 1,
then there is an o € H* with a(g) = 1 and a(1y) = 0, and this implies

Ir®g = (a®id)(9®g) = (a®id) 0 A(g) € (a®id) (SLoHr@Hyy—k) C lp@Hp 1

where we used in the last step that a(Hy) = a(Fly) = {0}. As g # 0, it follows that g € H,,_1,
which contradicts the minimality of m. Hence Gr(H) C Hy, and the only grouplike element in
HO is 1H (]

Corollary 6.1.5: Let G be a group and F a field. Then Pr(F[G]) = {0} and Gr(F[G]) = G.

Proof:

If © = ¥ eaAgg is primitive, then A(x) = Ejea, 909 = geaA (1®g + g®1). As the set
{g®h|g,h € G} is a basis of F[G]®F[G], this implies A\, = 0 for all g € G and = = 0. Clearly,
every element g € G is grouplike. If there was a grouplike element y € F[G] \ G, then the set
G U {y} 2 G would be linearly independent by Proposition , a contradiction to the fact
that G C F[G] is a basis of F[G]. O

This corollary confirms the expectation that the only grouplike elements in a group algebra
F[G] are the group elements g € G and that the group algebra contains no non-trivial primitive
elements. Similarly, Proposition implies that the only grouplike element in the tensor
algebra T'(V') and in a universal enveloping algebra U(g) is the unit element, since both Hopf
algebras are generated by primitive elements. In analogy to the statement about the grouplike
elements in a group algebra F[G], one would expect that the primitive elements in a universal
enveloping algebra U(g) are precisely the elements of the Lie algebra g C U(g). However, this
is only true for Lie algebras over fields of characteristic zero.

Proposition 6.1.6: Let g be a finite-dimensional Lie algebra over F and U(g) its universal
enveloping algebra.

1. If char(IF) = 0 then Pr(U(g)) = g.
2. If char(F) = p then Pr(U(g)) = spang{a? |z € g,1 € Ny}

Proof:

Every element z € g C U(g) is primitive, and hence g C Pr(U(g)). If B = (x1,...,x,) is an
ordered basis of g, then the Poincaré-Birkhoff-Witt basis B = {z1"* --- 2" | my, ..., m,, € No}
is a basis of U(g), and hence every element = € U(g) can be expressed as a linear combination

K K
— mi m
m1=0 mnp=0

with A\, .m, € F for some K € N. Equation from the proof of Proposition implies

K K mi n m m
Z Z 1 n k kn mi—k mnp—kn
A(l’): )\mlmn <k1>(k )xll...xn(@xll 1...xn .
n
0 kn=0

m1=0 mp=0k;=
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As the set {zh' - 2k | ky, .. K, € {0, ..., K}} is linearly independent by the Poincaré-Birkhoff-
Witt Theorem, this shows that = cannot be primitive, unless it is of the form x = X' |z
for some p; € F. In this case, one has

n my

M) =S () ke

=1 k=0

If char(F) = 0, all binomial coefficients in this formula are non-zero, and this shows that z
can only be primitive if m; € {0,1} for all i € {1,...,n} with u; # 0, which implies = € g.
If char(IF) = p, then all binomial coefficients for i € {1,...,n} with p; # 0 and k =1 < m;
must vanish in order for z to be primitive. This is the case if and only if m; = p% for some
li € Nand all i € {1,....,n} with u; # 0. Conversely, if m; = pli with I; € Ny, then all binomial
coefficients for k ¢ {0,m;} vanish, since they are divisible by p, and this shows that x is a
linear combination of elements ypl with y € g and [ € Nj. O

As the restrictions of the comultiplication of a Hopf algebra H to the Hopf subalgebras
spanyGr(H) and to the Hopf subalgebra generated by the set Pr(H) are cocommutative, one
cannot hope in general that every Hopf algebra can be decomposed into Hopf subalgebras
spanned by grouplike or generated by primitive elements, since this would imply that H is co-
commutative. However, one can show that this is indeed possible for every cocommutative Hopf
algebra over an algebraically closed field of characteristic zero. This is known as the Cartier-
Kostant-Milnor-Moore Theorem. Parts of the proof are given in [Mol Chapter 5].

Theorem 6.1.7: (Cartier-Kostant-Milnor-Moore Theorem)

If H is a cocommutative Hopf algebra over an algebraically closed field F with char(F) = 0,
then H is isomorphic to the semidirect product U(Pr(H)) x F[Gr(H)], i. e. to the vector space
U(Pr(H))®F[Gr(H)] with the product

(x®9) - (y2h) = (z + gyg~ " @gh Vg,h € Gr(H),z,y € Pr(H).

Corollary 6.1.8: Every finite-dimensional cocommutative Hopf algebra over an algebraically
closed field of characteristic zero is isomorphic to the group algebra of a finite group.

6.2 Integrals and the antipode

The fact that representations of bialgebras and Hopf algebras behave quite similarly to group
representations allows one to generalise concepts from the representation theory of groups to
Hopf algebras. In particular, there is a notion of invariants for each module over a bialgebra
and a dual notion of coinvariants for a comodule.

For a module M over a group algebra F[G], an element m € M is called an invariant, if
g >m = m for all group elements g € GG. Using the fact that the group elements g € G form a
basis of F[G] and the expression for the counit of F|G] from Example [5.2.9] we can reformulate
this condition as h > m = e¢(h)m for all h € H. The latter can be formulated and imposed for
any bialgebra B over F. Replacing the module over a bialgebra by a comodule, we can then
formulate a dual condition, namely d(m) = 1®m. This leads to the notion of a coinvariant.
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Definition 6.2.1: Let B be a bialgebra over F.

1. An element m € M of a B-module (M, >) is called an invariant, if b > m = ¢(b) m for
all b € B. The submodule of invariants of M is denoted M?P.

2. Anelement m € M of a B-comodule (M, ¢) is called a coinvariant of M if §(m) = 1z@m.
The subcomodule of invariants in M is denoted M«?.

The notions of invariants and coinvariants capture many familiar concepts such as invariant
functions on a set with a group action, the centre of a Hopf algebra H and H-linear maps
between H-modules.

Example 6.2.2:

1. Let > : G x X — X be an action of a group G on a set X and denote by
> : F[G]@Map(X,F) — Map(X F) be the associated F[G]-module structure on
(g

)
Map(X,F) with (g > f)(z) = f(g' > x) for all ¢ € G and x € X. Then the invari-
ants are given by

Map(X,F)" = {f : X - F| f(g>z) = f(z)Vg € G}.

2. Let H be a Hopf algebra acting on itself via the adjoint action >, : HQH — H with
h>aik =Xm) hay - k- S(h)). Then the submodule of invariants is the centre of H

HP = Z(H)={k€ H|h-k=k-hVh e H}.

If £ e Z(H), then h >ad k = E(h)h(l) k- S(h(g)) = (Z(h)h(l)S(h(g))) -k = E(h) k for all
h € H. Conversely, if K € H” then for all h € H

h-k=(Emhae(hw)) - k= ZmhwykS(heyw)hee) = S (haya)kS(haye))he)
= Yy (h) >aa k)hi) = Bwye(hy) khay =k - (Bme (ha))h(z)) =k-h.

3. Let H be a Hopf algebra and M, N modules over H. Then the H-linear maps f : M — N
are the invariants of the H-left module structure

> : HHomgp(M, N) — Homp(M, N), (h> f)(m) = Emy hay >n f(S(ha)) >um).

That > defines an H-module structure on Homg(M, N) follows by a direct computation
(Exercise). For each H-linear map f: M — N we have

(h e f)(m) = Xmha) >n F(S(hz) >um) = Bm (ha)S(h)) >x f(m) = e(h) f(m)

and hence f € Homg(M, N). Conversely, if f € Homp(M, N) then for all m € M

hDNf(m):Eh)h DNf(( (h@)he) B>y m) = Swy(hay > (k@) >um)
= Sme(h)) flh@) Ba h) = Zp) f(Emetha))he) >u m) = f(h>nm).

Just as for any ring, every module M over a bialgebra B can be related to the action of B on
itself by left multiplication. This is achieved by the B-linear maps >,, : B — M, b — b>m for
elements m € M. Any B-linear map f : M — N sends invariants to invariants, since one has
br> f(m) = f(b>m) = e(b)f(m) for all m € MP. We can thus describe the invariants of an
B-module M in terms of the invariants for the left action of B on itself by left multiplication.
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Analogously, one can describe invariants of H-right modules in terms of the invariants of B
with the right action by right multiplication.

The invariants of a bialgebra action on itself by left or right multiplication play a special role and
are called integrals. They can be viewed as the counterparts of left or right invariant integrals
on a Lie group. For the same reason, an integral in a bialgebra B that is both left and right
invariant is sometimes called a Haar integral in B. Just as Haar integrals over compact Lie
groups can be used to construct invariant functions on Lie groups, integrals in a bialgebra that
satisfy certain normalisation conditions define projectors on the invariants of B-modules.

Definition 6.2.3: Let B be a bialgebra over F.

1. A left (right) integral in B is an invariant for the left (right) regular action of B on
itself: an element ¢ € B with b- ¢ = ¢(b) ¢ (with £-b=€(b) () for all b € B.

2. The linear subspaces of left and right integrals in B are denoted I (B) and Ir(B). If
I (B) = Ir(B), then the bialgebra B is called unimodular.

3. A left or right integral ¢ € B is called normalised if ¢(¢) = 1. A (normalised) element

¢ € I (B) N Ig(B) is called a (normalised) Haar integral.
Example 6.2.4:
1. If G is a finite group, then F[G] and F|G]* are unimodular with
I (F[G]) = Ir(F[G]) = spang {Egec 9} IL(FIG]") = Ir(F[G]") = spang {d.} .

The integral . is normalised. The integral ¥ c¢g can be normalised iff char(F) f|G|.

2. The Taft algebra from Example is not unimodular. One has (Exercise

I (H) = spanF{E’;:_&ij”_l} Ir(H) = spanF{Z?;&q_jij"_l}.

3. The g-deformed universal enveloping algebra U,(sly) from Example has no non-
trivial left or right integrals: I1,(U,(slz)) = Ir(U,(slz)) = {0}. The g-deformed universal
enveloping algebra U/ (sly) at a root of unity from Proposition [5.3.12] is unimodular with

[L(Ur(ﬁ[g)) = IR(UT(EIQ)) = SpanF{Z;;éKjEr_lFr_l}

The usefulness of integrals comes from the fact that given a normalised left or right integral for
a bialgebra, we can construct a projector on the invariants of any left or right module over B.
This allows one to determine the invariants of any module over B explicitly and systematically.

Lemma 6.2.5: Let B be a bialgebra and ¢ € B a normalised left integral. Then for any
B-module (M, 1>), the linear map P : M — M, m + £1>m is a projector on M5,

Proof:
This follows directly from the properties of the normalised left integral ¢ € B. One has

b> P(m)=br> ({>m) = (bl) >m = (e(b)l) >m = €(b) ({ >m) = €(b) P(m)
(PoP)m)=I>{(>m)=)>m=(e()l)>m={>m= P(m)
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for all m € M and b € B, and this shows that P is a projector with im(P) c M?Z. Conversely,
if m € MB, one has P(m) = {1>m = ¢({) m = m and hence m € P(M). O

This lemma and Example make it worthwhile to investigate left and right integrals in
bialgebras and Hopf algebras. The first point to address is their existence and uniqueness. For
finite-dimensional Hopf algebras, the existence and uniqueness of integrals can be established
using the concept of a Hopf module.

A Hopf module can be seen as a structure that generalises a bialgebra in the same way as
a module generalises an algebra and a comodule a coalgebra. It has both, a module and a
comodule structure, and these structures must satisfy a compatibility condition that generalises
the compatibility condition between the multiplication and comultiplication in a bialgebra. Hopf
modules exist in several variants, depending on if one works with a right or left module and
comodule structure. For us, it is sufficient to consider right Hopf modules.

Definition 6.2.6: Let B be a bialgebra over F.

1. A right Hopf module over B is an B-right module and B-right comodule
<1: VB =V, b@ui—v<db 0:V = VB, v Xuvo)@ua),
such that 0 is a morphism of B-right modules:
(v ab) = 0(v) <b = D)) (Vo) < ba))@(va) - bez)

2. A homomorphism of right Hopf modules from (V, >y, dy) to (W, >y, dw) is a linear
map ¢ : V — W that is a homomorphism of right b-modules and right b-comodules:

po<y =<y o (¢®1d3) (¢®1d3) o0y = dw o }.

Example 6.2.7:

1. Every bialgebra B is a right Hopf module over itself with its right action by right
multiplication <1z : BB — B, k<1b = k-b and the comultiplication 6 = A : B — B®B.

2. For every right module (M, <) over a bialgebra B, the vector space M®B is a Hopf
module with

<4: (M®B)®B = M®B, (m®k) Qb= X (m <ba))R(k - b))
§ = (idy®A) : M®B = (M®B)®DB, S(m®k) = Lgym®kq)®@Kk ).
3. In particular, for every vector space V over F, the vector space V®B is a Hopf module
over B with the trivial Hopf module structure
<4 =idem: (VeB)®B — V®B, (v®k) <b=v®kb
§ = (id®A) : VeB — (VeB)®Bb, S(vRk) = B v@k1)®k(2).

The fact that these examples are largely trivial is not due to the choice of examples. In fact, the
distinguishing property of Hopf modules over a Hopf algebra is that they factorise into their
subspace of coinvariants and the underlying Hopf algebra H. Every Hopf module is isomorphic
as a Hopf module to the tensor product of its coinvariants with H, equipped with the trivial
Hopf module structure from Example [6.2.7], 3.
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Theorem 6.2.8: (Fundamental theorem of Hopf modules)
Let H be a Hopf algebra over F and (M, <,6) a right Hopf module over H.

1. An H-invariant projector on M" C M is given by
P=<xo (id®5) od: M — M, mr E(m)m“)) < S(TI’L(l)).

2. If M°"®H is equipped with the trivial Hopf module structure from Example , 3,
then the action map defines an isomorphism of Hopf modules

p=<:MPQH - M, m®h—m<h.

Proof:

We denote by <t : M®H — M the H-right module structure and by 6 : M — M®H the
H-right comodule structure on M. Then we have in Sweedler notation 6(m) = X,,)m ) @m1)
and the Hopf module conditions on § read

(5®id) o (5(m) m(0)®m( )®TTL(2) = (1d®A) e} 5( )
(id®e) 0 6(m) = moye(my) = m
o(m < h) =d(m ) < h = )Moy < hay@mayh).

The trivial Hopf module structure on M " ®H is given by
(m®k) <" h=mkh ' (mk) = XnymQkq)Qks).
1. We show that P is an H-invariant projector on M<: for all m € M and h € H we have
6(P(m)) =6 (Zamymeoy < S(m))) = Smd(mey) < S(m))
(my@ma)) < S(mz) = m)[ 0) < S(m(2>)<1>]®[m<1)5(m(2))<2)]
)

) (0)
= Xm)[mo) < S( m(2)(2))]®[m (m<2>(1>)] Em)[m(o) < S(m(s))]@[m1)S(m(z))]
= e(m))[Emyme) < S(me )]®1 = Y(m)[m) < S(ma))]®1 = P(m)®1

P(m<h)=<o(id®Ss) o 5(m < h) = <o (id®S)(d(m) < h)
= <o (id®S) (Bmymymo) < hay@myh)
= Zm)n) (M) Th) A S(mayhe) = Egnyn) (mo) < ha)) < (S(he)S(ma)))
= Sy (M) < (h)S(h(2)))) < S(m))) = e(h)Em)(me) < 1) <S(ma))
=€(h) P(m).

For all coinvariants m € M®H this yields
P(m) = <o (id®S) o d(m) = <o (ldeS)(m®l) =m<aS(l)=m<a1l=m
This implies (P o P)(m) = P(m) for all m € M and shows that P is a projector on M.

2. We show that the map ¢ : M*°#®@H — M is a homomorphism of Hopf modules.
For all m € M and h,k € H, we have

S(mek) < h = (m<ak) <h=m< (kh) = d(mkh) = o((mk) <’ h)
(50 ¢)(mk) = d(m < k) = d(m) <k = (m®1) Qk = g (m < k) Rk
= (¢®id) (Sym@kq)@k) = ((¢@id) 0 &) (m®k).
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3. We show that the linear map
(P@ld) 0d0: M — MCOH(X)H m — E(m) [m(o) < S( )]®m( 2)

is inverse to ¢. Using the fact that P is a projector on M that is invariant under the action
of H on M, we obtain for all m € M, n € M*“H and h € H

¢ o x(m) = ¢(Xm)[m) < S(ma))|®@m ) = Y(m) (M) < S(m(1))) <m)
= Zmymo) < (S(may)me)) = 2(m ) < (e(my)l) = By (e (m(l))mm)) <l =
x 0 ¢(n®h) = x(n < h) = (Peid)é(n < h) (P®id)(d(n) < h) = (P®id)(( ®1) < h)
= Yy P(n < ha))®@h@) = Zpmye(ha)) P(n)@he) = P(n)@(Emye(ha))he) = n@h.

This proves that y = ¢! and that ¢ : M“°"®@H — M is an isomorphism of Hopf modules. O

Note that the projector P on the subspace M“? C M can be viewed as the Hopf module
counterpart of the defining condition mo(id®S)oA = noe of the antipode of a Hopf algebra and
the isomorphism x as the counterpart of the identity (mo (S®id)o A®id)o A = (e®id)o A = id
in a Hopf algebra H.

With the fundamental theorem of Hopf modules, we can settle the question of existence and
uniqueness of left and right integrals for finite-dimensional Hopf algebras H. This is achieved by
defining an H-Hopf module structure on H* that has the right integrals of H* as its coinvariants.

Theorem 6.2.9: Let H be a finite-dimensional Hopf algebra, (z1,...,,) an ordered basis
of H and (a?, ...,a") the dual basis of H*.

1. There is an H-right Hopf module structure on H* with H*®°" = [} (H*) given by
<:H'®H — H, a®h — Z )Oé(g)(S(h)) (1) (66)
0: H" — H'®H, a = Y dla®;.
2. Forany 0 # X\ € I (H*), the Frobenius map is an isomorphism of right H-Hopf modules:
(ﬁ)\ H — H*, h +— E(A))\(g)(S(h)) )\(1).
3. One has dimg I, (H) = dimg Iz(H) = 1.
4. The antipode of H is bijective with S (I (H)) = Ir(H) and S (Ix(H)) = I(H).

Proof:
1. That defines a right H-Hopf module structure on H* follows by a direct, but lengthy
computation. We show first that <1 is an H-right module structure on H*:

(Oé<lh)<]k=2(aa/2(5(h> Oél)<]k‘—2 () ()(S(h)) 2)(5( ))Oé
(

)0(2) )
= S (S(k)S(h)) aq) = )@y (S(hk)) oy = a < (hk)
a <1 =X@ae(S(1)) o) = E<a>a< )(1) aq) = Swelap)ag) = a.

To show that ¢ is an H-right comodule structure on H*, we use the auxiliary identities

7o' @A (z) = B oo Q@ P A(0) @ = B o' @) @ (67)
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which follow by evaluating both sides of the equation on elements 3,y € H* or z,y € H

([d@B&y) (S0’ @A(2:)) = By (B7)(z:) o = By =X, ‘ol B(xi)y ()
= (id®fey) (X o) Qa,@1;)

(r@yid) (S, Aa)@z;) = T, (y) (@)@ = 2y = Sy a(0f)y(ad)ze;
= (z@y®id) (X1, '@ @z;1;).

(
)

Applying these identities we obtain
(0®id) 0 0(a) = X7 6(o'a)@x; = Bf ;07 o' a®@;Qu; & s Y afa®@A(r) = (Id®A) o 6(a)
(id®e)d(a) = X o' ae(z;) = a.
To show that ¢ is H-linear, we compute
§(a) ah =3, (d'a®z;) <h =3 Xpl(a’a) < ho))@zhe)
= 21 20 (.0 () 2(2)) (S(ha))) afyam@zihe)
= L1500, (0,09 (2 (S (i) (S (g )) o) @aih)
D 51,80 00 (S(ha) oo @S (he)he
= UL Zma)(S(h) a'am@z; = Beae) (S(h) dan)) = d(a < h).
This shows that defines a right H-Hopf module structure on H*.

Its coinvariants are the elements a € H* with X' a‘a®z; = §(a) = a®l. This condition
implies Ba = (Id®B)(X,d'a®r;) = (id®B)i(a) = (iId®B)(a®l) = e(f)a for all f € H*,
and hence one has H**°H C I;(H*). Conversely, for each left integral o € I(H*) one has
§(a) =3 dla®x; = X e(a)a®r; = a®l, and hence I (H*) = H*H,

2. and 3.: Theorem implies with 1. that < : I (H*)®H — H*, \®h — A < h is an
isomorphism of Hopf modules. As H is finite-dimensional, we obtain

It follows that the Frobenius map ¢y = A <1 — : H — H* is an isomorphism of Hopf modules
for all 0 # A\ € I, (H*). Claim 3. for I (H) then follows, because the finite-dimensionality of H
implies H** = H, and claim 3. for Ir(H) from 4.

4. If h € ker(S), then ¢\(h) = 0 and hence ker(S) C ker(¢,) = {0}. This shows that the
antipode is injective, and because H is finite-dimensional, it follows that S is bijective. As
SEL . H — H°P<P is a Hopf algebra homomorphism, one has for £ € I(H), (' € Ir(H), h € H

SEO) - h = SFY(STH(h) - £) = e(ST'(n)STH(0) = e(h) ST (0) = ST(() € In(H)
he SELE) = ST - SFLR)) = e(STU(R)) SELC) = e(h)SEX() = ST € IL(H).

This shows that STY(I;(H)) = Ir(H) and ST (Iz(H)) = I,(H). O

Corollary 6.2.10: Let H be a finite-dimensional Hopf algebra and 0 # A € I ,(H*) a non-
trivial left integral. Then H is a Frobenius algebra with Frobenius form

k:HOH = F, k(hok) = Ah - k).
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Proof:
The Frobenius condition follows directly from the associativity of the product in H:

k((h-B)R) =A(h-k)- 1) =\Nh-(k-1) = k(ha(k-1)  Vh k1€ H.

That k is non-degenerate follows, because by Theorem [6.2.9) the antipode S : H — H and the
Frobenius map ¢, : H — H* are linear isomorphisms and

R(hek) = M- k) = SyAy () Ae) (k) = 6(S 7 (B))(h).

Hence r(h®k) = 0 for all h € H implies ¢,(S™!(k)) = 0 and k = 0. As H is finite-dimensional,
this shows that ¢, : H — H*, h+— x(—®h) is a linear isomorphism. O

Theorem [6.2.9 clarifies the existence and uniqueness of left and right integrals for finite-
dimensional Hopf algebras H. In fact, one can show that the finite-dimensionality of H is
not only a sufficient but also a necessary condition for the existence of non-trivial left and right
integrals: if a Hopf algebra H has a left or right integral integral ¢ # 0, then it follows that H is
finite-dimensional. We will not prove this statement here. A proof is given in [Rl Prop. 10.2.1].

Having established the existence and uniqueness of integrals for a finite-dimensional Hopf al-
gebra H, we may ask what is the role of a normalised integral. In Lemma we established
that a normalised left integral in H defines a projector on the invariants of any H-module M.
It is clear that the existence of a normalised integral on H is equivalent to the existence of
an integral ¢ € H with ¢(¢) # 0, since any such integral can be normalised by rescaling it. It
turns out that the existence of such an integral is closely relate to the representation theoret-
ical properties of H. More specifically, it encodes the semisimplicity of H, and one obtains a
generalisation of Maschke’s theorem for representations of finite groups.

Theorem 6.2.11: (Maschke’s Theorem for Hopf algebras)
Let H be a finite-dimensional Hopf algebra over F. The the following are equivalent:

(i) H is semisimple.
(ii) There is a left integral ¢ € H with €(¢) # 0.
(iii) There is a right integral ¢ € H with €(¢) # 0.

Proof:
We prove the claim for left integrals. The claim for right integrals then follows because

S(I(H)) =1Ir(H) and €0 S = .

(i)= (ii): The linear map € : H — F is a module homomorphism with respect to the action
of H on itself by left multiplication and the trivial H-module structure on F, since we have
e(h>p k) = e(hk) = e(h)e(k) = h>€(k) for all h,k € H. Hence ker(¢) C H is a submodule, or,
equivalently, a left ideal in H. As H is semisimple, there is a left ideal I C H with H = ker(e)® 1.
As we have (h —e(h)1) -k € ker(e) and h-i € [ for all h,k € H and i € I, we obtain

h-i=(h—e€(h)1l)i+e(h)i=e(h)i,

N ———— ' N

€l ker(e) el el

and this implies I C I, (H). As ¢(1) = 1 implies dimp(ker(¢)) < dimp H and I Nker(e) = {0},
we have 1 < dimy I, and there is a left integral ¢ € I C I (H) with €(¢) # 0.
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(ii) = (i): Suppose there is an integral ¢ € I, (H) with €(¢) # 0. Then by multiplying with an
element A\ € F, one can achieve €¢(¢) = 1. Let M be a module over H, U C M a submodule
and choose a linear map ¢ : M — U with ¢|y = idy. If we equip the vector space Homp (M, U)
with the H-module structure from Example 3. then the linear map

T=0>¢: M — U, m|—>(€|>¢)(m):ng(l)bqﬁ(S(é(Q))Dm)

is an invariant of the module Homp(M,U) by Lemma and hence H-linear by Example
6.2.2] 3. It follows that ker(m) C M is a submodule of M. Moreover, one has for all u € U

m(u) = (0> P)(u) = Z) Loy > ¢(S (L) > u) = Lay > (S(le)) > u) = e(l) u = u.

This implies ker(r) N U = {0} and since every element m € M can be written as
m =m —m(m)+m(m) with m —m(m) € ker(r) and 7(m) € U it follows that M = U & ker(m).
Hence, every submodule of M has a complement and H is semisimple. O

Corollary 6.2.12: (Maschke’s Theorem for finite groups)
Let G be a finite group. Then the group algebra F[G] is semisimple if and only if char(F) [|G].

Proof:

By Example we have I,(F[G]) = spang {X,cq g}. As €(Zgec g) = Zhecelg) = |G|, it
follows that e(IL(F[G])) # {0} if and only if char(F) 1 |G|, and by Theorem [6.2.11] this is
equivalent to the semisimplicity of F[G]. O

We will now relate the existence of normalised left and right integrals and hence the semisim-
plicity of a Hopf algebra H to the properties of its antipode. This requires some technical results
on the properties of left and right integrals and the relation between them.

The first result is a characterisation of the unimodularity of a finite-dimensional Hopf algebra
H in terms of a special element o« € H*. This is obtained by realising that the linear subspace of
left integrals is invariant under right multiplication with H. As it is one-dimensional, it follows
that multiplying a left integral ¢ on the right by an element h € H yields a scalar multiple
a(h)l of the left integral ¢. The assignment h +— «(h) then defines a distinguished element
a € H* that determines if H is unimodular.

Proposition 6.2.13: Let H be a finite-dimensional Hopf algebra over F. Then:

1. There is a unique o € H*, the the modular element of H, with - h = «(h){¢ for all
he Hand { € I,(H).

2. The element o € H* is grouplike.
3. One has h-¢' = a ' (h)¢ for all h € H and ¢’ € Ir(H).
4. The Hopf algebra H is unimodular if and only if a = e.

Proof:

1. For every left integral ¢ € I (H) and h,k € H, one has k(¢h) = (kl)h = €(k) (h for all
k € H and hence (h € I;,(H). As dimy I,(H) = 1 by Theorem [6.2.9] and the multiplication is
linear, this implies ¢h = a(h)f for some element o« € H*. If £ # 0 and ¢ € I, (H) is another
left integral, then ¢ = pf for some pu € F, and we have 'h = ptlh = pa(h)l = a(h) ¢ for all
h € H. This shows that the identity ¢ - h = a(h) ¢ holds for all ¢ € I;,(H).
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2. We have for all h,k € H
a(hk) l = thk = ((h)k = (a(h)0)k = a(h) lk = a(h)a(k)? (=101 ={=a(ly)l.

This shows that « : H — F is an algebra homomorphism and hence a grouplike element of H*
by Example [6.1.2

3. As Ig(H) = S*(I(H)) by Theorem and S*!(a) = a0 St = a7 for any a € Gr(H*),
we obtain for all right integrals ¢’ € Ir(H)

ht =S (S(h)) - STHS()) = STHS(C) - S(h)) = a(S(h)) STHS(¢)) = a ' (h) L.

4. The Hopf algebra H is unimodular if and only if I, (H) = Ir(H). This is the case if and
only if /h = a(h)l = e(h)l for all h € H and left integrals ¢ € I (H), which is equivalent to
a = € since dimg I (H) = 1. O

Corollary 6.2.14: Every finite-dimensional semisimple Hopf algebra is unimodular.

Proof:

If H is finite-dimensional and semisimple, there is a left integral ¢ € I, (H) with €(¢) = 1 by
Theorem |6.2.11} Then the modular element o € Gr(H*) with ¢-h = a(h) ¢ for all h € H from
Proposition [6.2.13| satisfies

a(h) € = a(h) e(t)f = a(h) 2 = (Ch)l = ((he) = e(h) 2 = e(R)e(£) £ = e(h) L.

As ¢ # 0, this implies a(h) = €(h) for all h € H, and by Proposition [6.2.13| H is unimodular. O

To relate the existence of normalised left and right integrals and hence the semisimplicity of H
to the properties of the antipode, we require some additional results on the properties of the
integrals and need to relate the integrals of H and H*.

Lemma 6.2.15: Let H be a finite-dimensional Hopf algebra over F.

1. For each right integral 0 # X\ € Ig(H*) there is a left integral ¢ € I, (H) with A(¢) = 1.

2. Under these assumptions one has for each element h € H

h = %) Mhlay)S(Leay). (68)

Proof:

1. Let 0 # X\ € Ig(H*) be a non-trivial left integral. Then by Theorem one has 0 #
S~Y(A\) € IL(H*) and the Frobenius map ¢s—1n : H — H*, h — ) n)(h)S ™ (Ag) is a
linear isomorphism. This implies ¢g-1(y)(¢) # 0 for each non-trivial left integral 0 # ¢ € I1,(H),
and hence there is a k € H with

0 7 ds-100)(0)S(k) = By Ay (€) Ay (k) = A(L- k) = a(k)A(L).
This implies A(¢) # 0, and by multiplying ¢ with a suitable element of F*, we obtain A(¢) = 1.

2. Let now ¢ € I(H), A € Igr(H*) left and right integrals with A(¢) = 1. Then we have
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This follows by a direct computation using the fact that ¢ € I, (H) is a left integral, the
counitality and antipode condition:

0 My®S(Le) = Bwymhaylay@S(e(h)le) = Bom haln@S(S™ (he)he)le)
z: v Pyl @S (haylia)h@) = S (id@S) (A(hml)) - (10h@))
= Yme(h)(d®S) o A(l) - (1®h)) = (id@S5) 0 A(() - (10h) = X l1)®@S5({2)h.

As X € Igr(H") is a right integral, we have (A®id) o A(h) = Xy A(ha))h@) = A(h) forall h € H.
Combining this with the condition A\(¢) = 1 and identity we obtain

2oy Ah))S () = 3w Al))S(bz)h = A(0) S(1) - h = h.

We will now show that the semisimplicity of a finite-dimensional Hopf algebra H is related to
the square of its antipode. This is achieved via formula in Lemma . The fact that
every element of H can be expressed in terms of a left integral ¢ € I, (H) and right integral
A € Ig(H™) allows one to express the traces of a linear maps ¢ : H — H in terms of integrals
and to relate the existence of normalised left or right integrals to the square of the antipode.

Proposition 6.2.16: Let H be a finite-dimensional Hopf algebra over F, ¢ € I, (H) a left
integral and A\ € Ir(H"*) a right integral with A(¢) = 1, as in Lemma [6.2.15| Then:

1. For all linear maps ¢ : H — H one has Tr(¢) = S A(A(S({2)) - L)),
2. The square of the antipode satisfies Tr(5?) = €(£) A(1).

Proof:
We choose an ordered basis (z1,...,2,) of H and the dual basis (a',...,a") of H*. Then we
have Tr(¢) = ¥ a(¢(x;)) for all ¢ € Endp(H). As ¢(z;) = Sy Ad(z:)la)) S(2)) for all
1t =1,...,n by formula in Lemma we obtain
Te(¢) = TiLia' (1)) = By o (T M(0)l) S (L)) = Bizi By o' (Sl M(w:)lw)
= S A (B0 (S (l)):) - ) = A (@(S(le) - Loy)-

Inserting ¢ = S~ into this equation yields
Tr(S7%) = B A(S™ () lay) = AM(Sw S™ (lx)lay ) = Me(l)) = e(OA(1).

Replacing H with HP exchanges the antipode and its inverse and yields Tr(S5?) = 1. O

Corollary 6.2.17: Let H be a finite-dimensional Hopf algebra over F.

1. H and H* are semisimple if and only if Tr(S5?) # 0.
2. If S? =idg and char(F) f dimp H, then H and H* are semisimple.
Proof:
1. By Lemma [6.2.15] there are integrals ¢ € I (H) and A € Ix(H*) with A(¢) = 1, and by

Proposition [6.2.16| we have Tr(S?) = €(¢)A\(1). Hence, we have Tr(5%) # 0 if and only if
€(0),\(1) # 0. As dimgp I,(H) = dimp Ig(H*) = 1, this is equivalent to the existence of a

114



left integral ¢ € I (H) and a right integral A\ € Ir(H*) with €(¢) # 0 and A(1) # 0. By
Theorem [6.2.11] the first condition is equivalent to the semisimplicity of H and the second to
the semisimplicity of H*.

2. 1f S? = idg, then Tr(S?) = Tr(idy) = dimg H. If char(F) )/dimg(H), this implies Tr(S?) # 0,
and 1. implies that H and H* are semisimple. O

Corollary relates the the semisimplicity of a finite-dimensional Hopf algebra H and its
dual to the square of the antipode. In fact, for fields of characteristic zero there is a stronger
result that shows that the condition S? = idy is not just sufficient, but also necessary for the
semisimplicity of H and H*. This is the theorem of Larson and Radford, for a proof see the
original article [LR].

Theorem 6.2.18: (Larson-Radford Theorem)
Let H be a finite-dimensional Hopf algebra over a field F of characteristic zero. Then the
following are equivalent:

(i) H is semisimple.

(ii) H* is semisimple.
(if}) S? = idy.

The Larson-Radford Theorem is useful to establish that a given Hopf algebra over a field of
characteristic zero is not semisimple. Instead of a time-consuming search for indecomposable
modules that are not simple, one can simply compute the square of the antipode.

Example 6.2.19: Let F be a field of characteristic zero.

1. The g-deformed universal enveloping algebra U/ (sl) at a primitive nth root of unity from
Proposition [5.3.12]is unimodular, but it is not semisimple. This follows because the square
of its antipode is given by

S*(K) =K, S*(E)=KEK'=¢FE S*(F)=-KFK'=q?’F

Hence, the antipode of Uy (sly) has order 2r > 2 with r = n/2 for n even and r = n for n

odd and Uy (sly) cannot be semisimple by Theorem [6.2.18

2. The Taft algebra T, from Example is not semisimple, since one has

S*(x) = S(—xy™) = =S(zy™") = =S(y)'S(z) = —y(—ay ) =yay ' = ¢ v # .

The theorem by Larson and Radford also relates the semisimplicity of a Hopf algebra H to the
properties of the Frobenius algebra from Corollary [6.2.10} By combining Theorem [6.2.18] with
the formulas from Lemma [6.2.15 one finds that this Frobenius algebra is symmetric, if H is
semisimple. This implies in particular that the coproduct of an integral in a finite-dimensional
semisimple Hopf algebra is always symmetric.
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Corollary 6.2.20: Let H be a finite-dimensional semisimple Hopf algebra over a field F of
characteristic zero. Then:

1. The Frobenius algebra from Corollary [6.2.10]is symmetric.

2. For all integrals £ € H the element A™({) = (A®idysm-1) o --- o (A®idy) o A(f) is
invariant under cyclic permutations for all n € N.

Proof:

1. Let H be a finite-dimensional semisimple Hopf algebra over F. The by Theorem [6.2.18] one
has S? = idy, the dual H* is semisimple as well and H and H* are unimodular by Corollary
6.2.14] By Lemmal6.2.15| there is a right integral A € Ir(H*) and a left integral ¢ € I, (H) with
A(¢) = 1. As H is unimodular, we have S(¢) € I, (H) and hence S(¢) = puf with p € F*. The
identity €(S(¢)) = ue(f) = €(¢) and €(¢) # 0 imply g =1 and S(¢) = £.

Using the identity S? = idy, one can then derive a counterpart of formula where h is on
the right in the first and on the left in the second argument

Z(g) hf(1)®5(£(2)) = Z(g) £(1)®S(f(2))h E(z) g(1)h®5’(€(2)) = £(1)®h5(f(2)). (70)
As A € I.(H*) = Ir(H*) with A(¢) = 1, we have for all h € H
(A®Id)A(h) = EmAlh))he) = AMh)L = ZpAlhe)hay = (dOA)A(R),
and applying these identities to yields a generalisation of
h = A(hl)) S(lz) = X A(S(le)h) Loy = ZpA(hlz) S(lay) = B ASEm)h) - (T1)
This yields for all h,k € H
(71)
Ak - h) @ A (Z@ASEayk) bay) - h) =@ A(S(Layk) Alz)h
(7o) (1)
@ SAhS (L)) AMklz) = A(h- (S@Akle) S(Ua)))) = Ah- k).

2. Clearly, this holds if £ = 0. We prove it for non-trivial integrals 0 # ¢ € H. As the associated
Frobenius form x on H* is symmetric by 1, one has

(a®@B)(A(0) = (o B)({) = k(a®P) = k(Ba) = (8- a)(l) = (a®F)(AP(())
for all o, 5 € H* and hence A(¢) = A°({). This yields for all £ € Ny

Sl @ ®...0lxi) = B A ()@l = (A D)@id) 0 A(()
= (A" D)id) 0 A%(0) = B A (L)) ®La) = Sl ®...@lun@La).
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6.3 Quasitriangular Hopf algebras

Bialgebras were motivated by the requirement that their representation categories are monoidal
(Theorem and Hopf algebras by the requirement that their categories of finite-
dimensional representations are right rigid monoidal categories (Corollary. In this section
we investigate the additional structure on a bialgebra or Hopf algebra B that ensures that its
representation category B—Mod is a braided monoidal category.

This additional structure must relate the representation of B on the tensor product of two
representation spaces to the one on the opposite tensor product. More specifically, for all B-
modules VW the B-modules V®@W and W&V must be isomorphic, these isomorphisms are
natural in both arguments and compatible with tensor products. We will show that this is
equivalent to the following conditions on the bialgebra B.

Definition 6.3.1:

1. A quasitriangular bialgebra is is a pair (B, R) of a bialgebra B and an an invertible
element R = R()®R(2) € BB, the universal R-matrix, that satisfies

AOp(b) = R . A(b) . Ril (A@ld)(R) = ng . R23 (1d®A>(R> == R13 . ng,
where ng = R(1)®R(2)®1, R13 = R(1)®1®R(2) and R23 = 1®R(1)®R(2) € B@B@B

2. A homomorphism of quasitriangular bialgebras from (B, R) to (B’, R’) is a bialgebra
homomorphis ¢ : B — B’ with R’ = (¢®¢)(R).

3. A quasitriangular bialgebra is called triangular if its R-matrix satisfies 70 R = R},
where 7 : BB — BRB, b®b +— b'®b denotes the flip map.

4. A (quasi)triangular Hopf algebra is a (quasi)triangular bialgebra that is a Hopf algebra.

Note that the notation R = R1)®R9) is symbolic. It stands for a finite sum R = X7, b;®b; with
b,V € B. To distinguish it from the Sweedler notation for a coproduct A(b) = X)ba)®b(2),
we do not use a summation sign in this case.

It is plausible that a quasitriangular structure on a bialgebra is related to a braiding on its
representation category B—Mod, since the representation of B on the tensor product VW is
given by the coproduct (py®pw) o A : B — Endp(V®W), while its representation on W&V
is given by (pw®py) o A = 7o (py®pw) o A? : B — Endp(W®V). The braiding of the
representations on V' and W should thus be given by the action of the universal R-matrix.

Theorem 6.3.2: Let B be a bialgebra. Then (symmetric) braidings on the representation
category B—Mod correspond bijectively to quasitriangular (triangular) structures on B.

Proof:
1. Suppose that (B, R) is a quasitriangular bialgebra and denote by Re; = 7(R) the flipped
R-matrix. We define for B-modules (V, >y ) and (W, >w) a linear map cyy : VW — WV

cyw (v@w) = T(R >ygw vQW) = Ry Dwey T(0vQwW) Yo eV,weW. (72)
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Then ¢y has inverse c‘_/vlw(w@)v) = 7(Ry!' Dwey w@v) = R Dygw 7(w®v) and is B-linear:
b>wev cvw (v@wW) = T((A(D) - R) Dyew v@w) = 7((R - A(b)) Dyew v@W)
= T(R Dvew (b Dvew U@U})) = vaw(b Dvew (U@U)))

To show that this defines a natural isomorphism ¢ : ® — ®° in B-Mod, we consider B-linear
maps f:V = V' and g: W — W’ and compute

(cvrwr o (f®g))(v@w) = T(R>v w f(v)@g(w)) = (T o (f@g))(R >vew v@W)
= ((99f) o T)(R Byew v@w) = ((9R[) o cvw)(v&w)

where we used first the definition of ¢y, then the B-linearity of f and g and then the
definition of cy. This proves the naturality of c.

For the proof of the hexagon relations note that in Sweedler notation the conditions on the
universal R-matrix read

(A®Id)(R) = RizRys & E(r,) Ry @R @Re) = Ry)@Ray@R(g Re)
(d®A)(R) = RisRiy & S(re)Ray@Re)m®Re) @) = Ri)Ro@Re @Ry,

With this, we obtain the two hexagon relations

(ly®@cyw) o avuw o (cuy@lw)(u@v)@w) = (1y@cyw)(Re) >v v)Q((Ra) >u u)Qw)
= (R v 0)@((Rfy) bw w)@((R 1) Ra)) o w))
= X(Ry) (Re)a) Bv 0)@((Re)e) Bw w)@(Ra) >y u))

= avwu((Re) Dvew (v@w))R (R v u)) = avwy © cuvew © avvw (u@v)@w)

(cow®1y) 0 ag iy © (Ly®cyw) (u@(vew)) = (cuw@1v)(UD(R@) >w w))Q(Ra) By v))
= ((Rip)R2) Bw w)®(R{y) By w)®(Ray >v v)
= X(ry)) (Re) Dw w)@(Raya) Do w))R(Ruye) Bv v)

= apy (R Bw w)®(Ra) Bugy (u@v)) = gy y © cusvw © agyw (u@(v@w)).
This shows that the B-module isomorphisms cy .y : VW — W®V define a braiding.
2. Let now B be a bialgebra and ¢ : ® — ® a braiding for B-Mod. We define
R:=7ocpp(l®l) € BOB = R ':=cp'3(101) € BOB. (73)
To show that R~! is inverse to R, we use the B-linearity of the braiding and compute

R-R' =R cgp(181) = cglp(Rar > (101)) = ¢5/p(Rar - (181)) = c5lz(cpp(101)) = 101
R R =R b r(epp(101) = T(epn(R™ > (181)) = 70 cnp(c55(101)) = T(191) = 101,
To prove that R satisfies the conditions on the universal R-matrix, note that for all B-modules
V,Wandv € V,w € W, the map ¢,,, : BRB — VW, a®b — (a>y v)R(b>w w) is B-linear.
The naturality of the braiding then implies cyw 0 ¢y = Qoo cpp and for allv e V, w e W

R (v@w) = ¢pu(R) = T(Puw 0 cpp(1@1)) = T(cvw 0 ¢y w(1®1)) = T(cvw (v@W)).  (74)
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With the B-linearity of the braiding we then obtain
AOp(b) -R= T(A(b) Cp B(l@l)) — T(b >BeB CB B(l@l)) = T(CB B(b > BB 1®1)) = T(CB B(A(b)))
R pon Ab) = R-A(b),

where we used first the definition of R, in * the B-linearity of cp p and in ** the B-module
structure on B®B. This shows that A? = R- A - R~

With the hexagon relations we compute

(idp®A)(R) = R >pg(BeB) (1o(101)) & 7(cB,Bop(1®(121)))

e T((CLB B,B © (1dB®CB B)©aBBBO (CB p®idp) o a’B B B>(1®(1®1))

def R
= Ri3Ri2 >epes (101)®1) = RizRi,

(A®idp)(R) = R>Bep)es (1®1)®1) = 7(cper a((101)®1))

e T(ap,p,p © (cp.pRidp) 0 ay'p 5 o (Idp®cpp) 0 app,p)((101)Q1)
def R
=" Ri3Ro3 >pe(pes) (10(101)) = RizRos.
3. That the representation category B-Mod is symmetric if and only if (B, R) is triangular
follows directly from the expressions for the braiding in terms of the universal R-matrix:

cyw (VW) = T(R >ygw vQW) ey (VW) = T(Ry Byew v@W).

If R= R;ll, this implies cy.w = cﬁ/%v for all B-modules V, W. Conversely, if ¢y = c;VlV for all
B-modules V, W then this holds in particular for V=W = B and we obtain with

R® 7ocpp101) = 7o czy(101) B r(rY) = Ry

4. It remains to show that the construction of a quasitriangular structure for B from a braiding
on B—Mod and the construction of a braiding on B—Mod from a quasitriangular structure on
B are inverse to each other. If (B, R) is a quasitriangular bialgebra, ¢ the braiding defined by
(72) and R’ the universal R-matrix defined by c via , we have

R r(cp 5(121)) © r(r(Rpop 101) = 7o 7(R) = R.

Conversely, if ¢ is a braiding on B-Mod, R the associated universal R-matrix defined by
and ¢ is the braiding defined by R via , then we have

) (™)

(v vow) 2 (R >yaw (v0w)) = 7(7(cvw (v@w))) = cyw (v@w)

for all B-modules V,W and all v € V, w € W. This shows that the two constructions are
inverse to each other. O

Example 6.3.3:

1. Every cocommutative bialgebra is quasitriangular with universal R-matrix R = 1®1. This
includes group algebras of finite groups, tensor algebras of vector spaces and universal
enveloping algebras of Lie algebras.
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2. A commutative bialgebra B is quasitriangular if and only if it is cocommutative, since
in this case, one has A?(b) = R- A(b) - R7! for all b € B if and only if A = A%. This
shows that the algebra of functions F[G]* = Mapg(G) on a non-abelian finite group G
cannot be quasitriangular - it is commutative, but not cocommutative.

3. The group algebra C[Z/nZ)] is quasitriangular with universal R-matrix
R =iyl i ik,

4. For n = 2 and char(F) # 2, the Taft algebra from Example is presented with
generators x,y and relations 2y = —yz, y?> = 1, 2% = 0, and Hopf algebra structure

Aly) =yoy, Alz) =10z +yz, €(y)=1, €(2)=0, Sy) =y, S)=-zy.
This Hopf algebra is quasitriangular with universal R-matrices
R, =3 (101 + 1Qy + y®1 — yQy) + § (2®@z — 2Qzy + ryQzy + ry®z) for a € F.

5. Let ¢ € F be a primitive rth root of unity with r > 1 odd. Then the Hopf algebra U] (sl5)
from Proposition [5.3.12] is quasitriangular with universal R-matrix

R-1 > (@ =07 koevyeomi-g) 20 i iy kg (75)
B (k) ! |
i k=0

The examples show that quasitriangularity is a structure, not a property, just like a braiding
in a monoidal category. In fact, every universal R-matrix that is not triangular yields another
universal R-matrix. This is a consequence of the following proposition that contains the bial-
gebra counterparts of the statement that the braiding with the tensor unit is trivial, of the
dodecagon identity and of the opposite braiding from Remark [3.1.2]

Proposition 6.3.4: Let (B, R) be a quasitriangular bialgebra.

1. Then the universal R-matrix satisfies
(e®id)(R) = (id®e€)(R) =1 Ri5R13Rs3 = RosRi3Ryo.
2. (B, Ry}') with Ry = 7(R™!) is a quasitriangular bialgebra.
The equation RisR13R23 = RagR13R15 is called quantum Yang-Baxter equation (QYBE).
Proof:

1. With the defining condition on the universal R-matrix we compute
R = (1d®1d)(R> = (6®1d®1d) o) (A@ld) (R) = (E®1d®ld)(R15 . R23)
= (e®1d®id)(Ry3) - (e®id®id)(Ra3) = €(1) (e®id®id)(Ry3) - R = (1®(e®id)(R)) - R
As R is invertible, right multiplication of this equation with R™! yields 1®(e®id)(R) = 1®1,
and applying e®id to this equation we obtain (e®id)(R) = (e®id)(1®1) = €(1)1 = 1. The

proof of the identity (id®e¢)(R) = 1 is analogous. The QYBE follows directly from the defining
properties of the universal R-matrix:

R12R13R23 - R12 . (A@ld)(R) - (A0p®1d)(R> . R12 - (T@ld) (R13R23> . R12 - R23R13R12.
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2. Applying the flip map 7 : BB — B®B, b®&c — c®b to the defining conditions in Definition
yields for all b € B

A(b) =70 AP(b) = 7(R- A(b) - R™") = Ry - A(b) - Ry
(id®A)(Ry') = (r®id) o (id®7) o (A®Id)(R™") = (7®id) o (id®7)(Rys Rig ) = (R )1s(Ry' )1z
(A®id)(Ry') = (Id®7) o (1®id) o (Jd®A)(R™) = (id®7) o (7®id)(Ryy Ri3) = (Ry')13(Ra')2s.

Conjugating the first equation with R;," shows that R;' is another universal R-matrix for B.
O

If (H, R) is not just a quasitriangular bialgebra, but a quasitriangular Hopf algebra, then the
quasitriangularity has important consequences for the antipode. It implies that the antipode is
invertible and that its square is given by conjugation with a distinguished element of H, the
Drinfeld element. Moreover, there is a distinguished grouplike ¢ € H element such that the
fourth power of the antipode is given by conjugation with g.

Theorem 6.3.5: Let (H, R) be a quasitriangular Hopf algebra. Then:
1. The antipode of H is invertible.

2. The universal R-matrix satisfies
(S®id)(R) = (ideS™)(R) =R  (S®S)(R) = (S"'®S ") (R) = R.

3. The Drinfeld element v = S(R()R) is invertible with inverse u™' = R(9)S*(R))
and coproduct A(u) = (u®u) - (Ry1 R) ™.

4. The element g = uS(u)~! is grouplike.

5. The antipode satisfies S?(h) = uhu™" and S*(h) = ghg™! for all h € H.
Proof:
2. To prove the identities (S®id)(R) = R~ and (S®S5)(R) = R, we compute

(m®id) o (S®id®id) o (A®id)(R) = (1ge®id)(R) = 1®1
=(m®id) o (S®id®id)(R13R3) = (S®id)(R) - R.

Right multiplication by R~! then yields (S®id)(R) = R™'. As 7 o R™' = R, is another
universal R-matrix for H by Proposition [6.3.4] we also obtain (id®S)(R™!) = R and

(S29)(R) = (id®S) o (S@id)(R) = (id®S)(R™!) = R. (76)

The identities (id®S™')(R) = R~ and (S7!'®@S71)(R) = R then follow by applying S~'®S5~!
to these two equations, once it is established that S is invertible.

3.(a) We show that u is invertible with inverse u™' = R(5)S?(R1)) with the auxiliary identity
S*(hyu=hu  VYheH. (77)

To prove note that the condition A°?(h) - R = R - A(h) reads in Sweedler notation
LnyheyRay®@hayRio) = Y Rayha)@R2)he). With the condition on the antipode this gives
S?(hyu = S*(h)S(R))Ray = Zm S (hs))S(R@) S (hay) @ Ray = L S? (b)) S(hay Ry he Ra)
= S S (h3)S(Riyhi) Rayhay = Sy S (b)) S (h))S(Re)) Rayhay = ZmyS® (hs))S(he))uhq
= XS (h)S(h)))uha) = Emye(he) )uha)y = uh,
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where we used first the definition of u, then the identity X)S(h1))h@)®h) = 1®h, then the
fact that S is an anti-algebra homomorphism, then the identity A?(h) - R = R - A(h), then
that S is an anti-algebra homomorphism, the definition of v and X)hq)®h@2)S(h)) = h®1.

To show that u is invertible, we compute with and the identity (S®S)(R) = R

77 76)) “7)
u- RyS*(Rw) = S*(R))uS*(Rw) = ReyuRa) = Re)S*(Ry) - . (78)
Using this equation together with the definition of u, the identities (S®S)(R) = R and
(S®id)(R) = R™', that S is an anti-algebra homomorphism and we then obtain
78 (77)

u- RoyS*(Ry) = RoyS*(Ray) - u = RyuRay = Ry S(R ) R ) Ry

(76)

B S(Re)S(R )Ry S(Ray) = S(R ey Ry R 1y S(Row)

=m? o (id®S)(R - (S®id)(R)) = m? o (id®S)(R- R™') = m?(1®1) = 1.

2. Identity and the invertibility of u from 2.(a) imply that S?*(h) = uhu™! for all h € H,
and this implies that S? and hence S are invertible. This concludes the proof of 1. and 2. and
proves the first identity in 5.

3.(b) To prove the identity A(u) = (u®u)- (R R)™! we use the identities (A®id)(R) = Ry3Ra3
and (Id®A)(R) = Ri3R12 to compute
A(u) = A(S(Re)Ray)) = A(S(R) - A(Rw) = A(S(Re ) - (Ry®R (1))
=(S@5)(A"(R()) - AT(R(2))) - (Rny@F' ) = (S©5) (R R @R ') - (Ray Roy@ R (1) (1))
=S(R'(2))S(R)) Ray Ry @S (R ) S(R)) B () R (1) = S(R 2))uly@S (R () S (Re)) R (1) B (1))

. ~ ~ - ~ 7 ~ ~ ~ ~
DuS (R ) Roy®S(R ) S (R By () © R ) Ry@S (R 1) S (Reop) S(R (1) )

To simplify this expression, we consider the QYBE and multiply it with from the left and from
the right with Ry, which yields RizRo3Rjy = Ry Ro3Ri3. In Sweedler notation, this reads

R)S(R' 1))®R)R @R Ry = SRy R (@R Ry @Ry R (2)-
Applying the map (m®id) o 113 0 793 0 (Id®id®.S) to both sides of this equation yields
S(R)S(Be)RayS(R 1))@ R R @) = SR 2)S(Re)S(Ra) R 1@ Re Ra).
and by inserting this equation into the last term in the expression for A(u), we obtain
A(u) = uR) R @8 (R S(R ) B ) S(R' 1)) = uR) R (@S (R )uS (R )

UR(UR,(Q)@'US_l(R(g))S(R/(l)) uS(R(l))R/(2)®UR(2)S(R/(1))
= (u®u) - (R'Ry) = (u®u) - (Ry R) ™.

5. To prove that S*(h) = ghg™! with ¢ = uS(u)™!, we consider the quasitriangular Hopf algebra
(HPP R). Then S(u) = R1)S(R(2)) takes the role of u = S(R9)) Ry for (H?°P, R). This
implies S?(h) = S(u)"'hS(u) and S*(h) = uS?*(h)u™ = uS(u)"'hS(u)u™! = ghg™! for all
h € H and concludes the proof of 5.

4. The identities S?*(h) = S(u)'hS(u) and (S®S)(R) = R imply
(S(w) "' @S(u) ") (RauR) = (S*°®@S*)(Ra1 R)(S(u) ' @S (u) ™) = (R R) - (S(u) "'®@S(u) ™),
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and by combining these equations with the expression for the coproduct of u we obtain

Alg) = AuS(u)™") = Au) - A(S(u)) ™ = (u@u)(RnR)™" - (S(u)'@S(u) ™) - (Ra R)
= (u®u)(RyuR)™ - (RuR) - (S(u)"'@S(u)™) = uS(u)'ousS(u) ™! = gg.

As €(g) = e(u)e(u™) =1 #£ 0, it follows that g is grouplike. O

In Section we showed that there is a canonical construction, the centre construction that
associates to each monoidal category a braided monoidal category. For monoidal categories
that arise as the representation categories of finite-dimensional Hopf algebras, this construction
has a Hopf algebraic counterpart. This is the Drinfeld double construction. It assigns to each
finite-dimensional Hopf algebra H over F a quasitriangular Hopf algebra D(H) that contains
both, H and the dual H**? as Hopf subalgebras.

Theorem 6.3.6: For every finite-dimensional Hopf algebra H there is a unique quasitrian-
gular Hopf algebra structure on the vector space H*®H such that the inclusion maps

g:H— H®H, h— 1®h Lt H*P - H'QH, a— a®1

are homomorphisms of Hopf algebras. It is called the Drinfeld double or quantum double
D(H) and given by

(a®h) - (BRK) = Sy 8) By (b)) By (S~ (hs)) aBo@hgk  1=1x-01y
A(a@h) = E(h),(a) a(2)®h(1)®a(1)®h(2) e(a@h) = €x+ (a)eH(h)
S(a®h) = (105(h)) - (S (a)®1) (79)

A universal R-matrix for D(H) is given by R = ¥ | 1Qx;®a'®1, where (21, ..., x,,) is an ordered
basis of H with dual basis (a!, ..., a").

Proof:
1. We show that defines a Hopf algebra structure on H*®H.

The coassociativity and counitality follow directly from the coassociativity and counitality for
H and H*°P. That A and € are algebra homomorphisms follows, because this holds in H and
H* and from the identity a®h = (a®1) - (1®h) for all h € H and o € H*. The same holds for
the condition on the antipode. As S~! is an antipode for H**® by Lemma [5.2.6] we have

m o (S®id) o A(a®h) = Sy (10S(ha))) - (7 (@)@1) - (a@y®1) - (10h))
= (1®S(hqy)) - (S(am))a <>®1) (1®h()) = €(a)Zn) 1&S(ha))he) = e(a)e(h) 1y-®@1y

and the identity m o (S®id) o A(a®h) = n o € follows analogously. That 15«®1y is a unit for
the multiplication follows directly from the formulas

(a®h) - (1g=@1x) = Xy La=(h) 1= (S7 (hz)) alp=-@ha) L
=Y e(ha)) (ST () ae®hg) = a®h
(1g+@1p) - (BRK) = X3) By (1a) By (S~ (k) 1+ foy@1uk
Yp) €(B3))e(B)) By @k = Bk.
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It remains to prove the associativity of the multiplication, which follows by a direct computation:

((a®h) - (Bek)) - (&) = Zmy, ) Bes) (b)) By (S~ (h)) (B @h@k) - (Y&I)
= Y m).).8).( B () By (S~ (ha ) (k) ) vw (S~ ((hk) @) aB@r@@(hek) @)l
= S m.m).8).(» B (hay) By (S~ (his)vs) (hykay) vy (S~ (k) aBe) e @he kel

(a®h) - ((B®k) - (Y&1)) = S, ¥ (k) 1) (S (k3)) (a®h) - (B @kl)
= Sk),(0,(8),(v) V3 (1)) ¥y (S~ ( 3))(Bv2) ) () (B )(1)(S(h<3))) a(B2) @ @h@ke)!
= Sw).m).8).() V5 (k) Yy (S~ (k@) (Bis 7( 1)) (P ))(5(1)7(2))( Hhe)) aBeyve@heke)!
= B(k).m.8).00) B3 (h) v (hea ku)) ( (h<4>k »))Bwy (S~ (b )) aBe) Ve @ kel
2. That the inclusion maps 1y : H - H*®H and vy« : H**? — H*®H are homomorphisms of

Hopf algebras follows directly from the expressions for (co)multiplication, (co)unit and antipode.

3. To show that R = ¥, 1®z;0a'®1 is a universal R-matrix for D(H) we use the auxiliary
identities from the proof of Theorem m

P A(z) R = 81,0100 o N7 z@A () = B a0 .
With the identities we compute
(A®Id)(R) = 7 A(1Qx;)Qa'®1 = B 1021 @182 @' ®1 = X7, 102;010z;00 o’ ®1
= (I, 107,01910a'®1) - (1_1010102;00’®1) = Ri3 - Ry
(Id®A)(R) = T, 107:0A(0'®1) = 1, 101;00(y @100, ®1 = X, 101;1;00/ 9100’ ®1
= (3,102;,01010a'®1) - (X7_,107;00’®1®11®1) = Ri3 - Ri2,
and show that R is invertible:
R - (S®id)(R) = (31, 107;:0a'®1) - (57,105 (z;)0d’ ®1) = ¥ 10z;5 (7;)0a' o’ ®1
= 3 1@m;1)S (Ti(2)) R’ ®]1 = T 1 6(2;)1®10a'®] = 191811,
The condition R - A = A - R then follows again from by a direct computation
R A(a®h) = B ) Zis (102:0a'®1) - (a@ @ha)@an) @h))
= S B0 (@) e (5™ (@ie)) @@ @i b ©a’an ®he)
= E(h%(a)EZj,k:la(@(xi)a(g)(Sfl( k)@ @zhoy@a e afan@hs)
= S, (@) Bj=100) @Th0)®a@wa’ ST aw)aw ®he)
= E(h)«a)2?:16(04(1>)0«2)@93]"1(1)@04(3)0”®h<2> = E(m,(a)Z?:la(l)@xjh( )@ax(2)0! Rha)
AP(a®h) - R = ) i () She @a@©hy) - (19T:0a' 1)
= ), (0 Zim10(s) () aa) (S~ (b)) ey ®he) 2@ 0 @ha)e)
= E(h),(a)zi,j,kzla (b)) (S” (h(3))) 04(1)®h(4)x¢$jxk®a(2)aj®h(z)
= S0, (@) Zija=1 )@@ ST (hs)) 2 b1y Doz o @h)
= S, (@) S am1€(hes)) o) @A) R0 @hz) = Sny (@) X k=1 1) BT A1) D02 0 @hy2)

By definition, the algebra structure on D(H) is given by the relations (a®1)(1®h) = a®h, by
the relations (1®h)(1®k) = 1®hk and (a®1)(f®1) = af®1, which encode the inclusions of
the algebras H and H**°P and by the crossed relations

(1®h) - (a®1) = B @) @) (ha)a) (ST (ha)) (1) - (10kq)).
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In proofs it is often simpler to work with these relations than with the full multiplication law
of D(H), since this reduces the complexity of the computations.

Example 6.3.7: Let G be a finite group. Then the Drinfeld double D(F[G]) is the vector
space Map(G, F)®F[G] with the quasitriangular Hopf algebra structure

(0.29) - (6,@h) = du(gvg™")du@gh 1= 1®e = Dyeq d,0e
S(5u®g) = 5gfluflg®g_1 R= Egegl®g®5g®€

The formulas for the Hopf algebra structure of the Drinfeld double D(H) describe its Hopf
algebra structure in terms of the Hopf algebras H and H*. Over a field of characteristic zero,
this allows one to directly draw conclusions about its integrals and semisimplicity.

Corollary 6.3.8: For a finite-dimensional Hopf algebra H over a field F with char(F) = 0,
the following are equivalent:

(i) H is semisimple.

(ii) H* is semisimple.

(iii) D(H) is semisimple.
If one of these conditions is satisfied, then the normalised Haar integral for D(H) is given by
AL, where ¢ € H and A € H* are the normalised Haar integrals of H and H*.

Proof:

1. The equivalence of (i) and (ii) follows from Theorem |6.2.18| by Larson and Radford, which
also implies that (i) and (ii) are equivalent to S% = idgy and S%. = idg«. As one has from
forall o € H* and h € H

Shuny(a®h) = Sy ((a@1)(1®h)) = Sp) (a®1) Sh) (10h) = (SpE(a)®1)(105E (1))
= (Sy+ ()@85 (h)),

if follows that (i) and (ii) are equivalent to the condition 5’12)( sy = id, which by Theorem |6.2.18
is equivalent to (iii).

2. With formulas one computes

(A®0) - (a®h) = Sy @@ Loy (ST Es)) A @Le)h
= X)) L))oy (ST 1(6(3)))6(04 2)) )\®E z)h
= S0 (lo)aw (S~ (€< )) A&l h = Sya(S™ (Us))l)) A@lyh
(Z)C((S(f ) ))\®€ h = E (5(6(2 )ﬁ( ))\@f h
= Xwe(l)e(a) \@layh = e(a) )\®€h = e(a)e(h) A\,

where we used that A € Ir(H*) to pass to the second line, the identity S? = id to pass to the
fourth line and in * that A®)(¢) is invariant under cyclic permutations by Corollary [6.2.20L This
shows that A®/{ is a left integral in D(H). As D(H) is semisimple, it is a right integral as well
by Corollary . That it is normalised follows directly from ep) (A®L) = e(N)e(l) = 1.
O

Given the centre construction from Section [B.2] and the Drinfeld double construction from
Theorem [6.3.6] one has two constructions that associate to a finite-dimensional Hopf algebra H
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a braided monoidal category. One may either consider the centre of its representation category
H—Mod or the representation category D(H)—Mod of its Drinfeld double. In fact, these braided
monoidal categories are braided equivalent. This gives a more concrete description of the centre
construction and allows one to realise it as a representation category.

Theorem 6.3.9: Let H be a finite-dimensional Hopf algebra over F and D(H) its Drin-
feld double. Then the representation category D(H)—Mod is braided equivalent to the centre
Z(H-Mod), and D(H)—Mod’? is braided equivalent to Z(H—Mod/?).

Proof:
1. We consider the functor G : D(H)—Mod — Z(H—Mod) that assigns to a D(H )-module
(M,>) the H-module (M, >") with h >"m = (1®h) > m and the family of linear maps

enar i NOM — M®@N, n®@m— 7o (R>n@m) =% [(a'®1) > m|®[z; >y n]

for each H-module (N,>y). To a D(H)-linear map f : M — M’ it assigns the H-linear map
Gfy=f:M— M.

The H-linearity of the maps cy s follows from the identity A?(1®h)R = RA(1®h), and they
are natural in the first argument because for every H-linear map f : N — N’ one has

(i[d®f) o eur(n@m) = (1[d@f) (S [(¢'@1) > ml®[z; > n]) = B, [(a'®1) > m]@ f(z; > n)
=S [(@'®1) > mI®[z; > f(n)] = enr o (f@id)(n@m).

They also satisfy condition due to the identity (A®id)(R) = Ri3R23. This shows that
(M, c_ ) is indeed an element of Z(H—Mod). That G(f) = f : M — M’ is a morphism in
Z(H—Mod) for each D(H)-linear map f : M — M’ follows again directly from the definition:

(f®id) o ey (n@m) = X, f((a'®1) > m)®[z; > n)
— 21 (') B ()]l 0] = e o (d®f) (n@m).

This shows that we have a functor G : D(H)—Mod — Z(H—Mod). The functor G is monoidal
due to the identity (Id®A)(R) = Ri3Ri2 and braided, since for all D(H)-modules M, N the
braiding of G(M) and G(N) in Z(H—Mod) is

cap.con(n@m) =7 o (R & n@m) = Sy [('®1) & ml@[(191:) & 1] = Gleyyy )(n@m).
2. We consider the functor F' : Z(H—Mod) — D(H)—Mod that assigns to an object (V,c_y)
in Z(H—Mod) the D(H)-module (V,>') with
(a®h) >'v = (id®a) o cy v (1&(h > v))
and to a morphism f: V — W in Z(H—Mod) the D(H)-linear map F(f)=f:V — W.

To show that F' is well-defined, we need to verify that ' : D(H)®V — V is indeed a D(H)-
module structure on V and that f : V. — W is D(H)-linear. For the former, we note that
(a®h) > v = (a®1) >’ ((1®h) >' v) and compute

(a®1) >’ ((f21) >’ v) = ([dRa)cy vy (10(1d®8) ey v (10v))

= (id®a®p)(ch,y®id)(id@cyy) (181v)

= (1d®a®p)cren,y (101®v) = (Id®a®f)cpen v (A®id)(1Qv)

= ([d®a®B)(Id®A) o ey (100) = (id®(aB))eny (16v) = (aBe1) B v,
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where we used first the definition of ', then identity to pass to the third line, then the
fact that A : H — H®H is H-linear to pass to the fourth line and then the duality between
H* and H.

To prove the corresponding identity for elements 1®h € 19H C D(H), a®l € H*®1 C D(H),
we consider the maps Ly : H — H, k— hk and R, : H — H, k +— kh and compute

(1oh) > ((a®l) >'v) = h> (Idea)cy y (1ev) = (Idea)((h > —)id)ey v (1Qv)

= E(m(id@&)(( (1) > _)®LS*1(h<3))h(2))CH,V(1®U)

= E(m(id@&)(ld@LS 1(h(3)))((h(1) > —)®Lh(2))CH V(l@v))

= E(m(ld@@)(ld@[;g 1(h(2)))(h(1 > CH\/(1®U)) > h)(ld@@)(ld@LS h(g)))CHV(h(l) > (1@1)))
= Y (1[d®a) ((d@Ls-1(h ) )emy () @he) > v)

— E(m(id@&)(ld@[;g 1(h(3)))(1d®Rh(1))CH V(1®h )

= E(h%(a)a(g)(h(l))S_l(a(l))(h 3) ) (1d®oz(2))cH,v(1®h 2) U) = ((1®h) . (Oz@l)) > v
where we first used the definition of >/, then the identities m® o (id®S~1) o A = no e and
L. = idy to pass to the second line, then the identity Ly, = Lj Ly to pass to the third line,
the definition of the H-module structure on V®H to pass to the fourth line and then the
H-linearity of cy v, the definition of the H-module structure on H®V to pass to the fifth line,
then the fact that R, : H — H is H-linear and the naturality of ¢y in H, then the duality
between H and H* and finally the multiplication law of D(H). The corresponding condition

for the action of two elements 1®h, 1®k € 1@ H C D(H) follows directly from the definition of
the H-module. This shows that > is a D(H)-module structure on V.

To see that f: V — W is D(H)-linear for all morphisms f: V — W in Z(C), we compute

f((a®h) > v) = (f@a)cyyv(1o(h>v)) = (idea)(f@id)cyy (1(h > v))

= ([d®a)cpw(1@f(h>v)) = (i[d@a)cgw (1@(h > f(v))) = (a®h) >’ f(v),
where we first used the definition of >’ and the properties of the tensor product, then the
fact that f is a morphism in Z(H—Mod) to pass to the second line, then the H-linearity

of f and then again the definition of >’. This shows that the assignments define a functor
F: Z(H—Mod) — D(H)—Mod.

We show that F'is a braided monoidal functor. To show that F' is monoidal, we have to show that
the D(H)-module structure on V®V" for the tensor product of two objects (V,c_ v ), (V',c_ )
is the one of the tensor product of the D(H)-modules V and V' and that the D(H )-module
structure on the tensor unit (F,c_ ) in Z(H—Mod) is the trivial D(H )-module structure. The
second statement follows directly from the definition of >’ and the fact that cp p = lﬁ ory. To
prove the first statement, note that the two H-module structures on V®V"’ agree by definition.
To show that the H*-module structures agree, note that the H-linearity of Ry, : H — H, k — kh
and the naturality of ¢y in the first argument imply cyyv(h®@v) = cpyyv o (Ry®id)(1Qv) =
(id®Rp)cmv(1®w) for all v € V., h € H. Consequently, one has

(idea)cg v (h@v) = (Jdea)(id@ R, ) ey y (10v) = ([dRA(a))(cav (1®v)®h).
Using the definition of the tensor product in Z(H—Mod) from (34)), one obtains

(a®1) >’ (v&@v') = (Id®a)cy veov (1@ver') = (Idea)(id@cy v ) (cg v ®id) (1Qvev’)
— E(a)(id®a(2)®id®a(1))(CH7V®CH’V/)(1®U®1®U/)
= Y ((a@®1) > 0)@((aq@1) >'v) = Alael)(>e>) (ve').
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This shows that F' is monoidal. To see that F' is braided, we note that for any H-module V'
and v € V the H-linear map f, : H — V, h — h > v is given in terms of the basis (z1, ..., z,)
of H and the dual basis (!, ...,a") of H* by f,(h) = X ,a’(h)z; > v. With the formula for the
braiding in D(H)—Mod we then compute for objects (V,c_y) and (W, c_ ) in Z(H—Mod)

o (vow) = B [(a'e1) > w]e[(1ez;) >’ 1]

= T [([d@a’)epw (1ow)]@; > v] = (id@ f)enw (18v) = cvw (fo®id)(10w) = eyw(v@w),
where we used the formula for the braiding of D(H)—Mod, then the identity for the H-linear

map f,, then the naturality of ¢y in the first argument and then the definition of f,. This
shows that F' is braided.

3. We show that F' and G form a braided equivalence between Z(H—Mod) and D(H)—Mod.
For each object (V,c_y) in Z(H—Mod), we have GF(V,c_y) = (V,c_ /) with

v (m@v) = S (o' @1) " 0]@[z; >y m] = S [(i[doa’ )y, (100)]@[x; > m]
= (Id® fi)en v (10v) = cprv (fm®id) (10v) = cpry (m@w)

for each H-module (M, t>,/). This shows that GF(V,c_ ) = (V,c_y) for each object (V,c_ v)
in Z(H—Mod). As F and G are the identity on the morphisms, we have FFG = 1d z(H-Mod)-

For each D(H)-module (M, >,/), we have FG(M) = M with the D(H)-module structure

(a®h) > m = (idoa)cy ) 1@ ((10h) By m)) = B ja(e;) (@'@1) By (19h) >y m)

= (a®1) > (1®h) >y m) = (a®h) >y m

and hence FG(M,>y) = (M,>)). As F and G are the identity on the morphisms, this implies
FG = idp#)-moa- We thus have shown that F' and G form a braided monoidal equivalence
between Z(H—Mod) and D(H)—Mod.

4. The claim for the categories Z(H—Mod/?) and D(H)—Mod/? follows directly, since the
functors F' and G send finite-dimensional H-modules to finite-dimensional H-modules. O

6.4 Pivotal and ribbon Hopf algebras

Given a quasitriangular Hopf algebra (H, R), we can deduce from Theorem that its rep-
resentation category H—Mod and its full subcategory H—Mod/? of finite-dimensional repre-
sentations are braided. By Theorem the antipode of H is invertible, and this implies with
Corollary 3. that H—Mod/? is rigid.

We may thus ask under which additional assumptions on H the category H—Mod/? of finite-
dimensional H-modules is pivotal or ribbon. The first question does not have anything to do
with quasitriangularity, except that quasitriangularity guarantees rigidity, which is required for
pivotality. It turns out that H—Mod/? is pivotal if and only if the square of the antipode is
given by conjugation with a grouplike element.

Definition 6.4.10: A pivotal Hopf algebra is a Hopf algebra H over F together with an
element g € Gr(H), the pivot, such that S?(h) =g-h-g~* for all h € H.
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Example 6.4.11:

1. Every involutive Hopf algebra H is pivotal with pivot 1 € H.

2. Every triangular Hopf algebra is pivotal with the Drinfeld element u = S(R))R(1) as
the pivot, since triangularity implies Ro; R = 1 and u grouplike by Theorem [6.3.5] 4.

Note that this does not hold for quasitriangular Hopf algebras. Although their antipode
satisfies S?(h) = uhu™! for all h € H, the element u € H need not be grouplike.

3. In general, the pivot of a pivotal Hopf algebra is not unique. If g € Gr(H) is a pivot for
H and v € Gr(H) a central grouplike element, then gv is another pivot for H.

Proposition 6.4.12:

1. If (H,g) is a pivotal Hopf algebra, then the representation category H —Mod/? is pivotal
with wy : V' — V** v+ cany (g > v) for all finite-dimensional H-modules (V] py).

2. If H is a finite-dimensional Hopf algebra and H—Mod/? is pivotal with pivot w : ide = s,
then H is a pivotal Hopf algebra with pivot g = canj' o wy(1).

Proof:
1. Let (H, g) be a pivotal Hopf algebra. Then S : H — H is invertible with S~'(h) = g7 *S(h)g
and hence H—Mod’? is rigid by Corollary |5.2.7] 3.

Denote for each finite-dimensional H-module V' by cany : V. — V** the canonical linear
isomorphism with cany (v)(a) = «a(v) for all v € V and a € V*. Define wy : V. — V*,
v+ cany (g > v). Then wy is invertible with inverse wy,' : V* — V| 2+ g~' > can},! (z). The
functor * : H—Mod/® — H—Mod/? assigns to an H-module (V,>) the H-module (V**, >**)
with (h >** cany (v))(a) = a(S?(h) > v) = cany (S%(h) > v)(a) for v € V, a € V*. This implies

h>** wy (v) = h >** cany (g > v) = cany ((S%(h)g) > v) = cany ((gh) > v) = wy (h > v)

for all h € H and v € V and shows that the maps wy are H-linear. The naturality of w follows
from the naturality of can, which implies for all H-linear maps f:V — W and v € V

[ owy(v) = f*ocany(g>v) =cany o fo(g>v) =cany(g> f(v)) = ww o f(v)
That w is a monoidal natural isomorphism follows from the fact that g is grouplike
wygy (v@U") = canygy (g > (v@V')) = (cany®cany )((g > v)@(g > V")) = wy (v)Qwy (V')
This shows that H—Mod/? is pivotal with pivot w.

2. Let H be a finite-dimensional Hopf algebra such that H—Mod/? is pivotal and consider the
element g = cany'(wy(1)) € H. Then g # 0 since cany is a linear isomorphism and wy is
invertible, which implies wg (1) # 0.

For all h € H, the linear map ¢y, : H — H, k — kh is H-linear, and by the naturality of w, one
has wg o ¢, = ¢}* o wy. Using the identity h >** cang (k) = cany(S?(h)k) from 1. and setting
k = g, we then obtain

cang (S%(h)g) = h>** cany(g) = h > wy (1) = wy(h > 1)
= wp(h) =wy 0 Pn(1) = @) cwn(l) = ¢ o canpy(g) = cany o Pp(g) = cany(gh),
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where we used that wy : H — H** is H-linear in the first line and then the condition wg o ¢, =
3" o wy together with the definition of g. As cany : H — H*" is a linear isomorphism, this
implies S%(h)g = gh for all h € H.

To show that ¢ is grouplike, we note that A : H — H®H is a module homomorphism, which
implies wge oA = A owpy, and that w is monoidal, which implies wgeg = wg®wpy. Identifying
the vector spaces (H®H )™ = H**®H**, we then obtain

cans(g)@cans(g) — wn(D@wn(1) = wiron(191) = wiren o A1)
= A" owpy(l) =A™ ocany(g) = canggy o A(g) = (cang®cang) o A(g)

As cany is an isomorphism, this shows that A(g) = g®g and (H, g) is a pivotal Hopf algebra. O

We have thus clarified under which additional assumptions on a Hopf algebra H its represen-
tation category H—Mod’? is braided or pivotal. The former corresponds to quasitriangularity
of H and he latter to pivotality. We now assume that H is equipped with both, a quasitrian-
gular and a pivotal structure, and determine under which additional conditions the category
H—Mod’* is ribbon.

Definition 6.4.13: A ribbon Hopf algebra is a quasitriangular Hopf algebra (H, R) to-
gether with an invertible central element v € H, the ribbon element, such that

uS(u) = v? A(v) = (v®v) - (RytR) ™.

Remark 6.4.14:

1. A ribbon element is unique only up to right multiplication with a central grouplike
element g € H satisfying ¢* = 1.

2. One can show that any ribbon element satisfies €(r) = 1 and S(v) = v (Exercise).

Example 6.4.15:
1. If H is quasitriangular and involutive, then H is ribbon with ribbon element w.

The identity S* = idy implies u = S(R@)Ra) = ReS(Rw), u™' = RpRa) and
S(u) = S(Ruy)Re) = RuyS(R)). It follows that

S(u)u_l = R(]_)S(R(Q))R,(Q)R,(l) =1= R,(Q)R/(]_)S(R(]_))R(Q) = U_IS(U)

This shows that v = S(u) and uS(u) = u?. we also have A(u) = (u®@u)(Ra1R)™! by
Theorem [6.3.5, 3. and uhu™' = S?(h) = h for all h € H by Theorem [6.3.5 5., which
shows that u is central.

2. The Drinfeld double of any finite-dimensional semisimple Hopf algebra H over a field of
characteristic zero is a ribbon Hopf algebra with ribbon element v = u = S(R2))Rq).

By corollary the Drinfeld double D(H) of a finite-dimensional semisimple Hopf
algebra H is semisimple as well, and its antipode satisfies S? = idy. Hence, D(H) is a
ribbon Hopf algebra by 1.
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3. Let ¢ € F be a primitive rth root of unity with » > 1 odd. Then the Hopf algebra
Uy (sly) from Proposition [5.3.12] is ribbon with ribbon element v = K~'u = uK~" where
U = S(R(g))R(l) for the R-matrix .

That v is central follows from the identity S*(h) = KhK~' = uhu™" for all h € U} (sl,).
The identity A(v) = (v@v) (R R)™! follows from the identity A(K*!) = KF@K*! and
the corresponding identity for u in Theorem [6.3.5]

Proposition 6.4.16:
1. If (H, R, v) is a ribbon Hopf algebra, then H—Mod/? is a ribbon category.

2. If (H,R,g) is a finite-dimensional quasitriangular pivotal Hopf algebra and v € H such
that the linear maps 6y : V — V., v — v~ >v define a twist on H—Mod/?, then v = g~'u
and v is a ribbon element.

Proof:

1. If v € H is invertible and central with uS(u) = v? and A(v) = (v®v)(Re1R)™', then its
inverse satisfies A(r™!) = (v '@v 1) (Ry R). Tt follows that the element g := ur~" is grouplike,
since we obtain with the coproduct of u from Theorem [6.3.5 and the fact that v is central

Alg) = Au) - A(v ™) = (u@u)(RaR) ' - (v '@v ) (RyR) = ww '@ur ™! = gRg.

Moreover, since v is central, we have ghg™' = (uv"")h(vu™') = uhu™ = S?(h) for all h € H.
This shows that g = ur~" is a pivot for H and hence H—Mod/? a braided pivotal category by
Theorem and Proposition [6.4.12]

It remains to check that the twist in H—Mod’? satisfies the condition in Lemma 4. Let V
be a finite-dimensional H-module with basis (xy, ..., z,) and dual basis (al, ..., a™) of V*. With
formulas and for the evaluation and coevaluation maps, formula for the braiding
and the formulas from Theorem [6.3.5( we compute
ev(v) = Z?:lozi((gR(l)) > v) R(Q) >x; = (R(g)gR(l)) >ov= (R(Q)SQ(R(]_))Q) >v= (u_lg) > v
=vilpw
Oy (v) = B0 (Rg) &> v)(Rayg ') > = (Rayg ' Re)) > v = (97" 5*(Ra)) Rezy) > v
=(wu 'S M) >v=wSwu) H>v=wuSw) H>v=w )>v=v>0.
This shows that the condition from Lemma is satisfied and H—Mod”? is a ribbon category.

2. Let H be a finite-dimensional quasitriangular pivotal Hopf algebra with pivot ¢ € H and
v € H such that 6y : V — V, v+ v 1 > o define a twist for H—Mod/?. Then by Lemma[3.3.2]
4. and the computation above we have

utg =0 (1) = v = 0 (1) =g~ S() !

and this implies v72 = (u7'g)(¢g7'S(w)™") = (S(w)u)™" = (uS(u))™' and v* = uS(u). By
Lemma [3.3.2] 2, we also have

Aw™) =AWw) ™" =0peu(l) = e ocgmo (0g®0y)(l) = (Ry1R)(v ‘v,

which implies A(v) = (v@v)(Ro1R)™ . As 0y : H — H is a H-module homomorphism, we
have v 'h = 0g(h) = 0g(ht>1) = hi>0x(1) = hv~! for all h € H and hence v is central in H. O
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7 Application: Kitaev models

7.1 Kitaev lattice models

Kitaev models were first introduced in 2003 by Alexei Kitaev [Ki] to obtain a realistic model for
a quantum computer that is protected against errors by topological effects. The original model,
the toric code, was based on the group algebra C|Z/2Z]. The model was then generalised to the
group algebra C[G] for a finite group G in [BMD] and to finite-dimensional semisimple Hopf
algebras in [BMCA]. These models became very prominent and are a topic of current research
in condensed matter physics and topological quantum computing. They are also interesting
from the mathematical perspective since they are related to topological quantum field theories.

The ingredients of the Kitaev model are

(i) a finite-dimensional semisimple Hopf algebra H over a field F of characteristic zero,
(ii) an oriented surface ¥: a connected, compact oriented 2d topological manifold ¥,
(iii) a finite directed graph I' embedded into ¥ such that ¥\ I' is a disjoint union of discs.

Recall that compact oriented surfaces are classified up to homeomorphisms by their genus g,
the number of handles, and their fundamental group is presented as

7T1<E) = <a1,b1, ...,ag,bg | [bg,ag] e [bl,al] = 1>,

where a;, b; are the a and b-cycles of the ith handle. The condition (iii) that ¥\ T is a disjoint
union of discs ensures that the graph I' is sufficiently refined to resolve the topology of the
surface X: one can realise a set of generators of the fundamental group (X)) as paths in I'.

an embedded graph satisfying (iii) an embedded graph that does not satisfy (iii).

We denote by E and V the sets of edges and vertices of I' and use the same letters for their
cardinalities. We also require the notion of a face. A face of I' is defined as a connected
component of 3\ I'. It is represented by closed paths in I" that start and end at a vertex v € V,
turn maximally right at each vertex and traverse each edge at most once in each direction.
More precisely, it is an equivalence class of such paths under cyclic permutations, which change
the starting vertex of the path. The set of faces of I and its cardinality are denoted F'.

By placing a marking at a vertex v € V between two incident edges at v, one obtains an
ordering of the edges at v by counting them counterclockwise from the marking. Similarly,
placing a marking at one of the vertices in a face yields an ordering of the edges in the face by
counting them counterclockwise from the marking. A vertex together with a marking is called
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Figure 1: Embedded graph I' with markings (red) and the induced ordering of edges at the
vertices and faces of I'.

a marked vertex and a face with a marking a marked face. In the following, we assume that
each face and each vertex is equipped with a marking, as in Figure . A pair (v, f) of a marked
vertex v and a marked face f that share a marking is called a site.

With these definitions, we can define the Kitaev model associated with the triple (X, ", H) that
satisfies conditions (i) to (iii).
Definition 7.1.1: The Kitaev model for (3,I", H) consists of the following data:

1. The extended space: the vector space H®F.

2. The edge operators:

The edge operators for a triple (e, h, ) of an edge e € F and elements h € H, « € H*
are the linear maps L, T : H®¥ — H®E that act as the identity on all copies of H in
H®F that are not associated with e and on the copy for e according to

Ll @k — . Qhk®... L' @k®.. — . kS (h)®... (80)
T2 1 QK ®.. = Ngeya(kly) - @k(®... TE 1 @k ®... > Dgeya(S(k())) - @k ®...

3. The vertex and face operators:

e The vertex operator for a pair (v,h) of a vertex v € V and h € H is the linear map
Ah -3 Lh(l) Lh(2) Lh(n) - H®E H®E
v — 24(h) Lerer © Lieg,en © .. O Ligyep - —

where eq,...,e, are the incident edge ends at v, numbered counterclockwise from the
marking at v, ¢, = + if e; is incoming at v and and ¢; = — if ¢; is outgoing from v.

e The face operator for a pair (f,«) of a face f € F and o € H* is the linear map

lo} e (e
B} = o) Te 0 Tey &y 0 o0 Teyley : HOP — HO,
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where eq,...,e, are the edges traversed by f, numbered counterclockwise from the
marking, ¢, = + if e; is traversed in its orientation and ¢; = — if e; is traversed against
its orientation.

4. The protected space or ground state:

The protected space of a Kitaev model is the linear subspace

HEE = {z e HP | Alw = e(h) =, Bf(z) =€e(a)r Yhe Haec HveV, feF}
We can visualise the definition of vertex, edge and face operators by assigning the edge operators
to the two ends and the two sides of an edge as follows

re
L e >e| Lﬁ

TOZ

The vertex A" and face operators Bj are obtained by appplying the comultiplication to & and
« to create as many copies as there are edge ends in the path around v and edge sides in the
face, assigning these copies to the edge ends and edge sides in the order in which they are
traversed by these paths and then applying L4 and T depending on the relative orientation.
If we visualise the factors of H in the extended space by assigning Hopf algebra elements to
the edges of a graph, the vertex and face operator are then given as follows.

Example 7.1.2:

ot

]7(, )(’fS(h(;;))

h2)bS(h4))

a()

a(b)d(3)S(day)e@)S(eq)S(fay)aw)

The main reason why Kitaev models are interesting from the mathematics perspective is that
their protected space H. fff does not depend on the choice of the graph I' or its embedding into
>} but only on the homeomorphism class of the surface Y. It is a topological invariant of 3,

which was related to Turaev-Viro topological quantum field theories in [BK].
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Figure 2: Contracting the edges of a maximal tree in a graph: (b)—(c), (¢)—(d) and removing
loops: (d)—(e).

Theorem 7.1.3 ([BMCA]): The protected space of a Kitaev model is a topological in-
variant: Its dimension depends only on the homeomorphism class of the surface ¥ an not on
the embedded graph T'.

Sketch of Proof: The proof is performed by selecting a maximal tree T C I' as in Figure
(b). This is a subgraph 7" C I' with no non-trivial closed paths or, equivalently, with trivial fun-
damental group that contains each vertex of I'. One then contracts all edges in the tree towards
a chosen vertex as in Figure 2| (b),(c),(d). One can show that these edge contractions induce
isomorphisms between the protected spaces of the associated Kitaev models. By contracting all
edges in the tree T one obtains a graph I as in Figure |2 (d) whose ground state is isomorphic
to the one of I" and which contains only a single vertex.

By removing those loops of I that can be removed without violating the condition that X\ T is
a disjoint union of discs as in Figure[2[(d),(e) one obtains another graph I'” with a single vertex,
a single face and 2g edges, where ¢ is the genus of ¥. As removing loops induces isomorphisms
between the protected spaces, its protected space is isomorphic to the one of I,

After performing some further graph transformations which again induce isomorphisms between
the protected spaces of the associated Kitaev models, one obtains a standard graph I which
depends only on the genus of the surface > and such that the protected space of the associated
Kitaev model is isomorphic to the one for I'. This shows that the protected space of the Kitaev
model for (X, T, H) depends only on H and the genus of X. O
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7.2 Algebraic structures in Kitaev lattice models

We now investigate the algebraic structure of the Kitaev model and and show that it is an
application of the concepts introduced in the last chapter. For this, we fix a finite-dimensional
semisimple Hopf algebra H over a field F with char(F) = 0 and a directed graph I with vertex
set V, edge set E and face set F' that is embedded into an oriented surface ¥ such that ¥\ I’
is a disjoint union of discs.

We consider the Kitaev lattice model associated with (X,T', H) from Definition and start
by noting that the edge operators L", and T associated to each edge e of I' are related to
two standard right H-Hopf module structures on H.

Lemma 7.2.1: Let H be a finite-dimensional semisimple Hopf algebra over a field F with
char(F) = 0. Then:

1. The H-right module and H-right comodule structures
<Q:H®H — H, k<xh=kh 0=A:H— HRH, h— Epho@he)
< :H®H — H, k<<h=Sh)k ¢ = (idS)A?: H - H®H, h — X)h@@S(ha))
define H-right Hopf module structures (H, <, ) and (H, <',4’) on H.
2. The edge operators from are given by
"k=k<'S(h) L'"k=k<S(h) T%%=(idea)é(k) T = (idoa)d (k),
where we omit the copies of H®¥ on which they act as the identity.

Proof:

1. That the H-right actions and H-right coactions are indeed right actions and coactions follows
by a direct computation. The same holds for the claim that they define Hopf module structures
on H. Using the properties of the antipode and the identity S? = idy, which follows from the
semisimplicity by the Larson-Radford theorem, we obtain

o(k < h) = d(kh) = B,k ha)@ke)he) = Bm,0 (ko) < hw)kehe = o(k) <h
0'(k <"h) = &'(S(h)k) = ), 05 (ha) )k @5 (k) ) = 6'(k) < h.

2. The second claim follows directly from the definition of the H-module and comodule
structures and the definition of the edge operators in (80). O

For a better understanding of the edge operators, we need to describe their interaction in terms
of commutation relations and to identify the subalgebra of Endp(H®¥) that is generated by
these operators. The latter can be achieved most easily via the Haar integrals of the Hopf
algebra H and its dual H*.

Proposition 7.2.2 ([BMCA]):

1. The edge operators associated with distinct edges commute.
2. The edge operators for an edge e satisfy the commutation relations
LepLes = Lot LerLez = LezLey (81)
Tgﬂ:Teﬁ:t = Tgf TgiTeB$ = TeﬁﬂFTeai
o h fe' o h fo'
TA LY = Sy @an)(he) Lt Tet” T Ly = Xy @a@ (S(ha)) L Ti".
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3. Let S, : H®®¥ — H®F be the application of the antipode to the copy of H for e. Then:
L' oS, =S.0L! Te 08, =S5, 0Tk.
4. The edge operators L, , T for edges e generate the algebra Endp(H®¥) = Endg(H)%".

Proof:
1. The first claim follows from the fact that the edge operators L, , T act trivially on all
copies of H that are associated with edges f # e.

2. and 3. The second and third claim follow by a direct computation using the formulas for
the edge operators L', T and the identity S? = idy which holds because H is semisimple.

4. To show that the edge operators L" , T generate the algebra Endp(H®*) = Endp(H)®¥,
it is sufficient to show that for each edge e, the associated edge operators L" +, I, generate the
algebra Endp(H). For this, we consider an ordered basis (z1, ..., 2,) of H with the dual basis

(al,...,a™) of H*. Then the linear maps ¢;; : H — H, x) — 0;.2; form a basis of Endp(H).

We show that they can be expressed as a product of the edge operators L v, T . For this,
let £ € H and A € H* be two-sided integrals of H and H* with A(¢) = 1. Thewy exist by
Lemma [6.2.15] because H is semisimple by assumption, the semisimplicity of H implies the
semisimplicity of H* by the Larson-Radford Theorem and finite-dimensional semisimple

Hopf algebras are unimodular by Corollary [6.2.14] Then we have

LY TN L T2 (xy) = Sy (Tr() LA T (Lrey) = S (T e(zry) Lei T2, (1)
= o () L3 T (0) = S0 M) xilay = duA(O)z; = dipry = dij(an)

for all 4,7,k € {1,..,n} and this shows that LI, T LE, T = ¢y;. 0

We now consider the vertex and face operators in the Kitaev model. From the definition of the
model it is apparent that they play the role of a symmetry algebra that acts on the extended
space and defines the protected space by the condition that their action on an element of H>¥
is trivial, that is, given by the counits of H and H*. It turns out that these are the invariants

of associated module and comodule structures on H®F.

Moreover, for every pair (v, f) of a vertex and a face that share a marking, it is natural to com-
bine the vertex and face operators A" and Bf and to investigate their commutation relations.
It turns out that for every such pair the vertex and face operators form a representation of the
Drinfeld double D(H). They have the interpretation of excited states in Kitaev models.
Proposition 7.2.3 ([BMCA]):

1. For every vertex v € V and face f € F' the associated vertex and face operators define
representations

py: H— Endp(H®"), h— Al p;: H* — Endg(H®"), o~ BY.
This induces representations

pv : H®Y — Endp(H®®)  pp: H*®F — Endp(H®F).
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2. If a vertex v and face f share a marking, then the associated vertex and face operator
define a representation of D(H) on H®E

gy« D(H) — Endg(H®), a®h — Bf o Al

3. Let A € H* and ¢ € H be normalised Haar integrals. Then all vertex and face operators
A{ and B} are independent of the choice of markings and commute.

4. A projector on HZE is given by

P = yeyIljep BYA, : H® — H®P

Proof:

1. To prove the first claim, note that for each edge e the maps p.+ : H — Endg(H®¥), h — L1,
are representations of H and the maps p., : H* — Endg(H®F), a — T, are representations
of H* by the first and third relation in (81). Also by the operator L, commute with L¥_
and with L%, L% for all ¢ # e € E and likewise for the operators Tf.. As the vertex and
face operators are composites of these commuting operators constructed via the coproducts of
H and H* the first claim follows.

As a direct consequence of the commutation relations in (81)) we have A" o A¥, = AF, o A" and
B¢ o B?, = B?, o B} for allv# v € V and f # f' € F. This proves the second claim.

2. For simplicity, we suppose that there are no loops at v and that the edges at v are only
traversed once by f. The proof for the general case without this assumptions is similar, but
more complicated and requires case distinctions.

Suppose that ey, ...,e, are the edges at v, numbered counterclockwise from the marking as
in Figure [I] By Proposition [7.2.2] 3. applying the antipode to the copy of H for an edge e
exchanges the operators L . and L' which corresponds to a reversal of the edge orientation.
We may thus assume that all edges ey, ..., e, are incoming. Then the vertex operator for v is

h h
Al =L, o X(he) o L. (82)

v

with a linear map X : H — Endg(H®F), h — X (h) such that X (h) commutes with L¥ , and
Lt . for all k € H and with T2, and T, for all @ € H*. This follows because the vertex
operator A} contains no contributions from edge operators of e; and e,, apart from the ones at
the beginning and the end.

As the face f shares a marking with v and turns maximally right at each vertex, the edge e,
is the first edge in f and traversed with its orientation. The edge e; is the last edge in f and
traversed against its orientation, as shown in Figure [I} The face operator for f has the form

B} =S T, oY (a@) o T, (83)

with a linear map Y : H* — Endp(H®F), a — Y (a). Because e; and e, are only traversed
once by f, the face operator contains no further contributions from edge operators for e; and
en, and this implies that the linear endomorphism Y (o) commutes with Tfli, Tﬁ 4+ and with
Lh . L forall € H* and h € H.

If f does not traverse any edges incident at v except ey, e, then this also implies that Y («)
commutes with X (h) for all h € H.

If f traverses any edge e; with i € {2,..,n—1} in the direction of its orientation, it also traverses
the edge e;,1 against its orientation and ¢ < n — 1, since f turns maximally right at each vertex
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and traverses each edge only once. Conversely, if f traverses the edge e; 1 against its orientation,
then it also traverses e; with its orientation. This is pictured in Figure[I] The contribution for the
edges e; and e;11 to the face operator is then of the form ¥, T, fl)_ oT,? withi € {2,...,n—2}.
This commutes with L” | for all k ¢ {i,7+ 1}. To show that L(«) commutes with X (h) for all
h € H, we use the commutation relations of the edge operators and the identity S? = idy,
which follows with the semisimplicity of H from Theorem |6.2.18] This implies

(Z 7w T%’) (% Z(i) e )

€+1— e;+ €i+1+

h h a fo'
. Z(Q)(h 2)(1) (h )04(1 (S(h(Z)(l )) L (1)(1)L (2)(2)T (1)(1)T (2)(2

eit1+ Tejp1—

h(g))) h(1>Lh(4> 7o T%)

ez+1+ €i4+1— e;+

h h o a
(1) (4) (1) (3)
6,+ Le7,+1 +Tez+1 _Tez

A )e(h )Lh“’Lh“’ T T® _ (E(h) Lhu)Lh(z) )(2 )Tau) T%))

eir1treir1—"ei+ T ei+1+ ei+1— e+

and hence the elements Y («) and X (h) commute for all h € H, o € H*. With this, we compute

Py (R o) (B2K) = BYLE B} AF

o o h h 8 8 k k
= S [T0Y ) T (L (b L) - [T0Y () ) - (L6 X () L
= Eghggfﬂw) By (S(hey@))Bey@ (haya))

B (3) B h k h k
Ted Tt Y (@)Y (o) Te, T2 Lot L X (o)) X (k) Le, 2 Le 4

Oé B ey Bay 1 hak h k(s
ZE((h;EZ))ﬁ( 1(S(h(s))Bs5(hay) To,5" Y (@) Ba)) T,V L™V X (hgy k) Le L

= Sam By (S(h@))Bs(hy) pe.p(@Bay@hamk) “= po.p (@, h) -purn (BOK)),

where we used equations and to pass to the second line, then the fact that X (h)
and Y () commute with each other and with L ,, L ./ T®, and T, and the commutation
relations to pass to the third line. We then combined adjacent edge operators using again
and then simplified the resulting expressions using the properties of the Hopf algebra. In
the last step, we used the identity S? = idg and the formula (79)) for the multiplication of the
Drinfeld double D(H). As we also have p(1p-®1y) = 1H*A1H = ldH®E this proves that p(, f)
is a representation of D(H).

3. As H is finite-dimensional semisimple, by Theorem[6.2.18] the dual Hopf algebra H* is finite-
dimensional semisimple as well. By Theorem and Corollary there are normalised
Haar integrals £ € H and A € H*, and by Corollary the elements A=Y (¢) and AMm=D()\)
are invariant under cyclic permutations of the tensor factors for all m,n € N.

As different choices of the markings at a vertex v are related by cyclic permutations of the tensor
factors of A=V (¢) in A’ it follows that A’ does not depend on the choice of the marking at
v. Similarly, different choices of a marking of a face f correspond to cyclic permutations of the
tensor factors of A=Y ()\) in BJ’}, and the cyclic invariance of A=Y ()) implies that B? does
not depend on the choice of the marking at f.

As vertex operators for different vertices and face operators for different faces commute by 1,
it remains to show that any vertex operator AY commutes with all face operators B}‘. If fisa
face that is not incident at v, this follows because there is no edge that is both, incident at v
and traversed by f. Thus, A" and Bf act on different copies of H in the tensor product H ®F
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and hence commute. If f is a face incident at v, we can choose a common marking for v and f
and obtain a representation of D(H) as in 2. The claim then follows by a direct computation

Ay 0 B} = puo,p(100) © pu,py (A1) = pu.p) (S A3 (Lay) Ay (S (Es)) A2 @L2) )
= p.n(E@m A0 (E@) A@) (SE))A@@LE)) = pe.n (B n) Ay (Ee)SEa))) Az @Ls) )
= P, (B0 €AW el@) A2 @L2) ) = P, (ARL) = pru,p)(AR1) 0 pr.py(100) = B} o Al

where we used first the fact that p(, r) is an algebra homomorphism and the multiplication law
of D(H), then the cyclic invariance of A®(¢) and A®)()\) to pass to the second line, then the
duality between multiplication in H and comultiplication in H*, the antipode condition to pass
to the third line, the counit condition and again the fact that p(, s is an algebra homomorphism
and the multiplication law of D(H).

4. By Corollary the normalised Haar integrals for H and H* define projectors on the
invariants of any H-module or H* module. Thus, for any vertex v and face f, the operators
A’ and Bf are projectors on the invariants on the associated representation p, and py of H
and H*. By 3. all such projectors commutes and thus define a projector on the linear sub-
space of H that consists of the elements that are invariant under all vertex and face operators. O
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8 Reconstruction theory

8.1 [F-linear abelian categories

In the last section we constructed monoidal categories as the categories B—Mod of B-modules
and B-linear maps for a bialgebra B over F and their full subcategories B—Mod’? of finite-
dimensional B-modules. It is clear that not every monoidal category is of this form or even
monoidally equivalent to one of these categories. The categories B—Mod and B—Mod’¢ have
additional structure and properties that are carried over by any equivalence of categories. For
instance, they are abelian, and their Hom sets are vector spaces over F.

Many monoidal categories such as the simplex category from Example or the braid cat-
egory from Example do not have these additional structures and properties and hence
cannot be equivalent to representation categories of bialgebras. To understand which monoidal
categories arise as representation categories of bialgebras, we need to systematically determine
the additional structures and properties of these representation categories and then restrict
attention to monoidal categories with these structures and properties.

As this problem becomes very difficult if one admits infinite-dimensional B-modules, we focus
on the representation categories B—Mod/® of finite-dimensional modules over a bialgebra B
and also impose that B is finite-dimensional in the following.

Proposition 8.1.1: For any bialgebra B over F the categories B—Mod and B—Mod/? have
the following structures and properties:

They are abelian.

The functor ® : B—=Mod? x B—Mod"Y? — B—Mod"? is biexact.

Their Hom sets are vector spaces over I, and the composition of morphisms is F-bilinear.
The endomorphisms of the unit object satisfy Endg(e) = Endg(F) = TF.

The maps ® : Hompg(M, M’) x Homg(N,N') — Hompg(M®N, M'®N’) are F-bilinear
for all B-modules M, M’, N, N'.

A

The category B—Mod/? has the following additional properties:

6. The Hom sets are finite-dimensional F-vector spaces.

7. Every object is a B-module of finite length.

Proof:

The first claim holds for the category B—Mod of modules over any unital ring. The full sub-
category B—Mod”? is additive, because direct sums of finite-dimensional B-modules are again
finite-dimensional. It is abelian, because the kernel, cokernel, image and coimage of a B-linear
map between finite-dimensional modules are again finite-dimensional.

Property 2. follows because the functors M®—, —@M : Vectr — Vecty are exact for each vector
space M over IF, since every F-vector space is a free F-module and hence projective. As the
kernel ¢ : ker(f) — M, the image ¢/ : im(f) — N, the cokernel 7 : N — N/im(f) and the
coimage 7' : M — M /ker(f) in Vecty for a B-linear map f : M — N are B-linear, it follows
that they are also the kernels, images, cokernels and coimages in B—Mod. This implies that
the functors M®—, —®M : B—Mod — B—Mod for a B-module M are exact as well.
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Properties 3., 4., 5. and 6. follow directly, since the B-linear maps f : M — N form a
vector space over ' with the pointwise addition and scalar multiplication, the composition of
B-linear maps is F-bilinear, and tensoring F-bilinear maps is F-bilinear by the properties of
the tensor product. One has dimg Homp_noq(M, N) < dimp Homp(M, N) = dimyp M dimp N
for finite-dimensional B-modules M, N, which proves 6. Property 4. follows, since one has
Homp_iod(e) = Homp_nod(F) = Homg(F) = F. Property 7. is just Lemma [A.24] O

Any monoidal category that is monoidally equivalent to a category B—Mod or B—Mod/? must
have structures and properties analogous to the ones in Proposition [8.1.1] We thus need to
formulate counterparts of these structures and properties for more general monoidal categories.
For items 1. and 2. in Proposition [8.1.1] this requires no additional work. Items 3., 4., 5. and
6. in Proposition [8.1.1| require an F-linear structure on the Hom sets, which can be imposed on
any additive category and is encoded in the concept of an F-linear category.

Definition 8.1.2: Let F be a field.

1. An additive category A is called F-linear, if Hom4(A, A’) is a vector space over F for all
objects A, A" in A and the composition of morphisms is F-linear.

2. A functor F': A — B between F-linear categories A, B is called F-linear, if it is additive
and the maps Hom4(A, A’) — Hompg(F(A), F(A’)) are F-linear.

An F-linear functor F' : A — B that is an equivalence of categories is called an F-linear
equivalence, and the categories A and B are called F-linearly equivalent.

With this definition of F-linear categories and F-linear functors, one can implement conditions
3. to 6. from Proposition [8.1.1] To formulate condition 7. in Proposition [8.1.1], we need a notion
of a subobject in an abelian category that replaces the notion of a submodule in B—Mod. We
also need a concept of a simple objects and a generalisation of Jordan-Holder series.

The proper notion of a subobject in an abelian category A is given by monomorphisms, and,
dually, there is a notion of quotient objects given by epimorphisms. Simple, semisimple and
indecomposable objects then can be defined as for modules over rings, by replacing submodules
with subobjects and direct sums with coproducts.

Definition 8.1.3: Let A be an abelian category and A an object in .A. A subobject of A is
a monomorphism ¢ : X — A. A quotient object of A is an epimorphism 7: A — Y.

Definition 8.1.4: Let A be an abelian category. A non-zero object A in A is called

e simple, if the source objects of its subobjects are all isomorphic to 0 or to A,
e semisimple, if it is a coproduct of simple objects,
e indecomposable, if it is not a coproduct of at least two non-zero subobjects.

The category A is called semisimple, if every object in A is semisimple.

With analogous arguments as for modules, one can derive a version of Schur’s lemma for abelian
categories (Exercise p6). The definition of a Jordan-Holder series also generalises directly from
modules to abelian categories. The only difference is that submodules are replaced by subobjects
and quotient modules by cokernels. There is also a Jordan-Holder Theorem for abelian categories
that ensures that any two Jordan-Holder series for a given object have the same lengths and
isomorphic subfactors.
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Definition 8.1.5: An object A in an abelian category A has finite length, if there is a
Jordan-Holder series of length n € Ny for A, a sequence

0=Ay B A B A, 234 254 =A (84)

of monomorphisms ¢; : A; — A;;1 such that A;,;/A; := coker(s;) is simple for all: = 0,...,n—1.

The multiplicity [A : A'] of a simple object A’ in the Jordan-Holder series is the number
of i with coker(s;) = A'.

Theorem 8.1.6: (Jordan-Hoélder theorem)

Let A be an object of finite length in an abelian category .A. Then any sequence of monomor-
phisms as in (84) can be extended to a Jordan-Holder series of A. All Jordan-Holder series of
A have the same lengths and the same multiplicities for each simple object A" in A.

Properties 6. and 7. in Proposition for the category B—Mod/? both follow from 3. to
5. and the fact that the modules are finite-dimensional. In a general F-linear abelian category,
there is no notion of dimension for objects, and these conditions are imposed separately.

Definition 8.1.7: An F-linear abelian category A is called locally finite if

(i) Hom4(A, B) is a finite-dimensional F-vector space for all objects A, B in A,
(ii) every object in A has finite length.

The conditions in Definition [R.1.7 are almost sufficient to ensure that an F-linear abelian cat-
egory A is equivalent to the category A—Mod/? for a finite-dimensional algebra A over F. In
fact this requires just two supplementary conditions:

(i) there are only finitely many isomorphism classes of simple objects in A,

(ii) every simple object in A has a projective cover: there is a projective object P4 and an
epimorphism 7 : Py — A with the following property: for each epimorphism p : P — A
from a projective object P there is an epimorphism p’' : P — P4 with mop’ = p.

An F-linear abelian category A that satisfies these two condition is called finite.

The first condition generalises the well-known fact that any finite-dimensional algebra has
only finitely many isomorphism classes of simple modules. Understanding the second condition
requires more background on projective objects and projective covers. For this reason, we will
not prove that any finite F-linear abelian category is equivalent to the category A—Mod/? of
a finite-dimensional algebra over F, but take equivalence to the representation category of a
finite-dimensional algebra as the definition. A sketch of proof is given in [EGNOL Def 1.8.6 ff].

Definition 8.1.8: An F-linear abelian category A is called finite if it is F-linearly equivalent
to the category A—Mod/? of finite-dimensional modules over a finite-dimensional F-algebra A.

Proposition implies that any monoidal category (C,®) that is monoidally equivalent to a
representation category B—Mod’? for a bialgebra B over F must have the structure of a locally
finite abelian F-linear category with a biexact and [F-bilinear tensor product ® : C x C — C and
with End¢(e) = F. If we require that B is finite-dimensional, then C must be finite.
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This gives a strong motivation to understand F-linear additive functors between finite F-linear
abelian categories and the natural transformations between them. Due to their equivalence with
the representation category A—Mod/? for a finite-dimensional algebra A over F, such functors
can be characterised in terms of bimodules. More specifically, it turns out that any right exact IF-
linear functor F' : A—Mod/? — B—Mod/? for finite-dimensional F-algebras A, B is obtained, up
to equivalence, by tensoring over A with an (B, A)-bimodule. Natural transformations between
two such functors are then given by (B, A)-bimodule morphisms.

Definition 8.1.9: Let A, B finite-dimensional algebras over F. An additive F-linear functor
F : A—Mod/? - B—Mod/? is called ®-representable if there is a (B, A)-bimodule V such
that F is naturally isomorphic to V@ ,— : A—Mod/* — B—Mod/*.

Proposition 8.1.10: An F-linear functor G : A—Mod/? — B—Mod’? is ®-representable if
and only if it is right exact.

Proof:

If G is naturally isomorphic to a functor V@, — : A—Mod/® — B—Mod/? for a (B, A)-bimodule
V', then it is right exact, since V®4— is right exact, see [Me, Cor 3.1.16]. We show that any
right exact functor G : A—Mod/? — B—Mod’? is ®-representable.

1. We consider the finite-dimensional B-module V' = G(A) and for each a € A the A-linear
map r4 : A — A, d — da. Its image G(r,) : V — V is B-linear by definition of GG, and the
map <:V xA—V,v<a=G(r,)v equips V with the structure of a (B, A)-bimodule:

(v<a)<dd =Gry)G(ra)v=G(ry ory)v = G(re)v =10 < (ad’)
v<1ly=G(r,)v=G@Ads)v =0 b (v<a)=b> G(r,)v=G(ry)(b>v) = (b>v) <a.

2. We construct a natural isomorphism ¢ : G = V®4—:
e As (G is additive, one has for each free A-module F' = @&;A an A-linear isomorphism

or: G(F) = G(®A) = ®;G(A) = ®(G(A)®4A) = G(A)@a(®1A) = VOuF  (85)
that satisfies ¢ o f = (V®af) o ¢p for all A-linear maps f : F' — F’ between free A-modules.

e To construct isomorphisms ¢y : G(M) — V@4 M for general finite-dimensional A-modules
M, we choose for each finite-dimensional A-module M an exact sequence

Fo=F % R % M -0
in A—Mod’? with free A-modules Fy, Fy. For instance, we may choose

Fy = ®BA, do: Fo = M, (am)meB = Lmepm >m
Fy=opA, dy : Iy — Fp, (am)meB/ > YmeB G > M

for vector space bases B of M and B’ of ker(dp).

The exactness of F, is equivalent to the statement that dy is a cokernel of d;. As G is right
exact, it follows that G(do) : G(Fy) — G(M) is a cokernel of G(dy) : G(Fy) — G(Fp), and
consequently G(dp) o ¢}01 : VRaFy — G(M) is a cokernel of V®@ady : VRaAF — V®aFy. As
V®ady : VRaFy = V® M is another cokernel of V® 4d; due to right exactness of V® 41—, we
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have a unique isomorphism ¢y : G(M) — V®4M such that the following diagram commutes

G(F) 2 q(R) 2 G ——0 (86)

%labpl %lwo %l@w

‘/®Afﬁ§§Zz‘ﬁ8AEb;§;Zxﬁ®Aﬂl——+>Q

d, dL.
The morphism ¢,; does not depend on the choice of Fy and Fy. If F. = F| — F}, — M — 0
is another exact sequence in A—Mod/? with free A-modules F§, F|, then we can construct
A-linear maps fy : Fy — F} and f] : F} — F] such that the following diagram commutes

dy do

Fy Ey M 0

lﬁ lh LMM
d d!

J Ny o SRy —— )

The isomorphisms ¢p in satisfy ¢p o f, = ¢p, for n = 0,1. This follows due to the
exactness and projectivity, see for instance the proof of Theorem 4.1.6 in [Me]. By applying G
to this diagram and combining the resulting diagrams with diagram for F, and F., one
finds that that the morphisms ¢y, for F, and ¢}, for F, in agree.

The isomorphisms ¢y : G(M) — V®4 M define a natural isomorphism ¢ : G — V®4—. Given
finite-dimensional A-modules M, M’ and exact sequences

Fo=F 2% F % M0 Fl=F % F %Mo,

we can extend any A-linear map f : M — M’ to a chain map f, : Fy — F, with f_; = f by [Me,
Thm 4.1.6]. Applying the functors G and V®4— yields chain maps G(f,) : G(F,) — G(F})
and VRufe : VRaF, — V®4F. that link the diagrams for M and M’. This implies
dn o G(f) = (VRaf) o ¢ar in degree -1. 0

Proposition 8.1.11: Let A, B be finite-dimensional algebras over F and V,W finite-
dimensional (B, A)-bimodules. Then natural transformations v : V@,— — W®s— are in
bijection with elements of Endpggaer (V, W).

Proof:
We identify V®4A with V' via the B®AP-linear isomorphism 7y : VR4A = V, v®a — v < a
with inverse 7“‘71 V= VRAA, v = vR1.

1. To a natural transformation v : V®,4— — W® 41— we assign the BR A°P-linear map
fl,zrwoqur‘}1 V=V, v ryovy(v®l).

It is B-linear, because v, is B-linear by definition and A°-linear by naturality of v: by consid-
ering the A-linear maps R, : A — A, a’ — a’a we obtain for alla € A and v € V

fo(v<a) =rworva(v<Ka®l) =ry ova(va) = ry ovg o (Idy@R,)(ve1)
=ry o (ldy®R,) o va(1®v) = (rw o va(l®w)) <a = f,(v) <a.
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2. To a BRA-linear map f : V — W, we assign the natural transformation v with component
morphisms 1/]{/[ = (f®idy) : VoaM — WM, v@m — f(v)@m. The BRAP-linearity of f
ensures that the maps 1/]]\04 are well-defined and B-linear:
vi(v<a)om) = fv<a)om = (f(v) <a)@m = f(v)R(a>m) = vl (ve(a>m))
vi(b>v)om) = f(b>v)em = (b f(v)om = b> vl (vom).

They define a natural transformation, because we have for each A-linear map g : M — N
vl o (idy®g) = (feidy) o (idy®g) = (idy®g) o (fRidy) = (idy®g) o v,.

3. To show that the assignments ¢ : f — vy and ¢ : v — f, are mutually inverse bijections, we
compute for each each BQA-linear map f:V — W andv eV

fo,(0) = rw ovp(v®1) = rw (f(v)®1) = f(v)

and hence f,, = f. By considering for each A-module M and m € M the A-linear maps
>, A— M, a+— al>m, we obtain for each natural transformation v : V®,1— — V®,4—

v (v@m) = f,(v)@om = ([dy @) (f,(0)@1) = (idy @) (rw (va(vel))©1)
=(1dy @) o va(v®1) = vy o (Idy @) (VvR1) = vy (VvRM),
for all v € V, m € M and finite-dimensional A-modules M. To pass to the second line we

used the identity (v < a)® >, (1) = u® >,y (a) for all a € A, m € M that follows from the
A-linearity of >, and the properties of the tensor product ® 4. This shows that v/» =v. O

8.2 Fiber functors and reconstruction

In the last section, we determined which monoidal categories have a chance to be monoidally
equivalent to the representation category B—Mod/? of finite dimensional-modules over a bial-
gebra B over F. From Proposition [8.1.1] we obtained that any such category must have the
structure of a locally finite abelian F-linear category with a biexact and F-bilinear tensor prod-
uct ® : C x C — C and with End¢(e) = F.

We can also impose additional requirements on B that yield additional conditions on C:

e If B is a finite-dimensional bialgebra, then C must not only be locally finite, but finite.
e If B is a Hopf algebra, then C must also be right rigid by Corollary [5.2.7]
e If B is a finite-dimensional Hopf algebra, then C must be rigid by Corollary [5.2.7]

e [f B is a finite-dimensional semisimple Hopf algebra, then C must be rigid and semisimple

by Proposition [A.19]

Definition 8.2.1: Let C be a locally finite, F-linear abelian monoidal category with F-bilinear
tensor product ® : C x C — C and Endg(e) = F. Then C is called

e a ring category if ® is biexact,
e a tensor category if C is rigid,

e a fusion category if C is rigid, finite and semisimple.
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Remark 8.2.2: Every tensor category is a ring category.

This follows, because in a rigid monoidal category C the functor C®— : C — C and the functor
—®C' : C — C have both, left and right adjoints for each object C' in C by Proposition 2.1.4] If
C is abelian, this implies that the functors C®— and —®C' are exact for all objects C' in C by
Lemma and hence ® is biexact.

The conditions in Definition [8.2.1) necessary for a category C to be monoidally equivalent to a
representation category for a bialgebra or Hopf algebra, but not yet fully sufficient. They do not
take into account that the monoidal structure in a category B—Mod/? is given by the monoidal
structure in Vectﬁid. This is encoded in the forgetful functor V : B—Mod/? — Vectf;d, which is
monoidal, F-linear, faithful and exact. Any monoidal equivalence ¢ : C — B—Mod/? can be
composed with this forgetful functor, and if C is equipped with the F-linear abelian structure
induced by ¢, then this yields an F-linear exact faithful monoidal functor F' = V¢ : C — Vect]{;d.

Hence, any monoidal category C that is monoidally equivalent to a category B—Mod/? must be
equipped with an an F-linear exact faithful monoidal functor F' : C — Vect]{:d. Such a functor
is called a fiber functor.

Definition 8.2.3: Let C be a ring category. A fiber functor for C is an exact faithful F-linear
monoidal functor F : C — Vect]?,

Example 8.2.4: For any bialgebra B over F, the forgetful functor V : B—Mod/¢ — Vecthcd
is a fiber functor.

We will now show that every finite ring category C with a fiber functor ' : C — Vectf;d defines
a finite-dimensional bialgebra B over F. This bialgebra is obtained as the algebra End(F)
of natural transformations v : F — [ with the composition of natural transformations as
multiplication. Its coalgebra structure is induced by the coherence data of the fiber functor, the
isomorphism ¢°¢ : F — F(e) and the natural isomorphism ¢® : @(F x F) = F®.

Theorem 8.2.5: Let C be a finite ring category, F' : C — Vect{;d be a fiber functor and
End(F") the vector space of natural transformations n : F' — F.

1. Then End(F") has the structure of a finite-dimensional bialgebra over F.
2. If C is right rigid, then End(F) is a finite-dimensional Hopf algebra over F.

Proof:

1. As a finite F-linear abelian category, the category C is equivalent to the category A—Mod/ for
a finite-dimensional algebra A over F by Definition By Exercise[d] this defines a monoidal
structure on A—Mod’? such that the equivalence becomes monoidal. As an equivalence of
abelian categories, it is also fully faithful and exact. By composing it with the fiber functor, we
obtain a fiber functor F': A—Mod/? — Vect/?. We may thus assume that C = A—Mod/? for a
finite-dimensional algebra A over F.

Proposition [8.1.10| with B = F implies that there is a finite-dimensional A-right module V'
such that F is naturally isomorphic to V@ 4— : A—Mod’¢ — Vect{;d. Proposition shows
that End(F) = Ender (V) C Endp(V) is a finite-dimensional vector space over F. Proposition
also shows that the composition of natural transformations in End(F') corresponds to
the composition in End 40- (V') and the identity natural transformation idz to the unit element
idy € End e (V). Thus, End(F") = End (V) is a finite-dimensional algebra over F.

147



2. The counit and the coproduct on End(F) = End 40» (V') are defined by the monoidal structure
of F, the isomorphism ¢° : F — F(e) and the natural isomorphism ¢® : @p(F x F) — F®,
respectively. The counit € : End(F) — F, v — €(v) is defined by the commuting diagram

e(v)

— (87)
;jl d,jll 87
F(e) ——~ F(e).

The comultiplication A : End(F) — End(F)®End(F') is defined by the commuting diagram

PO R X @ F(Y)

d’?é,YjN
L F(X®Y).

VX®Y

F(X)®F(Y
¢§,yl~
F(X&Y)

(88)

Due to the naturality of ¢® and v, the F-linear maps A(v)xy : F(X)QF(Y) —» F(X)QF(Y)
define a natural transformation A'(v) : (V&V)aga— — (V®V)aga—, where VRV carries the
canonical A®A-right module structure (v®v') < (a®ad’) = (v < a)@ (V' < d').

The canonical isomorphism Endp(V®V) = Endp(V)®Endg(V) induces an F-linear isomor-
phism End(agayer (V®V) = End gor (V)QEnd 4e» (V). This yields an F-linear isomorphism

X End(V®eV)aga—) = Endagayer (VOV) = End g (V)QEnd 40 (V') = End(F)®End(F)

that is an algebra isomorphism with respect to the composition of natural transformations.
This defines an F-linear map A : End(F) — End(F)®End(F), v — x(A'(v)).

3. That € : End(F) — F is an algebra homomorphism follows by composing the diagrams
for natural transformations v, v’ horizontally. Similarly, composing the diagrams horizon-
tally yields A’(v') o A'(v) = A'(v' ov) and hence A’ is an algebra homomorphism. As y is an
algebra isomorphism Yy, it follows that A is an algebra homomorphism as well.

4. We verify that A and e satisfy the coassociativity and counit axioms. The coassociativity of
A follows from the commuting diagram

(A@id)OA(V)XJ/’Z
-

(F(X)®F(Y))®F(Z) (F(X)®F(Y))®F(Z)
PRy ®lr(z) | = PRy ®lrz) | =
F(XQY)oF(Z) — VX2 | pixey)eF(Z)
WRav,z | WRavz |
FUX®Y)RZ) ——20%%2 | pU(XQY)RZ)
AF(X),F(Y),F(Z) |2 Flax,y,z) | = Flax,y,z) |2 &~ | AF(X),F(Y),F(Z)
FXo(Y®Z)) ——=20% . p(X®(Y®Z))
SXvez | X vez |
FX)@F(Y®Z) —XYe2 _ px\oF(YeZ)
Lp@)®dY gy | = lpoo®9Ygy | =

F(X)®(F(Y)®F(Z))

(id®A)oA (W) x.v.z FX)o(F(Y)®F(Z)),
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in which the left and right diagrams commute, because F' is a monoidal functor, the top two
and bottom two rectangles in the middle by definition of A(r) and the rectangle in the middle
by naturality of v. The counitality follows from the commuting diagram

(e®id)oA(V)e,y

FRF(Y) FRF(Y)
P*®1p(y) | P®lp(y) | =
Fle)oF(Y) 2% Fe)eF(y)
Lr(y) Yo | Pov | =/l

F(e®Y) —=2  F(e®Y)
F(ly) |~ F(ly) | =

F(Y) - F(Y)

and its counterpart for the right unit constraint, in which the left and right diagram commute
because F' is monoidal, the top rectangle by definition of the counit, the middle rectangle by
definition of the comultiplication and the bottom rectangle by naturality of v.

This shows that (End(F'),o0,idg, A, €) is a bialgebra.

5. Suppose now that C = A—Mod is right rigid. Then we define the antipode of End(F') by

F(X) X F(X) (89)
l;(lx) =~ ~|TR(x)
FRF(X) F(X)®F
¢°®@1p(x) | | 1px)®¢e~!
F(e)®F(X) F(X)®F(e)
F(coevi)@1p(x) Lp(x)®F(ev)
F(X®X*)QF(X) F(X)@F(X*®X)
$% x+®Lr(x) | = = | 1p(x) @95 x
(F(X)®F(X*))®F(X) F(X)®(F(X*)®F(X))
ap(x),F(X*),F(X) w@lﬂx))

F(X)®(F(X*)QF(X))

Diagrammatically, this morphism is given by

S()x = vi. = Uxs
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All morphisms in diagram except evl and coevl are natural in X. For the latter, the

diagrammatic identity implies for all morphisms f: X — Y

F(X) F(X) F(X) F(X)
Vy+ F(f7)
e OF &) nat v e F U
(f) & P L e |E (f)
F(Y) F(Y) F(Y) F(Y)

and thus S(v)y o F(f) = v o F(f) = F(f) o V. = F(f) o S(v)x. This shows that the
morphisms S(v)x : F(X) — F(X) define a natural transformation S(v) : FF — F. As all
morphisms in this diagram are F-linear, this defines an F-linear map S : End(F') — End(F).

It remains to show that S satisfies the axiom on the antipode from Definition [5.2.1] For this,
note first that for all natural transformations 7, p : F' — F the following diagram commutes

mo(S®id)(T®p) x

F(X) F(X) F(X)
Irixy |2 Irixy |2 = | TR(X)
FQF(X) 1OPx FQF (X) F(X)®F
$°R1| = ¢°R1| = > 1@¢e!
F(e)®F(X) 10px F(e)®F(X) F(X)®F(e)
F(coevl)®1 F(coevl)®1 1QF(evl)
FIX®XHRF(X) —2% . F(X@X*)®F(X) F(X)®F(X*®X)
Py 3 @1 | 69 Lol |
(F(X)oF(X)oF(X 222 (F(X)oF(X*)oF(X) = | 1862,
F(X)&(F(XM)&F (X)) 1orms FEOS(F(X)SF(X)) o F(X)R(F(XT)RF(X))
\//
1®(Tx*®px)

This follows, because the rectangle on the lower left commutes by naturality of the associator,
the other rectangles on the left and the curved triangle at the bottom by the properties of the
tensor product, the diagram on the right by definition of the antipode and the curved triangle
on top by definition of the multiplication m : End(F)®End(F) — End(F).

By setting 7®p = A(v) for a natural transformation v : F — F in the previous diagram, we
find that the component morphisms of the natural transformation m o (S®id) o A(v) : FF — F
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are given by the outer rectangle in the diagram

mo(S®id)oA(v)x

1r(x) eW)1p(x)

F(X) F(X) F(X)
&~ l;gx) o~ | TR(x) ~ | TRX)
FoF(X) F(X)®F Lo) F(X)QF
~|¢e01 | 1R¢c ! >l 1®¢c !
F(e)oF(X) F(X)®F(e) 1eve F(X)®F(e)
F(coev)®1 1RF (evi) 1QF (evl)
F(X@X*)®F(X) F(X)QF(X*0X) —222X | p(X)@F(X0X")
> 6% .01 > 1065, | 106%.
(F(X)®F(X*))®F(X)—f>F(X)®(F(X*)®F(X))1®A,—(,,)§Q§(X)®(F(X*)®F(X))-

The top rectangle on the right commutes by definition of the tensor product, the second
rectangle on the right by definition of the counit, the third rectangle on the right by
naturality of v and the rectangle at the bottom right by definition of the comultiplication.
The diagram on the left commutes by Exercise [14] since F(X*) is a right dual of F(X), the
lower three arrows on the left compose to coevp(x)®1p(x) and the lower three arrows on the
right to 1p(x)®evp(x). The diagram on the left thus commutes by the snake identity . This
shows that m o (S®id) o A(v) = €(v)idp. The proof of the identity m o (id®.S) o A(v) = €(v)id
is analogous. O

Before investigating the bialgebra End(F') further, we consider the simplest example. Suppose
that the finite ring category C is the representation category B—Mod/? for a finite-dimensional
bialgebra B over F and F : B—Mod/? — Vect]éd is the forgetful functor.

In this case, there is a distinguished B-module, namely B as a module over itself. It is related
to all other B-modules via B-linear maps: every element m € M of a B-module (M, ),
determines a B-linear map >, : B — M, b — b > m. This allows one to characterise any
natural transformation v : V' — V by its component morphism vg. As right multiplication
with elements of b also defines a B-linear map R, : B — B, b — I/, this component morphism
is determined uniquely by the element vpz(1).

Example 8.2.6: Let B be a finite-dimensional bialgebra over F and V : B—Mod/? — Vectf;d
the forgetful functor. Then the map ¢p : End(V) — B, v+ vp(1) is a bialgebra isomorphism.
If B is a Hopf algebra, it is an isomorphism of Hopf algebras.

Proof:
1. The F-linear map ¢ is injective, since any natural transformation v : V' — V satisfies

vp(m) =vpy 0> (1) = V() ovg(l) =ve(l) >m

for all B-modules M and m € M, where >, : B — M, b — b > m. It is surjective since
any element b € B defines a natural transformation v : V — V with component morphisms
W, M — M, m — b>m. Its naturality follows, because for any B-linear map f : M — N
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and any m € M one has 1% o f(m) =b> f(m) = f(b>m) = V(f) o v4,;(m), and it satisfies
d(1°) = vp(1) =br>1=b. As ¢ is F-linear, it is an F-linear isomorphism.

2. The map ¢ is an algebra homomorphism, since ¢(idy) =idg(1) = 1 and

¢(vop) =vpopp(l) =vp(ps(l)) = va(l-ps(1)) =vs(l) - ps(1) = &(v) - 6(p),
where we used the B-linearity of R, 1) : B — B, b bpp(1) and the naturality of vp.

By definition of the counit in End(V') we have ¢(v)1p = vp and hence
e(v) = vp(1p) = vp(l) > 1p = €(vp(1)) = €0 ¢(v).
Similarly, we have A(v)y N = Vpen by for all finite-dimensional B-modules M, N and
(696) 0 AW) = vpep(181) = vs(1) & (181) = A@s(1)) = Ao 6(v).

This shows that ¢ is an isomorphism of bialgebras. As any bialgebra isomorphism between
Hopf algebras is an isomorphism of Hopf algebras, the second claim follows. O

In Theorem [5.1.10| and Proposition [8.1.1] we established that the representation category
B—Mod/? for a finite-dimensional bialgebra B over F is a finite ring category, equipped with
a the forgetful functor V' as a fibre functor. Theorem shows that any finite ring category
together with a fibre functor F' : C — Vectﬂ{id defines a finite-dimensional bialgebra over F. In
Example we saw that for the pair (B—Mod/®, V) this bialgebra is isomorphic to B.

We will now show that this correspondence defines in fact an equivalence of categories between

e the category Bialgy with finite-dimensional bialgebras over F as objects and bialgebra
homomorphisms as morphisms,

e the category Fibp whose objects are pairs (C, F') of a finite ring category C over F and
a fiber functor F : C — Vect?. Morphisms from (C, F) to (C, F') are F-linear functors
H:C' — Cwith FH = F".

Theorem [5.1.10| and Proposition define a functor Mod : Bialgy — Fibp that assigns

e to a finite-dimensional bialgebra B the pair (B—Mod/? V?) with the forgetful functor
VB B—Mod/? — Vect{",

e to a bialgebra morphism f : B — B’ the pullback functor f* : B'—Mod/?* — B—Mod/?
with VB f* = VP that sends a B’-module (M, >') to the B-module (M, >) with b>m =
f(b) >’ m and a B’-linear map f : M — N to the B-linear map f: M — N.

Theorem defines a functor Rec : Fibp — Bialgy that assigns
e to a pair (C, F') the bialgebra End(F),

e to a morphism H : (C,F) — (C', F"), given by a functor H : C' — C with FH = F”| the
bialgebra morphism Rec(H) : End(F') — End(F’), v — vH.

With these definitions, we can formulate the correspondence between finite-dimensional bial-
gebras and F-linear abelian monoidal categories from Theorem [5.1.10, Proposition [8.1.1] and
Theorem [8.2.5| as an equivalence of categories.
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We can also consider the full subcategory Hopfy C Bialgp with finite-dimensional Hopf algebras
over [F as objects and the full subcategory Fibrgp C Fibty, whose objects are pairs (C, F') of a
finite tensor category C and a fiber functor F'. That Fibtp is indeed a full subcategory of Fibg
follows, because every monoidal functor sends duals to duals by Exercise

Corollary 8.2.7:

1. The functor Rec : Fiby — Bialgy is an equivalence of categories.
2. It induces an equivalence of categories Rec : Fibty — Hopf.

Proof. 1. The bialgebra isomorphisms ¢p : End(V?) — B, v + vp(1) from Example
define a natural isomorphism ¢ : RecMod — idpja,. The naturality follows, because the
morphism RecMod(f) : End(V?) — End(V?") for a bialgebra homomorphism f : B — B’
sends a natural transformation v : V5 — VB to the natural transformation v/ = vf* : V5 —
VB with v/,(1) = f(vp(1)) and hence

¢p © RecMod(f)(v) = o5 (V' [*) = (vf*) 5 (1) = f(vB(1)) = f o ¢B(¥).
for all bialgebra morphisms f : B — B’ and v € End(F).

This implies that Rec is essentially surjective, and that for all bialgebras B, B’ the induced
maps RecMod : Homp;ayg, (B, B') — Hompiayg, (B, B') are bijective. It follows that the maps

Rec : Hompin, ((C, F), (C, F')) — Homgiag, (End(F), End(F")), H +— Rec(H)  (90)
are surjective, i. e. that Rec is full. As the maps
Mod : Homgiu (B, B') — Homgy,((B—Mod, V), (B'=Mod, VF)), f f*

are surjective by Exercise , it follows that the maps Rec from are also injective and
hence Rec is faithful. We have shown that Rec is essentially surjective and fully faithful and
hence an equivalence of categories.

2. By Corollary[5.2.7the functor Mod sends a finite-dimensional Hopf algebra, whose antipode is
invertible by Theorem [6.2.9] to a finite tensor category. By Theorem the functor Rec sends
a finite tensor category with a fiber functor to a finite-dimensional Hopf algebra. As Hopfy C
Bialgy and Fibty C Fibp are full subcategories, it follows that Rec induces an equivalence of
categories Rec : Fibtp — Hopfy. O

This shows that essentially all finite ring categories with fiber functors arise from representations
of finite-dimensional bialgebras and essentially all finite tensor categories with fiber functors
from representations of Hopf algebras. There is also a generalisation of these reconstruction
results to the infinite-dimensional case. This generalisation states that bialgebras over a field
F correspond to ring categories with fiber functors, Hopf algebras over F to right rigid ring
categories with fiber functors and Hopf algebras over F with invertible antipodes to tensor
categories. These correspondences can also be formulated as equivalences of categories as in
Corollary 8.2.7, However, the proof of these statements requires more advanced methods, such
as Deligne’s tensor product and coends. For a reference see, [EGNOL Chapter 5.4].
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9 Exercises

9.1 Exercises for Chapter

Exercise 1: The tensor product of two vector spaces V, W over a field F is the quotient
VoW =(V xW)/U,

where (V' x W) is the free vector space generated by the set V' x W and U C (V' x W) is the
linear span of all elements of the form

(A, w) — Ao, w), (v 4V w) — (v,w) — (v, w),
(v, \w) — A(v, w), (v,w+w") = (v,w) — (v,w")

for A € F, v,0" € V, w,w’ € W. We denote by 7: V x W — VW, (v,w) — (v,w) + U the
canonical projection and write v®@w := 7(v,w) = (v,w) + U

(a) Show that the tensor product over a field F has the following universal property:
The map 7 is F-bilinear. For every F-bilinear map ¢ : V' x W — X into an F-vector space
X, there is a unique linear map ¢' : VW — X with ¢/ o7 = ¢

Vx WL X
/1
lT 5
VoW
(b) Show that for any basis B of V' and any basis C' of W, the set B x C'is a basis of VQW.

(c¢) Show that for all F-linear maps f : V' — V' and g : W — W/, there is a unique F-linear
map f®g: VW — V'@W’' such that the following diagram commutes

Vox WL yrow

V®W _EH?@Z V ®W .

(d) Show that this defines a functor F' : Vecty x Vectyg — Vecty, where Vecty is the category
of vector spaces and linear maps over F.

(e) Show that this gives Vecty the structure of a monoidal category.

Exercise 2:

e A representation of a group G on a vector space V over F is a group homomorphism
p: G — Autp(V).

e A morphism of representations from p : G — Autg(V) to p' : G — Autp(V’) is an
F-linear map f: V — V' with p'(g)f(v) = f(p(g)v) for all g € G and v € V.

The category F|G] —Mod has as objects representations of G and morphisms of representations
as morphisms. Show that it has the structure of a monoidal category with the tensor product,
tensor unit, associator and unit constraints from Vectp.
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Exercise 3: Show that the following definition of a monoidal category is equivalent to Defi-

nition 1.1k

A monoidal category is a pentuple (C,®,a,e,t) of a category C, a functor ® : C x C — C, a
natural isomorphism a : ®(® x id) — ®(id x ®), an object e and an isomorphism ¢ : e®e — e
such that:

(i) the natural isomorphism a satisfies the pentagon axiom,
(ii) the functors e®— : C — C and —®e : C — C are equivalences of categories.

Exercise 4: Let G be a group and w : G x G x G — F* a 3-cocycle, i. e. a map that satisfies
w(gh, k,Dw(g, h, kl) = w(g, h, k)w(g, hk, )w(h, k,1) Yg,h,k,l € G.
Let Vect¢ be the category of G-graded vector spaces over F with

e vector spaces V' over [F with a decomposition V' = @,cqV, as objects,
e F-linear maps f: V — W with f(V}) C W, as morphisms.

Show that Vecty has the structure of a monoidal category with the tensor product
(V®W)g = @xy:g%@]FWy,
and the associator given by the linear maps

av, v wy, © (Ug@pVa)@sWi = UyQp(Vi,@Wr), (u®@0)@w — w(g, h, k)u@(v@w).

Exercise 5: A crossed module is a quadruple (A, B,>,d) of groups A, B, a group action
> : B x A — A by automorphisms and a group homomorphism ¢ : A — B such that

§(b>a) = bd(a)b™? §(a)>d = ad'a™ Va,a' € A)b € B.

(a) Show that every crossed module defines a category C with
e Ob(C = B,
e Home (b, V') = {(a,b) € Ax B|d(a)b="1'},
e the composition of morphisms given by (a’,§(a)b) o (a,b) = (d'a,b).

(b) Show that C has the structure of a strict monoidal category.

Exercise 6: Show that the alternative definitions of a monoidal functor and a monoidal
natural transformation from Remark [I.1.12] are equivalent to the one from Definition [1.1.11}

Proceed as follows:

(a) Show that the assumptions of Remark [[.1.12{ imply that there is a unique isomorphism
¢° : ep — F(ec) such that the following diagram commutes:

lF(ee)

ep®F (e¢) —— Fec)
jcﬁe@l LF(Zecl)
F(ec)®F(ec)¢®—> F(€c®€c).

ec.ec
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(b) Show that this isomorphism satisfies the compatibility conditions with the unit constraints

from Definition [L1.11]

(c) Show that any natural transformation that satisfies the assumptions in Remark [1.1.12
satisfies the compatibility condition with the unit constraints from Definition [1.1.11]

Exercise 7: Let G, G5 be groups and w; : G; X G; x G; — F* 3-cocycles.

(a) Show that monoidal functors from Vect to Vect:? correspond to pairs (f, ) of a group
homomorphism f : G; — G5 and a map u : Gy X G — F* satistying for all g, h, k € G

wi(g, h, k) = w2(f(9), f(R), f(k))du(g, h, k)
dp(g, h, k) = pu(h, k)~ (gh, k)u(g, hk)u™" (g, h).

(b) Let (f,p), (f',1') : Vectg — VectZ be monoidal functors. Show that monoidal natural
transformations between (f, u) and (f', i) exist if and only if f = f’, are always monoidal
natural isomorphisms and are given by maps n : G; — F* with

(g, h) =i/ (g, h)dn(g, k) dn(g,h) =n(g)n(h)n(gh)™"  Vg,h € Gi.

Hint: Consider the objects 6" = @gegég with 53 =0 for g # h and 6! = F in Vectg, .
Work with the alternative definitions from Remark [[L1.12] and Exercise [6l

Exercise 8: Let (G)nen, and (Hp)nen,, families of groups, (pnm)nmen, and (Tn.m)n.meng
families of group homomorphisms p,.m : G X Gy, = Gpgm and 7y, + Hyy X Hy — Hpypy
that satisfy the conditions from Example [I.I.8 Denote by G, H the associated strict monoidal
categories from Example [1.1.8]

(a) Characterise essentially surjective strict monoidal functors F' : G — H by families (fin)nen,
of group homomorphisms u, : G, = H,.

(b) Let F be a field. Consider the groups H,, = GL(n,F) of invertible n x n-matrices with
entries in F and

Tom : GL(m, F) x GL(n,F) = GL(n + m,F), (A, B) (161 g) '

Determine all essentially surjective strict monoidal functors F': B — H and F': S — H.

Hint: For (b) note that any generator o; € B,, = Homp(n,n) can be expressed as a tensor
product of identity morphisms and the generator oy € By = Hompg(2,2) and similarly for the
elementary transpositions o; = (i,7 4+ 1) € S,,.

Exercise 9: Let (C,®,e,a,l,7) be a monoidal category. Show that any equivalence of cate-
gories F': C — D defines a monoidal structure on D such that F' is monoidal.
Hint: You can use without proof that any equivalence of categories can be made into an adjoint

equivalence.

Exercise 10: Let F' : C — D be a monoidal functor that is an equivalence of categories.
Show that there is a monoidal functor G : D — C such that FG : D — D and GF : C — C are
isomorphic to the identity functors by monoidal natural transformations.
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Exercise 11: (Mac Lane’s proof of the strictification theorem)

Let (C,®,e,a,l,r) be a monoidal category. We consider finite lists £ = (C, .., C,,) of objects in
C, including the empty list (), and denote by * the concatenation of lists:

(Chy ety Cn) * (Crsty ooy Crn) = (Chy ooy Cry Criity vy Crien) O)xl=10x()=".

We assign to each list £ an object F'(¢) in C defined inductively by F'(()) = e, F((C)) = C and
F(l«(C)) = F{)®C for all C' € ObC and non-empty lists /.

(a) Show that this defines a category D with finite lists of objects in C as objects and an
equivalence of categories F': D — C that is the identity on the Hom-sets.

(b) Define isomorphisms ¢ : F({)QF(¢') — F(¢ % {') by setting for all non-empty lists ¢, ¢’
and C' € ObC

0.0 = Te = ley, G0 = lr@),; Pe.0 = TF@), Po0) = Lr@ec, Pru«c) = (¢£,Z’®1C)Oa;%g)’p(g/)’c-

Show that (bf,m*n @) (1F(€)®¢m,n) e} aF(g),F(mLF(n) = (bé*m,n @) (qﬁg’m@lp(n)) for all lists f, m,n.

(c) Show that D has the structure of a strict monoidal category with the tensor product given
by (@0 = x {' on the objects and on morphisms f : ¢ — ¢ and g : m — m’ by

F(E*m)MF(E’*m’)

¢2,mT d’@’,m’]

F(E)@F(m)FW(ggf(ﬁ’)Q@F(m’).

Show that (F, ¢) is a monoidal equivalence.

9.2 Exercises for Chapter

Exercise 12: Let C = Fun(D, D) the strict monoidal category of endofunctors F' : D — D
and natural transformations between them. Show that an object F' : D — D is left (right)
dualisable, if and only if it has a right (left) adjoint.

Exercise 13: Let GG be a finite group and w : G X G x G — F* a 3-cocycle. Show that the
monoidal category Vect“éf 4 of finite-dimensional G-graded vector spaces is rigid. Proceed as
follows:

(a) Show that the 3-cocycle w can be made into a normalised cocycle W’ : G X G x G — F*
with w'(g,1,h) = 1 for all g,h € G by setting

W'(g, b, k) = w(g, h, k)dp(g, h. k) du(g, h, k) = p(h, k)u(gh, k)" (g, hk)u(g, h) ™

for a suitable map p: G x G — F*.

(b) Use (a) to assume without restriction of generality that w is normalised (w(g,1,h) =1 for
all g, h € G) and show that Vectg, 74 is rigid.
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Exercise 14: Let F,F’' : C — D be monoidal functors and n : F — F’ a monoidal natural
transformation.

(a) Show that F(X) is a right (left) dualisable object in D for every right (left) dualisable
object X in C.

(b) Show that for every right dualisable object X in C

ev?,(x) o (Nx+®@nx) = evg(x) (Mx®nx~) o coevg(x) = coevgl(x)

and for every left dualisable object X in C
L L

evIL;,(X) o (Nx®n:x) = evfp(x) (n-x®nx) o COEV(x) = COEVEr(x)

Exercise 15: Let C,D be rigid monoidal categories and F, F’ : C — D monoidal functors.

For a rigid monoidal category C we denote by xZ, & : C — C°P°P the functors from Proposition

induced by its left and right duals.

(a) Show that for any rigid monoidal category C, the functor % is naturally isomorphic to idc.

(b) Show that for any monoidal functor F' : C — D, the functors Fx% : C — DP° and
*RF . C — D°P are naturally isomorphic.

(c) Show that any monoidal natural transformation 7 : F' — F” is a monoidal isomorphism.

Hint: Use (a) and (b) to define the inverse in (c). Investigate how 7 interacts with the natural
isomorphism in (b).

9.3 Exercises for Chapter

Exercise 16: Let (C,®,e,a,l,r) be a monoidal category. Show that if ¢ : ® — ®% is a
braiding, then ¢’ : ® — ® with ¢, = c‘_/lU :U®V — V®U is also a braiding.

Exercise 17: Show that a braiding in a monoidal category C = (C,®,e,a,l,r) defines a
monoidal equivalence F : C — C®%, where C® = (C,®%,e,a™!,r,1) is the monoidal category
with the opposite tensor product.

Exercise 18: Consider the family (GL(n,F)),en, of groups GL(n,F) of invertible n x n-
matrices with entries in F and the family (pm.n)mnen, 0f group homomorphisms

pmn : GL(m,F) x GL(n,F) = GL(m +n,F), (A, B) (é g) .

Show that the associated monoidal category from Example [1.1.8]is symmetric.

Exercise 19: Show that for any braided monoidal category C there is a strict braided
monoidal category D and a braided equivalence F' : D — C.

Hint: Use Exercise |[11] and equip the category D constructed there with a suitable braiding.
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Exercise 20: Let B be the braid category and C a strict monoidal category. Denote by YB(C)
the category of Yang-Baxter operators and morphisms of Yang-Baxter operators in C.

(a) Show that the category YB(C) is equivalent to the category Fung(B,C) of strict monoidal
functors F': B — C and monoidal natural transformations between them.

(b) Show that if C is braided, then the category Funy, (B, C) of strict braided monoidal functors
F : B — C and monoidal natural transformations between them is equivalent to C.

Exercise 21: Let G be a group. Show that the category X (G) of crossed G-sets from Exam-
ple with the tensor product and braiding given in Example is a braided monoidal
category.

Exercise 22: Let G be a finite group, F a field and Vectéd the category of finite-dimensional
G-graded vector spaces for the trivial 3-cocycle w : G x G x G — F, (g, h, k) — 1.

Denote by §9 = @peqd; the G-graded vector spaces with 07 = F for h = g and 63 = 0 else.

(a) Consider the linear maps cyy : UV — VU with cyy(u®v) = v(g, h)v@u for u € U,,
v € V, and a map v : G X G — F*. Determine the conditions on v under which the
. . fd
morphisms ¢y define a braiding on Vecty, .

ow that under the conditions from (a) the categor ect’~ 1s ribbon.
(b) Show that under the conditions from (a) th gory Vect!! is ribb

(c) Give a non-trivial example of a group G and a map v : G x G — F* that satisfies the
conditions in (a).
(d) Suppose that f : F — F is a morphism in Vectéd that is composed via ® and o of the left

and right coevaluation maps for d, and d; and braidings cﬁlv with U,V € {d4,07}. Give a

simple formula for f in terms of v(g, g) and the geometrical properties of its diagram.

Hint: Recall from Exercise [13|that Vectéd is pivotal with a trivial pivot, with V* = &, . V,"
and with evaluation maps ev?(a®uv) = ev*(v®@a) = dgpa(v) for v € V; and o € V}7,.

Exercise 23: Let G be a finite group, [ a field and C the category with

e crossed G-sets (X, >, 1) as objects,

o F[G]-linear maps [ : (X)r — (Y)r with f(2) € spang{y € Y | py(y) = px(z)} C (Y)r
for all z € X as morphisms [ : (X, >x, ux) = (Y, >v, py).

Denote by C/™ the full subcategory of C with finite crossed G-sets as objects. Show:

(a) The category C is a braided monoidal category with the monoidal structure and braiding
induced by the ones of crossed G-sets.

(b) There is a fully faithful braided monoidal functor F': C — Z(F[G]-Mod).
(c) The category C/™" is pivotal.

Exercise 24: Let G be a finite abelian group and F a field with char(F) = 0. We consider
the pivotal braided monoidal category C/™ from Exercise [23| with

e finite crossed G-sets (X, >x, iux) as objects,
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e F[G]-linear maps f : (X)p — (Y)p with f(x) € spang{y € Y | uy(y) = px(x)} C (Y)p
for all x € X as morphisms f : (X, >x,ux) = (Y, >y, py),

e monoidal structure and braiding induced by the ones of crossed G-sets:
(X7 > x, MX)®(Y) >y, /vLY) - (X X Y7 > xxvy, ,uXXY) with

gOxxy (T,9) = (g>x 2,9>vY), pxxy(®,y) = px(z)uy(y)
cxy (X X YV)r = (Y x X)p, (2,9) = (4, py(y) ' >x @),

e right duals given by (X, >, u)* = (X, >, 10 u), where 1 : G — G, g+ g~ !, and
evii (X x X)p = F, (z,2) = 8,(2')  coevi : F — (X x X)p, A = A\Zpex (2, 2)

(a) Compute the twists for each finite crossed G-set X and show that C/™ is ribbon.
(b) Consider the crossed G-set X = (G,1>, u) with gi>h = ghg™' and u(g) = g for all g,h € G
and compute the linear maps F — F given by the following diagrams:

56 X@@X [}X @X

Hopf link trefoil knot figure eight knot

(¢) Look up the knot groups of the Hopf link, the trefoil knot and the figure eight knot and
interpret the morphisms in (b).

Exercise 25: Let ¢ € C\ {0} be not a root of unity. Let V' be the complex vector space with
ordered basis (vy, ..., v,) and (a?, ..., ™) the dual basis of V*. Equip V with the braided vector
space structure

q "0 Qu; 1< 7
o: VeV - VeV, vR0u; — ¢ ¢ e, 1=7
¢ "0;Qu 4+ ¢ (g — ¢ Hoi®u; @ >

(a) Show that V' becomes a right- and left dualisable object in Vecte with the following eval-
uation maps and suitable right and left coevaluations

ev‘}; VRV - C, oou; — dij ev‘L, VeV - C, vuRd — q1+”_2i5ij.

(b) Compute the twist 6y and the twist #{, and show that the ribbon condition is satisfied.
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9.4 Exercises for Chapter

Exercise 26: Denote by D the set of link diagrams.
A Kauffman bracket is a map () : D — Z[A, B, d| defined by the following conditions:

(i) (D) =(D’) if D and D’ are related by an orientation preserving diffeomorphism,
(11) (O) =1 for the unknot O,
iii) (D11 O) = d(D), where D II O denotes the disjoint union of D with the unknot O,
iv) (Ly) = A(Ls) + B(Ly), if Ly, L_, Ly agree outside of a circle and are given inside by

-7 T T~
-
~
. N A N ¢ N
; N ’ \ / \
’ \ / \ / \
,/ ! ! \ ,’ \
| ! | |
| ) | i | |
\ 7 \ 1 \ 7
\ / \ / \ /
N ’ \ 7’ N ’
N 7 A 7/ N\ e
~ ~ ~
S -

L+ LO L007

(a) Determine the relations R between A, B, d that need to be quotiented out to ensure that
the induced map ()" : D — Z[A, B,d]/(R) is a ribbon invariant. In this, exclude relations
of the form d = const € Z.

ow that a suitable rescaling o yields a link invariant.
b) Sh h bl | f () yields a link

(c) A state of a link diagram D is a link diagram s obtained by replacing each crossing L, in
D either with Ly or with L. Show that the Kauffman bracket of D is given by

— Z ASABsBd|s|71’

SESD

where Sp is the set of states of D, sy and sg are the number of crossings in D replaced
by L. and by Ly in s, respectively, and |s| is the number of connected components of s.

(d) The connected sum K#K’ of two knots K, K’ is the knot obtained by cutting K, K’ and
joining the open ends of K to the ones of K’ such that no additional crossings are created

¢ (o€ 0-¢ 9

K#K'

Relate the Kauffman bracket (K#K’) to the Kauffman brackets (K) and (K’).

Exercise 27:

(a) Compute the HOMFLY polynomial for the Hopf link and the trefoil knot.

(b) Show that the HOMFLY polynomial of an oriented knot is invariant under orientation
reversal of the knot.

(c) Give an example of two oriented links that define the same link but do not have the same
HOMFLY polynomial.
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(d) The Conway polynomial of a link is its HOMFLY polynomial evaluated in x = 1. Show
that the Conway polynomial of a knot is an even polynomial in y.

(e) Show that the Conway polynomial of a link with two connected components is an odd
polynomial in y and give a simple formula for its lowest non-trivial coefficient.

Remark: A polynomial p € Z[y] is called even if it is of the form p = ¥2° jaxz®* and odd if it
is of the form p = $2° 2?1, where a;, € Z.

Hint: In (e) consider the linking number, which is given by as one half the sum of the signs of
the crossings of two different components.

3

Hopf link trefoil knot

Exercise 28: Let (A, k) be a Frobenius algebra. Show that there is a unique algebra auto-
morphism p : A — A, the Nakayama automorphism, such that x(a®b) = k(p(b)®a) for all
a,b e A.

Exercise 29: Show that every Frobenius algebra (A, k) has the structure of a (A, €)-Frobenius
algebra and vice versa.

Hint: Consider the dual map m* : A* - A*®A* with m*(«)(a®b) = «a(a - b) for all o € A*,
a,b € A and the linear isomorphism ¢, : A — A*, a — k(—®a). Define

A= (¢;1®¢;1) om® o¢,: A= ARA e:A—=F am kla®l) = k(1®a).

Exercise 30:

(a) Generalise the concepts of a Frobenius algebra and a (A, €)-Frobenius algebra to general
monoidal categories C and describe their defining properties by diagrams.

(b) Show with a diagrammatical proof that every (A, e)-Frobenius algebra has the structure of
a Frobenius algebra.

(c) Show with a diagrammatical proof that every Frobenius algebra has the structure of a
(A, €)-Frobenius algebra.

Hint: In (a) the non-degeneracy of the Frobenius form x implies that there are diagrams

A A

A U A , m such that — | =
A A
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Exercise 31: Use the presentation of the cobordism category Cob; ( to classify all 1d oriented
topological quantum field theories Z : Cob; g — Vectf;d with Z* = xZ, up to monoidal natural
isomorphisms.

Exercise 32: Let G be a finite group, F a field of characteristic zero and A € F\ {0}. We
consider the commutative Frobenius algebra Map(G,F) of maps f : G — F with the pointwise
addition, product and scalar multiplication and the Frobenius form

K(f@h) =AY f(g)h(g)

geG

and the associated 2d topological quantum field theory Z : Coby; — Vectf;-d.

(a) Determine the corresponding (A, €)-Frobenius structure on Map(G, F).
(b) Compute Z(S) for the case where S is an oriented surface of genus g € Np.
(¢) Compute Z(S) for the case where S is the disjoint union of n € N tori.

Exercise 33: (Fukuma-Hosono-Kawai model)

Let ¥ be a triangulated oriented surface, i. e. an oriented surface with a semisimplicial complex
structure, I a finite set and I a field. We associate to ¥ a number Z(X) € F defined as follows:

1. Assign to each edge in an oriented triangle ¢ an element of I, and to the oriented triangle
t = (abc) formed by edges labelled with a,b,¢ € I a number Cy,. € F, the triangle
constant, satisfying C,pe = Ceup = Chea-

& C(abc b

a

2. Each edge in the surface Y occurs in two adjacent triangles ¢,¢ and carries two labels
a,a’ € I. Assign to such an edge a number B € F, the gluing constant, such that the
matrix B = (B ), wcs is symmetric and invertible.

& szbc b

a

Baa’

a/

d Cdea’ €

3. Assign to the triangulated surface ¥ the number
- Y [[5 ] c
fiE—IXI e€E  t=(efg)eT

where R € F*, V is the number of vertices, F the set of edges and T the set of triangles,
the sum runs over all labelings f : E — I x I and the products are taken over all labelled
edges and labelled triangles.
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One can show that two triangulated surfaces are homeomorphic if and only if the simplicial
complex structures are related by a finite sequence of the two Pachner moves

Hence, if Z(X) is invariant under P, 5 and P 3, then Z(X) depends only on the homeomorphism
class of the oriented surface ¥ and is a topological invariant.

Show that Z(X) is a non-trivial topological invariant if and only if the constants Cyy, and B
define a symmetric Frobenius algebra A over F with m o A = Rid. Proceed as follows:

(a) Derive sufficient and necessary conditions on the constants Cyp., B, B, for invariance of
Z(¥) under the two Pachner moves.

(b) Consider the free vector space A = (I)p with basis I, define a linear map x : AQA — F
and a multiplication map m : A®A — A by

a-b=m(a@b) = Y CucBd  K(c®d) =By Va,bcdel,

c,del
where B, are the coefficients of the inverse matrix B™' = (B )a.aer. Show that the
conditions from (a) imply:
(i) the multiplication is associative,
(ii) k is a symmetric Frobenius form on A,

(iii) if A has a unit element, it is given by 1 = R™! Za’b’c’del Cupe BB,

(c) Show that the Frobenius algebra from (b) satisfies the additional condition m o A = Rid.

(d) Show that any symmetric Frobenius algebra with m o A = Rid for some R € F* gives
rise to a finite set I, triangle constants Cyy. and gluing constants B such that Z(X) is a
topological invariant.

9.5 Exercises for Chapter

Exercise 34: Let (C,A,¢) and (C',A’,€') be coalgebras over F.

(a) The counit is unique: If ¢’ : C'— F is a linear map that satisfies for all ¢ € C
re o (ide®e”) o A(c) = o o (€'®ide) 0 A(c) = ¢, then €’ =e.

(b) For every coalgebra homomorphism ¢ : C' — C’, the kernel ker(¢) C C' is a coideal in C'
and the image im(¢') C C” is a subcoalgebra of C".

(¢c) If m: C — C/I, ¢c — ¢+ I the canonical surjection for a linear subspace I C C, then
§:C/I - CR(C/I), c+ I — (idem) o A(c) defines a C-left comodule structure on C'/I if
and only if I is a left coideal.
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(d) If I € C is a left coideal, a right coideal or a subcoalgebra of C, then e¢(I) = {0} if and
only if I = {0}.

Exercise 35: Show that the tensor product coalgebra C®C” for two coalgebras (C, A, €) and
(C', A’)€') has the following universal property:

The projection maps 7 : C®C" — C, c®@c +— €(d)c and 7' : CRC" — C', c®c — €(c) ¢ are
coalgebra homomorphisms. For every cocommutative coalgebra D and every pair of coalgebra
homomorphisms f: D — C, f' : D — C’ there is a unique coalgebra homomorphism f:D—
C@C' with o f=fand 7o f=f.

Exercise 36: Let V be a vector space over F. The rank of an element v € VRV is
rk(v) = min{n € N | v = X' ;v;®uv, for some v;, v, € V'}.

(a) Show that for v = E” 1M v;@v; with M;; € F, linearly independent vy, ...,v, € V and
linearly independent v}, ..., v, € V one has rk(v) = rk(M), where M = (M;;).

(b) Suppose that V is infinite-dimensional with a countable basis B = {v; | i € N}. Show
that V*@V* C (V®V)* by considering the element 6 : V@V — F, v;®v; — §;; and its
restrictions 0, = 0|y, gv, : Va®V,, — F to the subspaces V,, = spang{vy, ..., v, }.

Exercise 37: Let (A, m,n) be an algebra over F, m* : A* — (A®A)* and n* : A* — F the
dual maps of m : AQA — Aand n:F — A and A° = {a € A" |m*(«a) € A*@A*}.

Prove that (A°, m*|40,17*| 40) is a coalgebra over F:

(a) Prove first the following fact from linear algebra:

Let V be a vector space over F and o', ...,a" € V* linearly independent. Then for all
A1, .oy Ay € T, there is a vector v € V with o'(v) = \; fori = 1,...,n

(b) Use (a) and the coassociativity of m* : A* — (A®A)* to prove that for every element
a € A°, one has m*(a) € A°®A°.

Exercise 38: Let H be a Hopf Algebra and a,b,c,d € H. Simplify the expressions for the
following elements of H:

r=Yww [Slan)bns (b<4>)a<4ﬂ [a@)S(b2))S(S™(a2)S ™ (b))
y = E<a> w €(b) [S*(bs)S(ambay)mae] @ [Slanbay) @)
2= .o [S (de a(l)S(b@))S(G(S))C@)S_l(du)))a(z)5(’?(1))5(6(1))]®A(S(a<4>))

Exercise 39: Consider the vector space F[z] of polynomials with coefficients in F with the
multiplication m : F|x]®@F[z] — F[z] and comultiplication A : Flz| — F[x]QF[z] given by

m(z"®z™) = (n —;m) " A(™) = Zx”@xm’" Vn, m € Ny.

Show that these maps define a Hopf algebra structure on F|z].

165



Exercise 40: Let B, B’ be finite-dimensional bialgebras over F. Show the following:

(a) The algebra Homp(B, B’) with the convolution product has a canonical bialgebra structure.
If B, B’ are Hopf algebras, it is a Hopf algebra structure.

(b) The bialgebra from (a) is isomorphic to the tensor product bialgebra structure on B*®B'.

Exercise 41: Let V be a vector space over F and T'(V') the tensor algebra over V with the
Hopf algebra structure from Example [5.3.1} Show that the Hopf algebra structure of T'(V)
induces a Hopf algebra structure on the symmetric algebra S(V) = T'(V)/(z®y — y®z).

Exercise 42: Prove the ¢-Chu-Vandermonde formula for the g-binomials:
<m + n) 2 m n
=3 g ( ) ( ) W0 < p<
q <p<n,m.
p q k=0 k q p= k q

Exercise 43: Let ¢ be a primitive nth root of unity and 7; Taft’s Hopf algebra.

(a) Show that T, is isomorphic as an algebra to a semidirect product F[Z/nZ] x Flz]/(z"),
i. e. the vector space F[Z/nZ]@F[x]/(z") with the multiplication

(k@p) - (m@q) = (k+m)®(p - p(k)q)

for a group homomorphism p : Z/nZ — Aut(F[z]/(2")) into the group of unital algebra
automorphisms of F[x]/(z™). Determine the group homomorphism p.

(b) Compute the dual bialgebra structure on T}".

(c) Show that a, 8 € T with a(y’az*) = ¢?dro and B(y/a*) = oy for j,k € {0,1,...,n — 1}
satisfy the multiplicative relations of Tj.

(d) Show that the elements 3% for j,k € {0,1,...,n — 1} form a basis of the vector space Ty.

(e) Show that the Hopf algebra Tj is self-dual by constructing a Hopf algebra isomorphism
¢:T, =T

Exercise 44: Let F be a field and ¢ € F\ {0,1, —1}.
The ¢g-deformed universal enveloping algebra U,(sl;) is the algebra over F with generators
E,F, K, K~' and relations

K—-K!
KYKT' =1, KEK'=¢’E, KFK'=q?F, [EF]=—F. (91)
q—q
Show that U,(sly) is a Hopf algebra with the comultiplication, counit and antipode
A(K*) = KoK, A(E) = 1QF + EQK, A(F)=F®l + K '®F
(K =1, e(E) =0, e(F)=0
S(K*') = K7 S(E)=-EK™! S(F)=—-KF. (92)

Exercise 45: Let F be a field, ¢ € F\ {0,1,—1} and U,(sly) the ¢-deformed universal en-
veloping algebra from Example 5.3.9] Prove the following:
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(a) The quantum Casimir element
_1K—|— K—l K—|— —1K—1
: i11 ;- =FE+ ? ! —1)2
(@—q") (@—q7")
is in the centre of U,(sly): C, - X = X - C, for all X € U,(sl,).
(b) The antipode of U,(slz) is invertible.

(c) For all elements X € U,(slz) one has S*(X) = KXK'
(d) There is a unique Hopf algebra isomorphism ¢ : U,(sly) — U,(sl2)®? with

C,=EF +

WE)=F GF)=E ¢K)=K"

It is called the Cartan automorphism of U,(sl,).

Exercise 46: Suppose that ¢ € C* is not a root of unity and V' a complex U,(sl;)-module.

e A weight of V is an eigenvalue of the linear map ¢ : V — V, v — K > v.

e A highest weight vector of weight )\ is an eigenvector 0 # v € V* = ker(¢ — Midy)
with £ > v = 0.

e V is called a highest weight module of weight ), if it is generated as a U,(sly)-module
by a highest weight vector of weight .

Prove the following:
(a) ExV C VI FVAC V4 ** and for any highest weight vector v € V*

ME+1)2—AHk+1),.
E> (F" o) = (k41 _1( Yo F*>ov Yk eN,.
q—4q

(b) If V is an n-dimensional highest weight module with highest weight vector v, the set
B ={v,F>wv,.. F" ! >uv} is a vector space basis of V, A = £¢" ' and ¢ : V — V is
diagonalisable with eigenvalues +¢" 1, £¢" 3, ..., £¢>", £¢' ™.

(c) Every finite-dimensional U, (sl2)-module has a highest weight vector and every simple finite-
dimensional U, (sl;)-module is a highest weight module.

9.6 Exercises for Chapter [6]

Exercise 47: Let F be a field of prime characteristic char(F) = p. A restricted Lie algebra
over F is a Lie algebra (g, [, |) over F together with a map ¢ : g — g,  — x| that satisfies

p—1
Az)lPh = ezl ad ) =ad? = ad, o...0ad,, (v4y)P =zl 4y 4 Z w
k=1

where ad, : g — ¢, y — [z, y] is the adjoint action and oy (x,y) is given by

adf_ (x) = S22 N oy (. y)

(a) Show that any algebra A over F is a restricted Lie algebra with the commutator as the Lie
bracket and the map ¢ : A — A, a — aP.
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(b) Let (g,[, ], ¢) be a restricted Lie algebra and U = U(g)/(z? —x/"!). Denote by 7 : U(g) — U
the canonical surjection, by ¢; : g — U(g) the canonical inclusion and set 7 = moi, : g — U.
Show that U is a Hopf algebra with the comultiplication, counit and antipode given by

A(1(z)) = 1@7(x) + 7(2)®1 e(r(x)) =0 S(r(x)) = —71(z) Vxeg.

(c¢) Show that U is a finite-dimensional cocommutative Hopf algebra, but that it is not isomor-
phic to the group algebra of a finite group.

Exercise 48: Let B be a bialgebra over F.

e An algebra object in B—Mod or a B-module algebra is an algebra A over F with a
B-module structure such that m : A®A — A and n: F — A are B-linear.
e A module object over an algebra object A in B—Mod is an A-module M whose action
map > : AQM — M is B-linear.
Show the following:

(a) An algebra A over F with a B-module structure > : BRA — A is an algebra object in
B—Mod if and only if for all b € B and a,a’ € A, one has

b (a . CLI) = E(b)(b(l) > a) . (b(g) > a’) b>14 = G(b) 14.

(b) For any algebra object A in B—Mod, the submodule A® of invariants is a subalgebra of A.
(c) Any algebra object A in B—Mod defines an algebra structure on the vector space AQB by

(a®D) - (a'®Y) = Bya(ba) > a')@bp)b'.

It is called the smash product of A and B and denoted A#B.

(d) Module objects over an algebra object A in B—Mod are in bijection with modules over
the smash product A#B.

(e) Taft’s algebra T;, and the g-deformed universal enveloping algebra U, (sly) are isomorphic
as algebras to smash products T, = A#spanyGr(7;) and U,(sly) = A'#spangGr(U,(sly))
for suitable subalgebras A C T, and A" C U,(sls).

Exercise 49: Determine the submodule of invariants for the following Hopf algebras H and
H-module structures > : HQM — M

(a) H= M = TF[G] for a finite group G and h > g = hgh™'.
(b) H finite-dimensional, M = H* and h > a = X029 (h) aq).
(c) H finite-dimensinal, M = H* and h > a = X(o),m)s) (b)) o) (S(he)) o).

Exercise 50: Let ¢ € F be a primitive nth root of unity. Show that the space of left and right
integrals for Taft’s Hopf Algebra 7T, are given by

I1(H) = spang{Zj_gy’a""'}  In(H) = spang{Xj_gq /5’2" "'}.

J= J=
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Exercise 51: Let H be a finite-dimensional Hopf algebra. Show the following;:

(a) If there is a left integral ¢ € H with €(¢) # 0, then H is unimodular.

(b) The converse of this statement is false.

Exercise 52: An algebra (A, m,14) over F is called separable if there is an A®A°P-linear
map ¢ : A = A®RA® with m o ¢ = idy, where the A® A°’-module structure on A is given by
(a®b) > ¢ = acb for a,b,c € A.

(a) Show that A is separable if and only if there is an element e € A® A, the separability
idempotent, with ¢* = ¢, m(e) =1 and (a®1) - e = e (1®a) for all a € A.

(b) Let H be a finite-dimensional semisimple Hopf algebra. Show that H is separable by con-
structing a separability idempotent for H.

Hint: In (b) use the normalised Haar integral.

Exercise 53: Let F be a field with char(F) # 2. The algebra Hg is the algebra over F with
generators x,y, z and relations

Ty = Yyx 2T =Yz, Y = T2, x2:y2:1, 22:%(1+I+y—xy).
Assume without proof that dimg Hg = 8 and that
Az) = z®x Aly) = y®y Az) = %(z@z +Yz®z + 2Qx2 — YzQr2)

defines a Hopf algebra structure on Hg.

(a) Determine a basis of Hg and the counit and antipode of the Hopf algebra structure.
(b) Determine the group Gr(Hg) and the Lie algebra Pr(Hjg).
(c) Show that Hg is semisimple and determine the left and right integrals of Hg and H{.

Remark: Hg is an important example, because it is the lowest-dimensional semisimple Hopf
algebra that is not a group algebra of a finite group

Exercise 54: Let G be a finite group and F[G] its group algebra over F. Verify that the
Drinfeld double D(F[G]) is given by

((5u®g) . (6v®h) = 5u<gvgil>5u®gh 1= 1®€ = deG 69@6
A(6,89) = Yipy=u 0,0gR0,Rg €(0,29) = du(e)
S(5u®g) = 5gfluflg®g_1

and that R = ¥,c¢1®g®J,Re is a universal R-matrix for D(F[G]).

Exercise 55: Let G be a finite group. The Drinfeld double D(F[G]) is the vector space
Map(G, F)®F[G] with the Hopf algebra structure

(6.29) - (6,@h) = 6,(gvg™")6,@gh 1 =1®e = Y eq 0,0¢
S((Su@g) = 59—1u—1g®g71.
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(a) Show that modules over D(F[G]) are in bijection with modules (V,r>) over F[G] with
a decomposition V = @geqVy such that h >V, C Vjg-1 for all g,h € G. Show that
D(F|[G])-linear maps f : V' — W are in bijection with F|[G]-linear maps f : V' — W that
satisfy f(V,) C W, for all g € G.

(b) Determine the direct sum decomposition of the tensor product of two D(F[G])-modules
V, W and of the tensor unit in D(F[G])-Mod.

(c) Let 7y : VW — WV, v@w — w®v and R = X,cql®gd,®e € D(F|G])@D(F[G]).
Show that the maps cyw = 7w o (R>—) : VW — W®V define a braiding on D(F[G])-
Mod by computing their action on the vector spaces in the decomposition.

9.7 Exercises for Chapter

Exercise 56: Prove Schur’s lemma for abelian categories:

1. If A, A" are simple objects in an abelian category A, then every non-zero morphism
f: A— A’is an isomorphism.

~

2. If Ais alocally finite F-linear abelian category and IF algebraically closed, then End 4(A)
F for every simple object A.

Exercise 57: Let B, B’ be finite-dimensional bialgebras over F and V? : B—Mod — Vecty,
VB . B'—Mod — Vecty the forgetful functors. Show that every functor H : B'—Mod —
B—Mod with VEH = V¥ is a pullback functor: H = ¢* for a bialgebra homomorphism
¢:B— B.
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A Modules over algebras

A.1 Algebras

In this subsection, we recall some basic concepts, definitions and constructions and discuss
important examples of algebras. In the following we will always take algebra to mean associative
unital algebra, and all algebra homomorphisms are assumed to be unital as well. For the tensor
product of vector spaces V and W over I, we use the notation VW = VrW.

Definition A.1l:

1. An algebra A over a field F is a vector space A over F together with a multiplication
map - : Ax A — Asuch that (A, +,-) is a unital ring and a- (Aa’) = (Aa)-a’ = N(a-a’) for
alla,a’ € Aand \ € F. An algebra A is called commutative if a-a’ = a’-a for all a, a’ € A.

2. An algebra homomorphism from an algebra A to an algebra B over F is an F-linear
map ¢ : A — B that is also a unital ring homomorphism, i. e. satisfies ¢(14) = 15 and

dla+d) =¢(a) + o(d), ¢(Xa) =Ad(a), d(a-a’)=¢(a)-¢(a') Va,d € AXEF.

As an algebra can be viewed as a unital ring with a compatible vector space structure, the
concepts of a unital subring, of a left right or two-sided ideal and of a quotient by an ideal have
direct analogues for algebras. In particular, a left, right or two-sided ideal in an algebra A is
simply a left, right or two-sided ideal in the ring A. That such an ideal is also a linear subspace
of A follows because Aa = (A1) -a =a- (A1) € [ for all a € I and A\ € F. Consequently, the
quotient A/I by a two sided ideal I C A is not only a ring, but also inherits a vector space
structure and hence the structure of an algebra.

Definition A.2: Let IF be a field and A an algebra over F.

1. A subalgebra of A is a subset B C A that is an algebra with the restriction of the

addition, scalar multiplication and multiplication, i. e. a subset B C A with 14 € B,
b+b e€B, Abe B,and b-b € B for all bt/ € B and and A € F.

2. The quotient algebra of A by a two-sided ideal I C A is the quotient vector space A/l
with the multiplication map - : A/I x A/T — A/I, (a+1,d + 1) — ad + 1.

There is an equivalent definition of an algebra that is formulated purely in terms of vector spaces
and linear maps. For this, note that we can view the unit 1 € A as a linear map n : F — A,
A — Al. Similarly, we can interpret the multiplication as an F-linear map m : A®A — A
instead of a map - : A x A — A that is compatible with scalar multiplication and satisfies the
distributive laws. This follows because the distributive laws and the compatibility condition on
scalar multiplication and algebra multiplication are equivalent to the statement that the map
- is [F-bilinear. By the universal property of the tensor product, it therefore induces a unique
linear map m : AQA — A with m(a®b) = a - b. The remaining conditions are the associativity
of the multiplication map m and the condition that 1 is a unit, which can be stated as follows.
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Definition A.3:

1. An algebra (A, m,n) over a field IF is a vector space A over F together with linear maps
m: ARA — Aand n: F — A, the multiplication and the unit, such that the following
two diagrams commute

AR(ARA) —> (ARA)R A AR A FoAX2ee 4 sk yop
ARA A ARA.
associativity unitality

An algebra A is called commutative if m?” := m o7 = m, where 7 : AQA — ARA,
a®b — b®a is called the flip map.

2. An algebra homomorphism from an F-algebra A to an F-algebra B is a linear map
¢ : A — B such that the following two diagrams commute

ARA A~ F—- A
¢®¢>L j¢> id @
B@BWB FW‘ .

Remark A.4:

1. Definition can be generalised by replacing the field ' with a commutative unital ring
k, F-vector spaces by k-modules, tensor products of vector spaces by tensor products
of k-modules and [F-linear maps by k-linear maps. This defines an algebra over a
commutative unital ring.

2. Note that the multiplication from Definition is a structure - there may be many
associative multiplication maps on a vector space A. The existence of a unit map n that
satisfies the conditions in Definition is a property of m. As two-sided units in monoids
are unique, there is at most one unit for m.

Example A.5:

1. Every field F is an algebra over itself. If F C G is a field extension, then G is an algebra
over .

2. For every field IF, the (n x n)-matrices with entries in F form an algebra Mat(n x n,F)
with the matrix addition, scalar multiplication and matrix multiplication. The diagonal
matrices, the upper triangular matrices and the lower triangular matrices form subalge-
bras of Mat(n x n,F).

3. For any F-vector space V| the linear endomorphisms of V' form an algebra Endr(V') with
the pointwise addition and scalar multiplication and composition.

4. For any algebra A, the vector space A with the opposite multiplication m? : AQA — A,
a®b — b - a is an algebra. It is called the opposite algebra and denoted A°.
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5. For two F-algebras A and B, the vector space A®B has a canonical algebra structure
with multiplication and unit

Mags : (AQB)®(A®B) - A®B (a®b)@(a'@V') > (aa")2(bb)
Nagp : F — A®B, A= A1),

This algebra is called the tensor product of the algebras A and B and denoted A®B.

6. The maps f : Ng — I form an associative algebra over ' with

(f +9)(n) = f(n)+g(n)  A)n)=Af(n)  (f-9)(n) =Zi_of(n—k)g(k).

This is called the algebra of formal power series with coefficients in F and denoted
F[[x]]. The name is due to the following. If we describe a power series Y, en,a,2" by
its coefficient function f : Ng — F, n — a,, then the formulas above give the familiar
addition, scalar multiplication and multiplication law for power series

Z:neNoanxn + EneNobnxn = EnENO (an + bn)xn

n n
AX e @n®" = Ypen, Aan T

(Zrneng@n®") - (Bnenbnt") = EnENO(EZ:()anfkbk)mk-
7. The polynomials with coefficients in F form a subalgebra
Flz] = {f :Nog — F| f(n) = 0 for almost all n € No} C F|[[z]].

8. For any set M and any F-algebra A algebra, the maps f : M — A form an algebra over
[ with the pointwise addition, scalar multiplication and multiplication.

An important example of an algebra that will be used extensively in the following is the tensor
algebra of a vector space V over F. As a vector space, it is the direct sum T'(V) = @22 V&,
where VY := F and V®" := V®...QV is the n-fold tensor product of V with itself for n € N.
Its algebra structure is given by the concatenation, and the unit is the element 1 = 1 € F.
The symmetric and the exterior algebra of V' are two further examples of algebras associated
with a vector space V. They are obtained by taking quotients of T'(V') by two-sided ideals.

Example A.6: Let V be a vector space over F.

1. The tensor algebra of V' is the vector space T'(V) = @52, V" with the multiplication
(V1®...QVy,) - (WN®...0W,) = V...V, QW R...Qw,

for all vy, ..., vy, W, ...,w, € V and n,m € Ny, where v;®...Qv,, := 1g for n = 0. It is an
algebra over F with unit 1z € V°. The injective F-linear map ¢y : V. — T(V), v > v is
called the inclusion map.

2. If B is a basis of V, then By = {)®...®b,, |n € Ny, b; € B} is a basis of T'(V).

3. The tensor algebra is N-graded: it is given as the direct sum T'(V) = &2 ,V®" of the
linear subspaces V&, and one has V& . V& c V@047 for all m,n € N,.
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4. The tensor algebra has the following universal property:

For every F-linear map ¢ : V' — A into an F-algebra A, there is a unique algebra homo-
morphism ¢ : T(V) — A such that the following diagram commutes

vV—2 A

7

Ve
Ve ~
=T

(V).
5. The symmetric algebra of V' is the quotient algebra of T'(V)
S(V)=T(V)/(v®@w — wRv)
by the two-sided ideal (v®@w — w®v) generated by the elements v@w —w®wv for v,w € V.
6. The exterior algebra of V or alternating algebra of V' is the quotient algebra of T'(V)
AV =T(V)/(v@w + wev)
by the two-sided ideal (v®@w + w®v) generated by the elements v@w +w&wv for v,w € V.

7. The tensor algebra of the vector space F is the algebra of polynomials in F: T'(F) = F[z].

Tensor algebras play a similar role for algebras as free groups for groups and free modules for
modules. They allow one to describe an algebra in terms of generators and relations.

The universal property of the tensor algebra implies that any algebra A over F is isomorphic to
a quotient of a tensor algebra by a suitable two-sided ideal. This follows, because the identity
map ids : A — A induces a surjective algebra homomorphism ¢ : T'(A) — A. Its kernel is a
two-sided ideal in T'(A) and T'(A)/ker(¢) = A as an algebra.

In practice, it is inconvenient to describe an algebra as a quotient of its own tensor algebra.
Rather, one considers a set B and the associated free vector space (B), such that the induced
algebra homomorphism ¢ : T'((B)) — A is surjective. One then chooses a subset U C T'((B))
such that the two-sided ideal (U) C T({B)) generated by U is (U) = ker(¢). One then has
A=T({B))/(U) and calls (B,U) a presentation of A.

Definition A.7: Let A be an algebra over F. A presentation of A is a pair (B,U) of a set
B and a subset U C T'((B)) such that A is isomorphic to T'((B))/(U). The elements of B are
called generators and the elements of U relations. One often lists the relations u € U as
equations u = 0 for u € U.

As the set Bg from Example is a basis of T'((B)) every element of A is a linear combination
of equivalence classes of tensor products of elements in B, where 1, is viewed as the empty
tensor product. This yields a generating set of A, but not a basis, unless U = ().

The sets B and U are in general not unique, and one usually presents an algebra A with as few
generators and relations as possible. In particular, one requires that no proper subset U" C U
generates ker(¢). Even if these additional conditions are imposed, an algebra may have many
different presentations that are not related in an obvious way. In general, it is very difficult to
decide if two algebras presented in terms of generators and relations are isomorphic, and there
are no algorithms that solve this problem in general.
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In some textbooks, presentations of algebras are defined in terms of the free algebra generated
by a set B and relations in this free algebra. This is equivalent to our definition, since the tensor
algebra of a vector space V with basis B is canonically isomorphic to the free algebra generated
by the set B - both are characterised by the same universal property. For a detailed discussion,
see [Ka, Chapter 1.2 and Chapter I1.5].

Another important example in the following is the universal enveloping algebra of a Lie algebra,
which is obtained as a quotient of its tensor algebra. It has a universal property that relates
Lie algebra homomorphisms and modules over Lie algebras to algebra homomorphisms and
modules over algebras.

Definition A.8: Let F be a field.

1. A Lie algebra over F is an F-vector space g together with an alternating F-bilinear map
[,]:9xg—g9, (,9) — [z,y], the Lie bracket, that satisfies the Jacobi identity

[, [y, 2] + [z, [, 9] + [y, [2,2]] =0 Va,y,z €9

2. A Lie algebra homomorphism from g to § is an F-linear map ¢ : g — b with

[,]hO(gb@QS):gbo[,]g.

Every associative (not necessarily unital) algebra A has a canonical Lie algebra structure with
the commutator [, | : A®A — A, a®b +— [a,b] = a-b—b-a as the Lie bracket, whose Jacobi
identity follows from the associativity of A. If we speak about the Lie algebra structure of an
associative algebra or Lie algebra homomorphisms into an associative algebra A, we assume
that A is equipped with this Lie bracket.

Example A.9: Let g be a Lie algebra.

1. The universal enveloping algebra of g is the quotient algebra U(g) = T(g)/I,
where I = (2®y — y®x — [z,y]) is the two-sided ideal generated by the elements
1y — y®z — [z,y] for z,y € g.

2. The universal enveloping algebra has the following universal property:

The inclusion maps ¢y : g — U(g),  — x + I are Lie algebra homomorphisms. For
any Lie algebra homomorphism ¢ : g — A into an algebra A, there is a unique algebra
homomorphism ¢ : U(g) — A such that the following diagram commutes

g
Ulg).
3. If B = (b;)ier is an ordered basis of g, then the Lie bracket of g is given by

[bi, b;] = Skerf br

with f,* = —f,} € F, ff = 0 for almost all k& € I. The universal enveloping algebra U(g)
is presented with generators b;, ¢ € I, and relations

bi®b; — bj@b; = [b;, bj] = Ekelfijkbk'

Ay
/‘1

7
=P
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The set B' = {14(bi,) -~ t4(b;,,) |n € No,i € I,iy < iy < ... <14,} is a basis of U(g), the
Poincaré-Birkhoff-Witt basis of U(g).

4. The universal enveloping algebra is a filtered algebra:

It is the union U(g) = UX ,U"(g) of subspaces U"(g) = @u_ Ve /I, which satisfy
U%g) C U(g) C ... and U™(g) - U™(g) C U™*™(g) for all n,m € N.

The universal property of the universal enveloping algebra follows from the universal property
of the tensor algebra and the fact that for any Lie algebra morphism ¢ : g — A, the induced
algebra homomorphism ¢’ : T'(V') — A satisfies ¢'(z®y — y®z — [z, y]) = 0 for all z,y € g. The
proof of the Poincaré-Birkhoff-Witt Theorem, which states that the Poincaré-Birkhoff-Witt
basis is a basis of U(g), and the proof that U(g) is filtered are more cumbersome and proceed

by induction. These proofs and more details on universal enveloping algebras can be found in
[Di] and [Se, Chapter II.

Other important examples of algebras are group algebras. The group algebra of a group G is
simply its group ring R[G], in the case where the ring R = I is a field. In this case, the group
ring becomes an algebra over F with the pointwise multiplication by F as scalar multiplication.

Example A.10: (The group algebra F[G])
Let G be a group and F a field. The free F-vector space generated by G

(G)yr ={f:G—TF|f(g9) =0 for almost all g € G}

with the pointwise addition and scalar multiplication and the convolution product:

(fi+f2)09) = filg) + folg) AN =Af(9)  (f1- f2)(9) = Sheafr(gh™") - fa(h)

is an associative unital F-algebra, called the group group algebra of G and denoted F[G]. The
maps 0, : G — F with §,(g) = 1 and d,(h) = 0 for g # h form a basis of F[G].

Remark A.11:

1. In terms of the maps d, : G — I the multiplication of F[G] takes the form ¢, - 6, = dgp
for all g, h € G. We therefore write g for J, and denote elements of F[G] by f = X ca), ¢
with A\, € F for all g € G. The algebra structure of F[G] is then given by

(EQGGAg g) + (EheGﬂh h) = deG()\g + Mg) g
A (ZgEG/\g g) = EQEG()\AQ) g
(XgecAg 9) - Bneapn h) = Egea (XheaAgh-14n) 9.
2. A group homomorphism p : G — H induces an algebra homomorphism ¢, : F[G] — F[H],
YgeaAg g — BgeaAg p(g), but not every algebra homomorphism ¢ : F[G] — F[H] arises

from a group homomorphism. Similarly, for every subgroup U C G, the linear subspace
spang(U) = F[U] C F[G] is a subalgebra, but not all subalgebras of F[G] arise this way.
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A.2 Basic representation theory of algebras

In this section, we discuss basic properties and examples of modules over algebras. As an algebra
A over F is a unital ring with a compatible vector space structure over IF, a module over an
algebra is simply defined as a module over the underlying ring. In particular, this ensures that
all known constructions for modules over rings such as submodules, quotients, direct sums,
products and tensor products are defines and all known results about modules over rings can
be applied to modules over algebras.

The only difference to modules over general rings is that modules over an algebra A are vector
spaces over [ and all module homomorphisms between them are F-linear maps. We can thus
apply concepts from linear algebra to modules over an algebra A and module homomorphisms.

Definition A.12: Let F be a field and A an algebra over F.

1. A left module over A or a representation of A is an abelian group (V,+) together
with a map > : A X V — V| (a,v) — a > v that satisfies for all a,b € A, v,0' € V

a>(v+v') = a>vtat, (a+b)>v=a>v+b>u, (a-b)>v=a>(b>v), 1l>v=u.

2. A homomorphism of representations, an A-linear map or a homomorphism of
A-left modules from (V,>y) to (W, >y ) is a group homomorphism ¢ : (V, +) — (W, +)
with ¢(a >y v) =a>w ¢(v) foralla € Aand v e V.

Definition A.13: Let F be a field and A an algebra over F.
1. The dimension of an A-module (V,>) is the dimension dimg V' of the vector space V.

2. For an A-linear map f : V — W between finite-dimensional A-modules V., W the rank,
defect, determinant, trace of f are defined as the rank, defect, determinant, trace of the
F-linear map f.

Note that the left modules over A form a category A-Mod. The objects of A-Mod are left
modules over A, and the morphisms of A-Mod are homomorphisms of A-left modules. There are
analogous concepts of right modules over A and of (A, A)-bimodules. The former are equivalent
to left modules over the algebra A°” and the latter to left modules over the algebra AR AP. In
the following we use the term module over A as a synonym of left module over A.

Remark A.14:

1. A representation of a F-algebra A can be defined equivalently as a pair (V,p) of an
F-vector space V' and an algebra homomorphism p : A — Endg(V).

This holds because every A-module (V,>>) has a canonical F-vector space structure

with the scalar multiplication Av := (A1) > v, and the map p : A — Endg(V) with

p(a)v := a > v is an algebra homomorphism. Conversely, each algebra homomorphism

p: A — Endp(V) determines an A-left module structure on V' given by a > v := p(a)v.
2. A representation of a group G over F can be defined equivalently as

e a module V over the group algebra F[G],
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e a pair (V, p) of a vector space V' and a group homomorphism p : G — Autp(V).

This follows because an F|[G]-module structure on V' defines an algebra homomorphism
o' F[G] — Endp(V) by 1. As every algebra homomorphism p’ : F|G] — Endg(V') induces
a group homomorphism p : G — Endg(V), g — p'(d,) and vice versa, this corresponds
to the choice group homomorphism p : G — Endp(V). As p(g~!') = p(g)~* for all g € G,
one has p(g) € Autg(V) for all g € G.

. Equivalently, a representation of an F-algebra A is a pair (V,>) of an F-vector space V

and an F-linear map > : AQV — V such that the following diagrams commute

(ARA)RV = A®(A®V)id®;'>> AQV v A®v;)w FeV
m jb DT ‘%
AQV = % ARV,

A homomorphism of representations can then be defined as a F-linear map ¢ : V — W
such that the following diagram commutes

AQV 2V v

-

AW 2V

Example A.15:

1.

Any group G can be represented on any F-vector space V' by the trivial representation
p: G — Autp(V), g — idy.

. Any F-vector space V' carries representations of Autg(V) and Endg(V).

. A representation of the group Z/27Z on an F-vector space V' corresponds to the choice of

an involution on V, i. e. an F-linear map [ : V' — V with [ o I = idy. If char(FF) # 2, this
amounts to a decomposition V =V, @& V_, where Vo = ker(I Fidy).

. A representations of the group Z on an F-vector space V corresponds to the choice

of an automorphism ¢ € Autp(V). This holds because a group homomorphism
p : Z — Autp(V) is determined uniquely by the automorphism p(1) = ¢, and every
automorphism ¢ € Autg(V') determines a representation of Z given by p(z) = ¢°.

. For any F-vector space V there is a representation of S, on V®" which is given by

p i Sy = Autp(VE") with p(0)(01®...Q0,) = U,1)®....QV() for all vy, .., v, € V.

. A representation of the polynomial algebra F[z] on an F-vector space V' amounts to the

choice of an endomorphism of V.

This follows because any algebra homomorphism ¢ : Flz] — Endp(V) is determined
uniquely by p(z) € Endp(V) and any element ¢ € Endp(V') determines an algebra
homomorphism p : Flz] — Endg(V), Ehenanz”™ — Epeng@n@”.

Let V, W be vector spaces over F. The representations of the tensor algebra T'(V) on W
correspond bijectively to F-linear maps ¢ : V' — Endg(W).

This follows because the restriction of a representation p : T(V) — Endp(W) to
ty (V) € T(V) defines an F-linear map from V' to Endp(WV). Conversely, every F-linear
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10.

11.

12.

map ¢ : V — Endp(WV) induces an algebra homomorphism p : T(V) — Endg(W) with
p ot = ¢ by the universal property of the tensor algebra.

. Let g be a Lie algebra and V' a vector space over F. Representations of the universal

enveloping algebra U(g) on V correspond bijectively to representations of g on V', i. e. Lie
algebra homomorphisms ¢ : g — Endg(V).

This follows because any algebra homomorphism p : U(g) — Endp(V') satisfies

[poig(x), poig(y)] = pleg(x) - 15(y) — t4(y) - 15(x)) = poig([z,y]) Va,y € g.

Hence po¢y; : g — Endg(V) is a Lie algebra morphism. Conversely, for any Lie
algebra homomorphism ¢ : g — Endp(V) there is a unique algebra homomorphism
p:U(g) = Endg(V') with p oty = ¢ by the universal property of U(g).

. Any algebra is a left module over itself with the module structure given by left multi-

plication > : A®A — A, a®b +— a - b and a left module over A% with respect to right
multiplication > : AP?®A — A, a®b > b - a. Combining the two yields an AR A°P-left
module structure on A with > : (ARAP)®A — A, (a®b)®c +— a-c-b.

If ¢ : A — B is an algebra homomorphism, then every B-module V becomes an
A-module with the module structure given by a > v := ¢(a) > v for all v € V. This is
called the pullback of the B-module structure on V' by ¢.

In particular, for any subalgebra U C A, the inclusion map ¢ : U — A, u — u is an
injective algebra homomorphism and induces a U-left module structure on any A-left
module V. This is called the restriction of the A-module structure to U.

If (V,>y) and (W, >y ) are modules over F-algebras A and B, then
> (ARB)@(VeW) — VoW, (a®b) > (vRW) = (a >y v)R(b >w w)

defines an A® B module structure on VW.

Simple, semisimple and indecomposable modules over algebras are defined in the same way as
over general rings. However, the fact that they are vector spaces over a field allows one to draw
additional conclusions about their structure. We recall the standard definitions and results on
semisimple modules over rings for the case where the ring in question is an algebra. We also
summarise the main results on modules over rings for the case of algebras. For results that hold
for modules over general rings, we omit the proofs, but we prove the additional results that are
specific to algebras.

Definition A.16: Let A be an algebra over F.

1.

2.

3.

A module M over A is called simple if M # {0} and M has no non-trivial submodules,
i. e. the only submodules of M are M and {0}.

A module over A is called semisimple, if it is the direct sum M = &;c;M; of simple
submodules M;.

The algebra A is called simple or semisimple if it is simple or semisimple as a left
module over itself with the left multiplication.
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Note that the trivial module {0} is not simple by definition, but it is semisimple, since it is
given by the direct sum over an empty index set. The following proposition gives an alternative
criterion for the semisimplicity of a module that is very useful in practice.

Proposition A.17: Let A be an algebra over F and M a module over A. Then the following
are equivalent:

(i) M is semisimple.
(ii) Every submodule U C M is a (not necessarily direct) sum of simple submodules.

(iii) Every submodule U C M has a complement, i. e. there is a submodule V' C M with
M=U®V.

In particular, Proposition implies that semisimplicity is a property that is inherited by
submodules and quotients of modules. This follows by choosing appropriate complements and
by considering the images of the simple summands under the canonical surjection for a quotient.

Corollary A.18: Every submodule and every quotient of a semisimple module is semisimple.

As every module over an algebra A can be described as a quotient of a free module over A,
that is, as a quotient of a direct sum @;c;A for some index set I, Corollary relates the
semisimplicity of A to the semisimplicity of A-modules.

Proposition A.19: Let A be an algebra over F. Then the following are equivalent:

(i) A is semisimple,

(ii) every module over A is semisimple.

Schur’s lemma for modules over a ring R states that for a simple module M every R-linear
map f : M — N is injective or zero, every R-linear map f : N — M is surjective or zero and,
consequently, every R-linear map f : M — M is an isomorphism or zero. This states that the
ring Endg(M) is a skew field. If one considers for R an algebra over an algebraically closed field
F and for M a finite-dimensional simple module, one has a stronger result.

Lemma A.20: (Schur’s lemma) Let A be an algebra over an algebraically closed field F.
Then for every finite-dimensional simple A-module M one has End (M) = F.

Proof:
As F is algebraically closed and M finite-dimensional, every A-linear map f : M — M has at

least one eigenvalue A € F with an associated eigenvector. This yields a non-trivial submodule
0 # ker(f — Aidys) € M. As M is simple, it follows that f = Aidy; and hence End (M) = F. O

By definition, non-semisimple modules over an algebra A cannot be expressed as direct sums
of simple modules. However, in many cases they can be characterised in terms of submodules
such that the quotients with respect to these submodules are simple. This leads to the notion
of modules of finite length and Jordan-Holder series.

Definition A.21: LetA be an algebra over F.

An A-module N is called a module of finite length if there is a finite chain of submodules
0=MyC M, C...C M, =M such that all quotient modules M;/M; ; are simple.
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Such a chain is called a Jordan-Hélder series and the modules M;/M;_; are called subquo-
tients. The length /(M) is the minimal length of a Jordan-Holder series for M.

Example A.22:

1. Every finite direct sum of simple modules is a module of finite length: if M = @} ,U;
with simple modules Uy, ...,U,, then 0 C M; C My, C ... C M,y C M, = M with
M, = @leUi is a Jordan-Hélder series for M with subquotients M;/M; 1 = U,.

2. Let V be a finite-dimensional complex vector. Then C[z]-module structures > on V' are
in bijection with linear endomorphisms ¢ : V. — V, v — x> 0. If B = (vy,...,v,) is a
Jordan basis of V', then 0 = My C My C ... C M, =V with M; = spanc{vy,...,v;} is a
Jordan-Hélder series for (V) ¢).

To make sure that the length of a module of finite length and the subquotients in a Jordan-
Holder series are useful quantities that characterise the module, one needs to establish that
they are independent of the choice of the Jordan-Hélder series.

Theorem A.23: (Jordan-Holder theorem)
Let A be an algebra over F and M an A-module of finite length. Then:

1. Every submodule U C M and quotient module M /U is an A-module of finite length
with [((M/U) + I(U) = I(M).

2. All Jordan-Holder series of M have the same length and isomorphic subquotients, up to
the ordering.

As modules over an algebra A over F are vector spaces over F and simple modules have di-
mension at least one, the dimension of the modules in a Jordan Holder series must increase by
at least one in each step. it follows that each A-module of finite length is finite-dimensional.
Conversely, by iteratively choosing proper submodules of maximal dimension, one can show
that each finite-dimensional A-module has finite length.

Lemma A.24: Let A be an algebra over F. Then every finite-dimensional A-module M is a
module of finite length /(M) < dimg M.

Proof:

If M =0, it is a module of length 0. If M is a simple A-module, then it has a Jordan-Hélder
series of length 1. Otherwise, choose a proper submodule M; C M of maximal dimension.
Then M /M, is simple, since proper submodules of M /M; correspond bijectively to submodules
M; € P C M and consequently with dimension dimg M; < dimp P < dimp M.

Iterating this procedure yields a sequence of submodules M = My 2 M; 2 My D M3 D ...
such that M;/M;,, is simple for all ¢ > 0. As dimg M > dimgp M; > dimgp My > ..., this
terminates after at most dimy M steps with a Jordan-Hoélder series for M. O

By applying the Jordan-Hélder theorem to an algebra A that is a module of finite length as
a left module over itself, one can show that every simple module occurs as a subquotient in a
composition series of A. This follows, because every element 0 # m € M defines an A-linear
map >,, : A — M, a — a>m that is surjective, because M is simple. By extending a Jordan-
Holder series for ker(r>,,) C A to a Jordan-Holder series of A, one obtains a Jordan-Holder
series of A with subquotient A/ker(>>,,) = M.
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Corollary A.25: Let A be an algebra over F that has finite length as a left module over
itself. Then every simple A-module is isomorphic to a quotient of A and is a subquotient of
every Jordan-Holder series of A.

In particular, we can apply Corollary to a finite-dimensional algebra A over F, which is a
module of finite length as a left module over itself by Lemma[A.24] As every simple A-module
occurs as a subquotient in each Jordan-Holder series of A and is of dimension at least one, this
imposes a restriction on the number of isomorphism classes of simple A-modules.

Corollary A.26: Let A be a finite-dimensional algebra over F. Then every simple A-module
is a quotient of A and occurs in each Jordan-Hdélder series of A, and there are at most dimg
isomorphism classes of simple A-modules.

To conclude our discussion of modules over algebras, we recall the Artin-Wedderburn theorem,
which characterises them as matrix algebras. While the Wedderburn theorem for rings just
states that every semisimple ring is isomorphic to a product of matrix algebras over skew
fields, these skew fields inherit an algebra structure and hence become division algebras for a
semisimple algebra. If the underlying field is algebraically closed, then Schur’s Lemma implies
that these division algebras are isomorphic to [F.

Theorem A.27: (Artin-Wedderburn theorem)
Let A be a semisimple algebra over F. Then there are division algebras Dy, ..., D, over F
ni,...,n, € N, unique up to their order, such that

A = Mat(ny, Dy) X ... x Mat(n,, D,).

If F is algebraically closed, then D; = ... = D, = F.
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B Categories

B.1 Categories, functors and natural transformations

In this section we summarise the relevant background on categories, functors and natural trans-
formations. Categories and functors arise whenever one relates different mathematical structures
such as sets, topological spaces, modules over a ring, groups or algebras. Whenever one relates
different mathematical structures, one needs to take into account not only the structures, but
also the structure preserving maps between them. The reason for this is that one usually does
not and cannot distinguish mathematical structures that are related by isomorphisms, such as
homeomorphic topological spaces, or isomorphic vector spaces, groups or modules. To respect
this principle, any relation between different mathematical structures must thus send structure
preserving isomorphisms to structure preserving isomorphisms. For this reason, one organises
mathematical objects and the structure preserving maps between them into a common frame-
work, namely a category.

Definition B.1: A category C consists of:

e a class ObC of objects,
e for each pair of objects X,Y € ObC a setE] Home(X,Y') of morphisms,

e for each triple of objects X,Y, Z a composition map
o: Home(Y, Z) x Home(X,Y) — Home (X, Z),
such that the following axioms are satisfied:
(C1) The sets Home(X,Y') of morphisms are pairwise disjoint,

(C2) The composition is associative: fo(goh) = (fog)oh for all morphisms h € Home(W, X),
g € Home(X,Y), f € Home(Y, Z),

(C3) For every object X there is a morphism 1y € Home(X, X), the identity morphism
on X, with Iy o f= fand golx =g for all f € Hom¢(W, X), g € Home(X,Y).

Instead of f € Home(X,Y'), we also write f : X — Y. The object X is called the source of f,
and the object Y the target of f. A morphism f: X — X is called an endomorphism.

A morphism f : X — Y is called an isomorphism, if there is a morphism g : ¥ — X with
go f=1x and fog = 1ly. In this case, we call the objects X and Y isomorphic.

Example B.2:

1. The category Set: the objects of Set are sets, and the morphisms are maps f : X — Y.
The composition is the composition of maps and the identity morphisms are the identity
maps. [somorphisms are bijective maps.

Note that the definition of a category requires that the morphisms between any two
objects in a category form a set, but not that the objects form a set. Requiring that the

2This condition is sometimes relaxed in the literature on category theory. Categories whose morphisms form
sets are called locally small in these references.
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objects of a category form a set would force one to consider sets of sets when defining
the category Set, which leads to a contradiction. A category whose objects form a set is
called a small category.

. The category Top of topological spaces. Objects are topological spaces, morphisms
f X — Y are continuous maps, isomorphisms are homeomorphisms.

. The category Top* of pointed topological spaces: Objects are pairs (X,z) of a
topological space X and a point z € X, morphisms f : (X, z) — (Y,y) are continuous
maps f: X — Y with f(z) = v.

. The category Top(2) of pairs of topological spaces: Objects are pairs (X, A) of
a topological space X and a subspace A C X, morphisms f : (X, A) — (Y,B) are
continuous maps f : X — Y with f(A) C B. Isomorphisms are homeomorphisms
f: X =Y with f(A) = B.

. Many examples of categories we will use in the following are categories of algebraic struc-
tures. This includes the following:
e the category Vectr of vector spaces over a field F:

objects: vector spaces over IF, morphisms: [F-linear maps,

e the category Vect{;m of finite dimensional vector spaces over a field F:
objects: vector spaces over I, morphisms: F-linear maps,

e the category Grp of groups:
objects: groups, morphisms: group homomorphisms,

e the category Ab of abelian groups:
objects: abelian groups, morphisms: group homomorphisms,

e the category Ring of rings:
objects: rings, morphisms: ring homomorphisms,

e the category URing of unital rings:
objects: unital rings, morphisms: unital ring homomorphisms,

e the category Field of fields:
objects: fields, morphisms: field monomorphisms,

e the category Algy of algebras over a field F:
objects: algebras over [F, morphisms: algebra homomorphisms,

e the categories R-Mod and Mod-R of left and right modules over a ring R:
objects: R-left or right modules, morphisms: R-left or right module homomorphisms.

e the category R-Mod-S of (R, S)-bimodules:
objects: (R, S)-bimodules, morphisms: (R, S)-bimodule homomorphisms.

In all of the categories in Example the morphisms are maps. A category for which this is
the case is called a concrete category. A category that is not concrete is the following.

Example B.3: The category Rel has sets as objects. Morphisms from A to B are relations
from A to B, that is subsets R C A x B. The composite of a relation R C Ax Band S C Bx(C
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is the relation So R = {(a,c) € AxC | 3b € B: (a,b) € R,(b,c) € S} C Ax C and the
identity morphism on a set A is the relation A(A) = {(a,a) | a € A}.

Other important examples and basic constructions for categories are the following.

Example B.4:
1. A small category C in which all morphisms are isomorphisms is called a groupoid.

2. A category with a single object X is a monoid, and a groupoid C with a single object
X is a group. Group elements are identified with endomorphisms f : X — X and
the composition of morphisms is the group multiplication. More generally, for any
object X in a groupoid C, the set End¢(X) = Home(X,X) with the composition
o: Ende(X) x Ende(X) — Ende(X) is a group.

3. For every category C, one has an opposite category C°, which has the same objects as
C, whose morphisms are given by Homeor (X,Y) = Home(Y, X) and in which the order
of the composition is reversed.

4. The cartesian product of categories C, D is the category C x D with pairs (C, D) of ob-
jects in C and D as objects, with Homeyp((C, D), (C’, D’)) = Hom¢(C, C") x Homp(D, D’)
and the composition of morphisms (h, k) o (f,g) = (ho f,kog).

5. A subcategory of a category C is a category D, such that Ob(D) C Ob(C) is a
subclass, Homp (D, D") C Home(D,D’) for all objects D, D" in D and the composi-
tion of morphisms of D coincides with their composition in C. A subcategory D of
C is called a full subcategory if Homp (D, D') = Home (D, D’) for all objects D, D’ in D.

6. Quotient categories: Let C be a category with an equivalence relation ~xy on each
morphism set Home (X, Y') that is compatible with the composition of morphisms:
f~xy gand h ~yyz k implies ho f ~x z kog.

Then one obtains a category C’, the quotient category of C, with the same objects as
C and equivalence classes of morphisms in C as morphisms.

The composition of morphisms in C’ is given by [h] o [f] = [h o f], and the identity mor-
phisms by [1x]. Isomorphisms in C’ are equivalence classes of morphisms f € Home(X,Y)
for which there exists a morphism g € Home(Y, X) with fog ~yy 1y and go f ~x x 1x.

The construction in the last example plays an important role in classification problems, in
particular in the context of topological spaces. Classifying the objects of a category C usually
means classifying them up to isomorphism, i. e. giving a list of objects in C such that every
object in C is isomorphic to exactly one object in this list.

While this is possible in some contexts - for the category VectFm of finite dimensional vector
spaces over I, the list contains the vector spaces F" with n € Ny - it is often too difficult to
solve this problem in full generality. In this case, it is sometimes simpler to consider instead a
quotient category C’ and to attempt a partial classification. If two objects are isomorphic in C,
they are by definition isomorphic in C’ since for any objects X,Y in C and any isomorphism
f:X — Y with inverse g : Y — X, one has [g]o[f] = [go f] = [1x] and [f]o[g] = [fog] = [1yv].
However, the converse does not hold in general - C’ yields a weaker classification result than C.
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To relate different categories, one must not only relate their objects but also their morphisms,
in a way that is compatible with source and target objects, the composition of morphisms and
the identity morphisms. This leads to the concept of a functor.

Definition B.5: Let C,D be categories. A functor F': C — D consists of:
e an assignment of an object F'(C) in D to every object C' in C,

e for each pair of objects C,C" in C, a map

Home(C, C") — Homp(F(C), F(C")), [+ F(f),

that is compatible with the composition of morphisms and with the identity morphisms

F(go f)=F(g)o F(f) Vf € Home(C,C"), g € Home(C', C")
F(lc) = 1F(C) VC € ObC.

A functor F' : C — C is called an endofunctor. A functor F': C? — D is sometimes called a
contravariant functor from C to D. The composite of two functors F : B —-C, G:C — D
is the functor GF : B — D given by the assignment B — GF(B) for all objects B in B and
the maps Homg(B, B') — Homp(GF(B),GF(B")), f — G(F(f)).

Example B.6:

1.

For any category C, identity functor id¢ : C — C, that assigns each object and morphism
in C to itself is an endofunctor of C.

. The functor Vectyp — Ab that assigns to each vector space the underlying abelian group

and to each linear map the associated group homomorphism, and the functors Vecty —
Set, Ring — Set, Grp — Set, Top— Set etc that assign to each vector space, ring,
group, topological space the underlying set and to each morphism the underlying map
are functors. A functor of this type is called forgetful functor.

. The functor % : Vectp — Vecty’, which assigns to a vector space V its dual V* and to a

linear map f:V — W its adjoint f*: W* - V* a— ao f.

. For a group G, consider the category BG with a single object, with elements of G

as morphisms, and with the multiplication of G as the composition. Then functors
F : BG — Set correspond to G-sets X = F(e) with the group action > : G x X — X
g>x = F(g)(x). Functors F' : BG — Vecty correspond to representations of G over F,
with the representation space V = F(e) and p = F(g) : G — AutgV.

. Restriction functor: Let ¢ : R — S a ring homomorphism. The restriction functor

Res : S-Mod — R-Mod sends an S-module (M, >) to the R-module (M, >,) with the
pullback module structure r>ym = ¢(r)>m and every S-linear map f : M — M’ to itself.

. Tensor products: Let R be a ring, M an R-right module and N an R-left module.

e The functor M®r— : R-Mod — Ab assigns to an R-left module N the abelian
group M®rN and to an R-linear map f : N — N’ the group homomorphism
ldM®f : M@RN — M®RN/.

e The functor —®zN : R’-Mod — Ab assigns to an R-right module M the abelian
group M®zrN and to an R-linear map f : M — M’ the group homomorphism
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f®ldN . M®RN — M®RN/.

e The functor ®g : R”-Mod x R-Mod — Ab assigns to a pair (M, N) of an R-right
module M and an R-left module N the abelian group M®gN and to a pair of R-linear
maps f: M — M"and g : N — N’ the group homomorphism f®qg : MQrN — M'QrN’.

That these are indeed functors follows from Proposition 77, 2. Note also that for

commutative rings R, any R-left module is an (R, R)-bimodule and these functors can be
defined to take values in R-Mod instead of Ab.

7. The Hom-functors: Let C be a category and C' an object in C.

e The functor Hom(C,—) : C — Set assigns to an object C” the set Hom¢(C,C’) and
to a morphism f : C" — C” the map Hom(C, f) : Hom¢(C, C") — Hom¢(C,C"), g — fog.
e The functor Hom(—,C') : C°? — Set assigns to an object C’ the set Hom¢(C’, C') and
to amorphism f : C" — C” the map Hom(f, C') : Hom¢(C”, C') — Home(C', C), g — gof.

8. The path component functor m, : Top — Set assigns to a topological space X the
set mo(X) of its path components P(z) and to a continuous map f : X — Y the map

mo(f) : mo(X) = mo(Y), P(x) = P(f(x)).

9. The fundamental group defines a functor 7; : Top®™ — Grp that assigns to a
pointed topological space (z,X) its fundamental group m(x,X) and to a mor-
phism f : (z,X) — (y,Y) of pointed topological spaces the group homomorphism
m(f) (@, X) = m(y,Y), [7v] = [f o]

10. Abelisation: The abelisation functor F' : Grp — Ab assigns to a group G the abelian
group F(G) = G/[G, G|, where [G, G] is the normal subgroup generated by the set of all
elements ghg~*h~! for g,h € G, and to a group homomorphism f : G — H the induced
group homomorphism F(f): G/|G,G] — H/[H, H|, g+ [G,G]| — f(g9) + [H, H].

When dealing with categories, it is not sufficient to consider functors between different cat-
egories. There is another structure that relates different functors. As a functor F' : C — D
involves maps between the sets Home(C,C") and Homp(F(C), F(C)), a structure that re-
lates two functors F,G : C — D must in particular relate the sets Homp(F(C), F(C"))
and Homp(G(C),G(C")). The simplest way to do this is to assign to each object C' in C a
morphism 7n¢ @ F(C) — G(C) in D. One then requires compatibility with the morphisms
F(f): F(C)— G(C") and G(f) : G(C) — G(C") for all morphisms f: C' — C" in C.

Definition B.7: A natural transformation 7 : FF — G between functors F,G : C — D is
an assignment of a morphism e : F(C) — G(C) in D to every object C' in C such that the
following diagram commutes for all morphisms f: C' — C" in C

F(C)—=G(0)
F(f) G(f)
F(C") 2~ ().

A natural isomorphism is a natural transformation n : F© — G, for which all morphisms
nx : F(X) — G(X) are isomorphisms. Two functors that are related by a natural isomorphism
are called naturally isomorphic.
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Example B.8:

1. For any functor F' : C — D the identity natural transformation idp : F' — F with
component morphisms (idp)x = 1px) : F(X) — F(X) is a natural isomorphism.

2. Consider the functors id : Vecty — Vectr and ** : Vecty — Vecty. Then there is a canon-
ical natural transformation can : id — =%, whose component morphisms 7y : V. — V**
assign to a vector v € V' the unique vector v** € V** with v**(a)) = a(v) for all « € V*.

3. Consider the category CRing of commutative unital rings and unital ring homomorphisms
and the category Grp of groups and group homomorphisms.

Let F': CRing — Grp the functor that assigns to a commutative unital ring k& the group
GL, (k) of invertible n x n-matrices with entries in k£ and to a unital ring homomorphism
f : k — [ the group homomorphism

GLA(f) : GLn(k) = GLa(1), M = (mij)ij=1,..0 = f(M) = (f(mi5))ij=1,.n-

Let G : CRing — Grp be the functor that assigns to a commutative unital ring k the
group G(k) = k* of units in k£ and to a unital ring homomorphism f : k — [ the induced
group homomorphism G(f) = f|px : E* — [*.

The determinant defines a natural transformation det : F' — G with component mor-
phisms dety : GL, (k) — k*, since the following diagram commutes for every unital ring
homomorphism f : k — 1

)Lt

GL,(k K
GLn(f) lﬂkx

GL, (1) & 1,

4. For a group G, denote by BG the groupoid with a single object e, with group elements
g € G as morphisms and the group multiplication as composition.

Then by Example [B.6] 4. functors F': BG — Set are G-sets, and natural transformations
between them are G-equivariant maps. Every natural transformation n : F' — F” is given
by a single component morphism 7, : F'(e) — F’(e). The naturality condition states that
Ne(g>x) =g ne(z) for all g € G, z € X.

Similarly, by Example 4. functors F': BG — Vecty are representations of G over F,
and natural transformations between them are homomorphisms of representations.

Remark B.9:

1. For any small category C and category D, the functors C — D and natural transforma-
tions between them form a category Fun(C, D), the functor category. The composite
of two natural transformations n : F' — G and k : G — H is the natural transformation
kon:F — H with component morphisms (kon)x = kx onx : F(X) — H(X) and the
identity morphisms are the identity natural transformations 1p = idg : ' — F.

2. Natural transformations can be composed with functors.

If F,F":C — D are functors and n : FF — F’ a natural transformation, then for any
functor G : B — C one obtains a natural transformation nG : FG — F'G with component
morphisms (nG)p = ne(p) : FG(B) — F'G(B). Similarly, any functor £ : D — £ defines
a natural transformation En : EF — EF’ with (En)c = E(ne) : EF(C) — EF'(C).
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The notions of natural transformations and natural isomorphisms are particularly important
as they allow one to generalise the notion of an inverse map and of a bijection to functors.
While it is possible to define an inverse of a functor F' : C — D as a functor G : D — C with
GF = id¢ and F'G = idp, it turns out that this is too strict. There are very few non-trivial
examples of functors with an inverse. A more useful generalisation is obtained by weakening
this requirement. Instead of requiring F'G' = idp and GF = id¢, one requires only that these
functors are naturally isomorphic to the identity functors. This leads to the concept of an
equivalence of categories.

Definition B.10: A functor F': C — D is called an equivalence of categories if there is a
functor G : D — C and natural isomorphisms « : GF — id¢ and n : FG — idp. In this case,
the categories C and D are called equivalent.

Sometimes it is easier to use a more direct characterisation of an equivalences of categories in
terms of its behaviour on objects and morphisms. The proof of the following lemma makes use
of the axiom of choice and an be found for instance in [Ka], Chapter XI, Prop XI.1.5.

Lemma B.11: A functor F': C — D is an equivalence of categories if and only if it is:

1. essentially surjective:
for every object D in D there is an object C' of C such that D is isomorphic to F(C).

2. fully faithful:
all maps Home(C, C") — Homp(F(C), F(C")), f — F(f) are bijections.

Example B.12:

1. The category Vect]Fm of finite-dimensional vector spaces over F is equivalent to the
category C, whose objects are non-negative integers n € Ny, whose morphisms f : n — m
are m X n-matrices with entries in F and with the matrix multiplication as composition
of morphisms.

2. The category Set’™ of finite sets is equivalent to the category Ord/™, whose objects
are finite ordinal numbers n = {0,1,...,n — 1} for all n € Ny and whose morphisms
f:m—naremaps f:{0,1,...m—1} — {0,1,...,n — 1} with the composition of maps
as the composition of morphisms.

Many concepts and constructions from topological or algebraic settings can be generalised
straightforwardly to categories. This is true whenever it is possible to characterise them in
terms of universal properties involving only the morphisms in the category. In particular, there
is a concept of categorical product and coproduct that generalise cartesian products and disjoint
unions of sets and products and sums of topological spaces.

Definition B.13: Let C be a category and (C});cr a family of objects in C.

1. A product of the family (C;);c;r is an object Il;c;C; in C together with a family of
morphisms ; : II;c;C; — C;, such that for all families of morphisms f; : W — C; there
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is a unique morphism f : W — Il;c;C; such that the diagram

3!
W—_iHjGICj (93)
i jm
Ci

commutes for all ¢ € I. This is called the universal property of the product.

2. A coproduct of the family (C;);er is an object IL;c;C; in C with a family (¢;);er of
morphisms ¢; : C; = IL;¢;C;, such that for every family (f;);e; of morphisms f; : C; =Y
there is a unique morphism f : II;c;C; — Y such that the diagram

3f
Y'< - _HjEIOj (94)
fi Tbi
Ci

commutes for all 7 € I. This is called the universal property of the coproduct.

Remark B.14: Products or coproducts do not necessarily exist for a given family of objects
(Ci)ier in a category C, but if they exist, they are unique up to unique isomorphism:

If (ILierCy, (m3)icr) and (I, C;, (7));er) are two products for a family of objects (C;)ier in C,
then there is a unique morphism 7’ : II}_;C; — Il;¢;C; with m; o n’ = 7} for all ¢ € I, and this
morphism is an isomorphism.

This follows directly from the universal property of the products: By the universal property
of the product II;c;C; applied to the family of morphisms 7} : I} ;C; — Cj, there is a unique
morphism 7’ : II_;C; — I;¢;C; such that m; o’ = 7 for all ¢ € I . Similarly, the universal
property of II/_,;C; implies that for the family of morphisms 7, : IL;¢;C; — C; there is a unique
morphism 7 : IL;c;C; — 1T} ;C; with 7} o m = m; for all ¢ € I. It follows that 7’ o7 : IL;c;C; —
IL;c;C; is a morphism with m; omon’ = 7l o = m; for all ¢ € I. Since the identity morphism
on Il;e;C; is another morphism with this property, the uniqueness implies 7’ o m = 1yy,_,¢,. By
the same argument one obtains w o7’ = liy_,c; and hence 7’ is an isomorphism with inverse 7.

1
Wi Ci Ime o
IO =1L, — "~ 1T Hcmﬂc
ice1Ci — i C; —— 11, C; ie1C; — 1O —— 11,1

~_ " > W
i i
iy 4

Example B.15:
1. The cartesian product of sets is a product in Set, and the disjoint union of sets is
a coproduct in Set. The product of topological spaces is a product in Top and the

topological sum is a coproduct in Top. In Set and Top, products and coproducts exist
for all families of objects.
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2. The direct sum of vector spaces is a coproduct and the direct product of vector spaces
a product in Vectg. More generally, direct sums and products of R-left (right) modules
over a unital ring R are coproducts and products in R-Mod (Mod-R). Again, products
and coproducts exist for all families of objects in R-Mod (Mod-R).

3. The wedge sum is a coproduct in the category Top™ of pointed topological spaces. It
exists for all families of pointed topological spaces.

4. The direct product of groups is a product in Grp and the free product of groups is a
coproduct in Grp. They exist for all families of groups.

In particular, we can consider categorical products and coproducts over empty index sets I.
By definition, a categorical product for an empty family of objects is an object T' = Il such
that for every object C' in C there is a unique morphism t¢ : C' — T. (This is the morphism
associated to the empty family of morphisms from C to the objects in the empty family by
the universal property of the product). Similarly, a coproduct over an empty index set I is an
object I := Il in C such that for every object C'in C, there is a unique morphism i : I — C.
Such objects are called, respectively, terminal and initial objects in C.

Initial and terminal objects do not exist in every category C, but if they exist they are unique
up to unique isomorphism by the universal property of the products and coproducts.

An object that is both, terminal and initial, is called a zero object. If it exists, it is unique
up to unique isomorphism, and it gives rise to a distinguished morphism, the zero morphism
0=1ic ote : C — C" between objects C,C" in C.

Definition B.16: Let C be a category. An object X in a category C is called:
1. A final or terminal object in C is an object T" in C such that for every object C' in C
there is a unique morphism to : C' — T

2. A cofinal or initial object in C is an object I in C such that for every object C' in C
there is a unique morphism i¢ : I — C,

3. A null object or zero object in C is an object 0 in C that is both final and initial: for
every object C'in C there are a unique morphisms t¢ : C — 0 and i¢ : 0 — C.

4. If C has a zero object, then the morphism 0 = icrote : C — 0 — C” is called the trivial
morphism or zero morphism from C to C".

Example B.17:

1. The empty set is an initial object in Set and the empty topological space an initial object
in Top. Any set with one element is a final object in Set and any one point space an
initial object in Top. The categories Set and Top do not have null objects.

2. The null vector space {0} is a null object in the category Vecty. More generally, for any
ring R, the trivial R-module {0} is a null object in R-Mod (Mod-R).

3. The trivial group G = {e} is a null object in Grp and in Ab.

4. The ring 7Z is an initial object in the category URing, since for every unital ring R, there
is exactly one ring homomorphism f : Z — R, namely the one determined by f(0) = O

191



and f(1) = 1g. The zero ring R = {0} with 0 = 1 is a final object in URing, but not an
initial one. The category URing has no zero object.

5. The category Field does not have initial or final objects. As any ring homomorphism
f : F — K between fields is injective, an initial object F in Field would be a subfield of
all other fields, and every field would be a subfield of a final object F. This would imply
char(F) = char(K) for all other fields K, a contradiction.

Besides forming an equivalence of categories, there is another important way in which two
functors F' : C — D and G : D — C can be related, namely being adjoints of each other.
Adjoint functors encode universal properties of algebraic constructions such as products and
coproducts, freely generated modules or abelisation of groups. The constructions are encoded
in the functors and their universal properties in bijections between certain Hom-sets in the
categories C and D.

Definition B.18: A functor F': C — D is called left adjoint to a functor G : D — C and
G right adjoint to F, in formulas F' - G, if the functors Hom(F'(—),—) : C°? x D — Set and
Hom(—,G(—)) : C? x D — Set are naturally isomorphic.

In other words, there is a family of bijections ¢cp : Home(C,G(D)) — Homp(F(C), D),
indexed by objects C'in C and D in D, such that the diagram

Hom(f,G(9))

Home(C, G(D)) h—G(g)ohof

lQbC,D

Homp(F(C), D)

ome 10', G(C)) (95)
¢c’,D’

Hon Ny o (F(CY), D).

h—gohoF(f)

commutes for all morphisms f:C’ - C inC and g: D — D' in D.
Example B.19:

1. Forgetful functors and freely generated modules:
For a ring R, the forgetful functor G : R-Mod — Set is right adjoint to the functor
F : Set — R-Mod that assigns to a set A the free R-module F(A) = (A)g generated by
A and toamap f: A — B the R-linear map F(f): (A)r — (B)g with F'(f)ots = tpof.

For every map f : A — M into an R-module M, there is a unique R-linear map (f)g :
(A)r — M with (f)rota = f for the inclusion ¢4 : A — (A)g. This defines bijections

¢amr : Homger (A, G(M)) — Homp-moa(F(A), M),  f = (f)r
For all maps f: A — A, h: A — M and R-linear maps g : M — M’ we have
go(hroF(f)owa =go(h)rotaof=gohof=(gohof)rora.

This implies (go ho f)p =go (hyro F(f).

2. Discrete and indiscrete topology: The forgetful functor F': Top — Set is left adjoint
to the indiscrete topology functor I : Set — Top that assigns to a set X the topological
space (X, O;nq) with the indiscrete topology and to a map f : X — Y the continuous
map [ : (X, Oima) = (Y, Oina)-

192



It is right adjoint to the discrete topology functor D : Set — Top that assigns to a set X
the topological space (X, Oys.) with the discrete topology and to a map f: X — Y the
continuous map f : (X, Ogisc) = (Y, Ouisc). The bijections between the Hom-Sets are

(I)(W,O)7X : HomTop((VVa 0)7 (X7 Omd)) — HomSet(W7 X)7 f — f
(I)X,(W,O) : Homset(X, W) — HOH’lTOp((X, Odisc)a (W, O)), f — f

The statement that these are bijections expresses the fact that any map f: W — X from
a topological space (W, O) into a set X becomes continuous when X is equipped with the
indiscrete topology and any map f : X — W becomes continuous when X is equipped
with the discrete topology. The naturality condition in follows directly.

. Forgetful functors without left or right adjoints:
The forgetful functor V' : Field — Set has no right or left adjoint. If it had a left adjoint
F : Set — Field or a right adjoint G : Set — Field there would be bijections

Py x : Homge (0, K) — Hompiea (F(0), F). Pp qpy : Hompiaa(F, G({z})) — Homge (F, {z})

for any field F. This would imply that F()) is an initial object in Field and hence a
subfield of any other field F and that G({p}) is a terminal object in Field and hence
contains any field F as a subfield. It follows that char F = char F/(()) = char G({z}) for all
fields IF, a contradiction.

. Inclusion functor and abelisation: The inclusion functor G : Ab — Grp is right
adjoint to the abelisation functor £ : Grp — Ab from Example [B.6] 10. (Exercise ??).

. Products, coproducts and diagonal functors:
e Let C be a category and I a set such that products and coproducts in C exist for all
families of objects indexed by I.

e Let C; be the category with families (C;)ier and (fi)ier = (Ci)iei — (Cl)icr of objects
and morphisms in C as objects and morphisms, with componentwise composition.

e Let A : C — C; be the diagonal functor that assigns to an object C' and a morphism
f:C — C"in C the constant families (C);e; and (f)ier.

e Let II; : C; — C be the product functor that assigns to a family (C;);e; the product
HiGICi and to a famlly (fi)ie[ : (Ci)iel — (Czl)zel the morphism Hie[fi : HieICi — HiEICl(
with 7} o (Ilies fi) = fi o m; induced by the universal property of the product.

e Let II; : C; — C be the coproduct functor that assigns to a family (C;);e; the coproduct
HiEICi and to a farmly (fi)ie[ : (Ci)ief — (C'Z)ZEI the morphism Hie]fi : Hielci — HiEICZ{
with (ILies f;) o ¢; = ¢} o f; induced by the universal property of the coproduct.

Then II; : C; — C is right adjoint to A and I1; : C; — C is left adjoint to A. The bijections
between the Hom-sets are given by

Qe ch)ier Home (C, e C;) — Home, ((Cier, HicrCs),  f > (mi0 fier

D ..o Home(IierCi, €) — Home, ((Ciier, (Oier),  f = (f o ti)ier.
The universal property of the (co)product implies that they are bijections, and a short
computation shows that they satisfy the naturality condition in (95).

. Tensor products and Hom-functors:
e For any R-right module M, the functor M®g— : R-Mod — Ab is left adjoint to the
functor Hom(M, —) : Ab — R-Mod.
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e For any R-left module N the functor — ®g N : R’-Mod — Ab is left adjoint to the
functor Hom(N, —) : Ab — R°-Mod.

We prove the claim for R-right modules M. For an abelian group A and R-left module L
we equip Hompp (M, A) with the R-module structure (r > ¢)(m) = ¢(m < r) and define

¢L,A : HOmR_MOd(L,HOI’HAb(M, A)) — HOHIAb(M ®R L,A)
’l/JZL—)HOHlAb(M,A), [ — Yy — XZM@RL%A, m®l»—>1/1l(m)

The map x : M®gL — A, m®l — ;(m) is well defined, since the R-linearity of the
map 1 : L — Homuy (M, A) implies that x' : M x L — A, (m,l) — ¢;(m) is R-bilinear:
X'(m,r>1) = Y(m) = (r>)(m) = h(m<ar) =x'(m<rl) forallr e Ryl € L
and m € M. By the universal property of the tensor product, it induces a unique group
homomorphism x : M ®p L — A with x(m®l) = x’(m, ). The inverse of ¢y, 4 is given by

gbZ}A: Homa, (M ®g L, A) — Hompg.ymoed(L, Homay (M, A))
X: M@pL — A, — 1 L — Hompy(M, A), | — 1 with ¢y(m) = x(m ®1).

As we have ¢, (m) = x(m® (r>1)) = x((m<Ar)®@1) = (m <r), the map 1), is indeed
R-linear, and a short computation shows that the diagram commutes for all R-linear
maps f : L' — L and all group homomorphisms g : A — A’.

. Restriction, induction and coinduction:

Let ¢ : R — S be a ring homomorphism and Res : S-Mod — R-Mod the restriction
functor from Example[B.6 5. that sends an S-module (M, i>5) to the R-module (M, >g)
with 7 > m = ¢(r) >gm and every S-linear map f : M — M’ to itself. Then:

e The induction functor Ind = S®g— : R-Mod — S-Mod is left adjoint to Res. It sends

- an R-module M to the S-module Ind(M) = S ®r M with s> (s'®@m) = (ss')@m,
- an R-linear map f: M — M’ to the S-linear map Ind(f) = ids ® f.

e The coinduction functor Coind = Hompg(S, —) : R-Mod — S-Mod is right adjoint
to Res. It sends

- an R-module M to the S-module Hompg(S, M) with (s> f)(s') = f(s" - s),
- an R-linear map f: M — M’ to Homg(S, f) : g— fog.

To see that Ind is left adjoint to Res, note that by Lemma ?? the (S, R)-bimodule structure
on S given by s> = s-5 and s <r = s- ¢(r) defines an S-left-module structure on
the abelian group S®rM given by s> (s'@m) = (s - s')®@m. For all R-modules M and
S-modules N the group homomorphisms

éyn - Hompg(M, Res(N)) — Homg(Ind(M), N), dun(f)(s@m) = s> f(m)
Yy n - Homg(Ind(M), N) — Hompg(M, Res(N)), Yun(g)(m) = g(lom).

are mutually inverse and hence bijections. To prove that the diagram commutes, we
compute for all R-linear maps f: M’ — M, h: M — N and S-linear maps g : N — N’

g0 darn(h) o (ids@f)(s @ m') = g barn (W) (s@F (') = g(s & ho f(m))
— s> (goho f(m) = durwi(goho f)(s@m).

To show that Coind is right adjoint to Res we consider the ring S with the R-left module
structure r > s := ¢(r) - s and the abelian group Hompg(S, M) with the S-left module
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structure (s> f)(s") = f(s’ - s) and note that the maps

¢M,N : HOIHR(RGS(N), M) — HomS(N, HOIHR<S, M)), ¢M,N(f)(3) = f(S > n)
Ypn - Homg(N, Hompg(S, M)) — Hompg(Res(N), M), Yun(g)(n) =g(n)(1).

are mutually inverse and hence bijections. A short computation shows that ¢, v makes
the diagram commute.

8. Induction, coinduction and forgetful functor:
For every ring S, the induction functor Ind = S®z— : Ab — S-Mod is left adjoint and
the coinduction functor Coind = Homg(S,—) : Ab — S-Mod is right adjoint to the
forgetful functor Res : S-Mod — Ab.

This is Example B.19] 7. for R = Z, where Res : S-Mod — Ab is the forgetful functor.

These examples show that adjoint functors arise in many contexts in algebra and topology and
are often related to certain canonical constructions such as forgetful functors, freely generated
modules or tensoring over a ring. Example [B.19| 3. shows that a functor need not have left and
right adjoints. However, it seems plausible that if they exist, left or right adjoint functors should
be unique, at least up to natural isomorphisms. To address this question, it is advantageous
to work with an alternative characterisation of left and right adjoints in terms of natural
transformations.

Proposition B.20: A functor F': C — D is left adjoint to G : D — C if and only if there are
natural transformations € : FG — idp and 7 : id¢ — GF such that

(Ge) o (nG) = idg, (eF) o (Fn) =idp. (96)

Proof:
1. Let F': C — D be left adjoint to G : D — C. Then there are bijections

(bG(D),D : Homc(G(D), G(D)) — HOIHD(FG(D), D)
by - Homp(F(C), F(C)) — Home(C,GF(C)).

We define the natural transformations € : FG — idp and 7 : id¢ — GF' by specifying their
component morphisms:

€p = QbG’(D),D(lG’(D)) : FG(D) — D N ‘= QSE«}F(C«)(lF(C)) 0 — GF(O>
The commuting diagram in Definition implies for all morphisms f : D — D’ in D:
95
ep o FG(f) = ¢con,p(lapn) © FG ¢c(p),0(lap) © G(f)) = da(n),p(G(f))
= ¢c),p(G(f) o lampy)) = f o baw),p(lamy) = foep.

This shows that the morphisms ep : FG(D) — D define a natural transformation € : FG — idp.
Diagram then implies for all objects C'in C

er(c) © F(ne) = dar©),reo)(lar©) © F(¢5 ey (1rc))
= ¢c,F(c)

(Lere) © ¢ pe) (L)) = dore) © O vy (1r) = Lre)-

The proofs for 7 : ide — G'F and of the identity G(ep) o ne(py = la(p) are analogous.
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2. Let € : FG — idp and 7 : id¢ — G'F be natural transformations that satisfy . Consider
for all objects C'in C und D in D the maps

¢c,p = Hom(1p(c),ep) o F': Home(C,G(D)) — Homp(F(C), D), f > epo F(f)
Ye,p = Hom(ne, 1gpy)) o G : Homp(F(C'), D) — Home(C,G(D)), g~ G(g) o ne.

Then we have for all morphisms f:C — G(D) in C and g : F(C') — D in D

na (196)
e denlf) = Glen) o GF(f) o™ Glev) onawy o f 23 |
na (196)
dc.p o ven(g) = epo FG(g) o Fne) = goepcy o Flne) = g.
This shows that ¥¢,p = ¢5', and ¢c p : Home(C, G(D)) — Homp(F(C), D) is a bijection. To
verify that the diagram in Definition commutes, consider morphisms f : ¢ — C,
h:C— G(D)inC and g: D — D’ in D and compute

o0 (G(g) o ho f) = ep o FG(g) o F(h) o F(f) ™ goepo F(h) o F(f) = go ¢cp(h) o F(f).

O

Theorem B.21: Left and right adjoint functors are unique up to natural isomorphisms.

Proof:

Let F,F' : C — D be left adjoint to G : D — C. Then by Proposition there are natural
transformations € : FG — idp, 1 : ide = GF and € : F'G — idp, 1/ : id¢ — GF” satisfying (96)).
Consider the natural transformations kK = (ef") o (Fn) : F — F', k' = (¢ F)o (F'n) : I/ - F
with component morphisms rc = €pi(c) © F(1c) and k¢ = €y © F'(nc). Then ke und ki, are
inverse to each other since

def k ; natx’

Keoko = eme) o F(ne)oke = €m0 kgpc) © F'(ne)

def k' nat ¢’

= €ro)° GIFGF’(C) © F/(WGF’(C)) o F'(ne) = 6%/(0) © FIG(€F’(C)) o F’(TIGF’(C)) o F'(ne)

(96) (96)
= €IF’(C) o F'(G(ern(c)) o nari(c)) o F'(1c) D €/F/(C) o F'(1c) D Lrie),

and an analogous computation yields xp 0 ke = 1p(cy. This shows that £ and « are natural iso-
morphisms and that F'is naturally isomorphic to F’. The proof for right adjoints is analogous. O

B.2 Abelian categories

In this section, we summarise the required background on abelian categories and exact functors
for Section [§l Roughly speaking, an abelian category is a category A in which

e products and coproducts exist for all finite families of objects,

e the morphism sets Hom 4( A, B) have the structure of abelian groups, and the composition
of morphisms is biadditive,

e there is a notion of a kernel and the dual notion of a cokernel for morphisms in A that
behave like kernels of module homomorphisms and quotients by their images.
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and an exact functor is a functor that respects the abelian group structures on the Hom-sets
and preserves kernels and cokernels.

The first two requirements on an abelian category lead to the concept of an additive category.
Functors between additive categories that respect these conditions are called additive functors.

Definition B.22: A category C is called additive if

(Addl) For all objects C,C" of C the set of morphisms Home(C, C’) has the structure of an
abelian group, and the composition of morphisms is Z-bilinear: go(f+ f') = gof+go f’
and (94 ¢ )o f=go f+ ¢ o f for all morphisms f, f': X - Y and g,¢': Y — Z.

(Add2) Products and coproducts exist for all finite families of objects in C.

A functor F': C — D between additive categories C, D is called additive if for all objects C,C’
in C the map F' : Hom¢(C, C") — Homp(F(C), F(C")) is a group homomorphism.

Remark B.23:

1. In particular, Definition requires the existence of an empty product and an empty
coproduct, a terminal object T' = IIy and an initial object I = Iy (see Definition [B.16]).
In an additive category C, these objects are isomorphic and hence zero objects: I = T = (.

This follows because one has Home (7, 1) = {1;} = {0} by definition of an initial object,
where 0 denotes the neutral element of the abelian group Home (7, I). If C is additive, this
implies f =1;0f =00 f =0:C — [ for any morphism f : C' — I, since the composi-
tion of morphisms is Z-bilinear. It follows that Hom¢(C, I) = {0} and hence [ is terminal.

2. It follows that for any two objects C,C" in an additive category C, the neutral element
of the abelian group Hom¢(C, C”) is given by 0 = icvote : C — 0 — C'.

3. Finite products and coproducts in additive categories are canonically isomorphic:
IL;c;C; = ;¢ C; for all finite index sets @ € I and objects C; in C.

The isomorphism is induced by the family (f;;);jer of morphisms f;; = 6;;1¢, : C; = C;
with f;; = 0 for i # j and f;; = 1¢,. By the universal property of the product and the
coproduct, there is a unique morphism f : Hye;Cr — e Cp with w0 f o4 = 0;51¢,.
The inverse of this morphism is given by f=! = Sic;¢; o m; : IOy — e Ch, since

_1
mro fof T =Yermo foom = Yierdiple, om = g
fﬁlofOLkIEiejbiOﬂ'iOfOLk:Zigjbioéiklci =l Vk eI,

and the universal property of the (co)product implies fo f~' = 1p,_,c;, f1 o f = lu,. 0

4. The abelian group structure on the morphism sets Home(C, C") in an additive category
C is determined uniquely by its products and coproducts.

For a finite index set I and an object C'in C we denote by ¢¢ : I;c;C — Il;c;C the unique
morphism with m,0¢cot; = d;; 1¢ from 3. with inverse gzbal = Yiertiom; : ;e C — e, C.
We also consider the unique morphism A¢ : C' — Il;c;C with m;0A¢ = 1¢ for alli € I and
the unique morphism V¢ : Il;c;C — C with Vo o; = 1¢ for all © € I. For a finite family
(fi)ier of morphisms f; : C'— D, we consider the unique morphism f : Il;c;C — I/ D
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with m; o f o ¢; = 0;; f; from 3. Then we have

Vpogp ofogs' oAc=5%;eiVporomo fouomolAs

= Ei,jellD o ('/Ti @) f o [,j) @) 10 = Ei,jeléij 1D O fl @) 10 = Eie[fi.

Hence, we expressed the sum of the morphisms f; in terms of quantities that are defined
in terms of the product and coproduct in an additive category. (This includes the
morphism f, since the zero object that enters its definition is the empty coproduct). As
products and coproducts are unique up to unique isomorphisms, a given category C has
at most one additive structure. Additivity is a property, not a choice of structure.

5. An object X in an additive category C is a product or coproduct of a finite family
of objects (C;)ier if and only if there are families (i;);e; and (p;)jer of morphisms
ij: Cj — X and p; : X — Cj with p; oiy, = djxlc; and 1x = Xicpej o p; (Exercise 77).

6. A functor F' : C — D between additive categories C, D is additive if and only if it preserves
finite products or finite coproducts (Exercise ?7?):

F (Il C;) =2 e F(C), F (e C;) = e F(C;) for all finite families of objects (C;)ier-

Example B.24:

1. For any ring R the category R-Mod of R-modules und R-linear maps is additive.

Products and coproducts are products and direct sums of modules and exist for all
families of modules. The set Homg(M, N) of R-linear maps f : M — N is an abelian
group with the pointwise addition, and this is compatible with their composition.

2. For any ring homomorphism ¢ : R — S, the functor F} : S-Mod — R-Mod that sends an
S-module (M, >) to the R-module (M, >g) with r>gm = ¢(r)>m and an S-linear map
f:(M,>) — (M',>') to the associated R-linear map f : (M, >g) — (M, >%) is additive.

3. Every full subcategory of an additive category C in which finite products and coproducts
exist, is an additive category as well.

4. For every small category C and additive category A, the category Fun(C,.A) of functors
F :C — A and natural transformations between them is an additive category.

e The product of a family of functors (F;);es is the functor I, F; : C — A that assigns
to an object C' the product Il;c;F;(C) and to a morphism « : C — C’ the unique
morphism IL;e; Fi(«) : ;e F;(C) — e F3(C') with mcr o Ilie Fy (o) = Fy(«) o mier, where
mic : Wer F3(C) — F;(C) are the projection morphisms for the product in A.

e The projection morphisms for Il;c; F; are the natural transformations m; : Il;c; F; — F;
with component morphisms ;¢ : [Le F;(C) — F;(C).

e Coproducts of functors are defined analogously, and the sum of two natural transfor-
mations 7,k : FF — G is the natural transformation n + x : F© — G with component
morphisms (7 + K)o = n¢ + ke : F(C) = G(C).

We now develop a notion of kernels and images for morphisms in a category C. In contrast to the
standard definition of a kernel and image of an R-module morphism f : M — N, as subsets of
the modules M and N, a sensible categorical notion of a kernel and image must be formulated
purely in terms of morphisms and universal properties. These morphisms and their universal
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properties must thus generalise the inclusion maps ¢ : ker(f) — M and ¢/ : im(f) — N. There
are also two canonical surjection associated with each R-linear map f : M — N, the canonical
surjection 7 : N — N/im(f) and the canonical surjection 7" : M — M /ker(f). The former is
generalised by the dual notion of a cokernel in a category C and the latter by the notion of a
coimage. These categorical concepts due not require additivity, but they require a zero object
0 in C and the associated zero morphisms 0 = i ot : C — 0 — (.

Definition B.25: Let C be a category with a zero object and f : X — Y a morphism in C.

1. A kernel of f is a morphism ¢ : ker(f) — X with the following universal property:
four=0:ker(f) = Y, and for every morphism g : W — X with fog=0: W =Y
there is a unique morphism ¢’ : W — ker(f) with to ¢’ = g.

0

ker(f) =X 12y

~
N
3!9/\\ g 0

w
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2. A cokernel of f is a morphism 7 : Y — coker(f) with the following universal property:
mo f=0:X — coker(f), and for every morphism g : Y — W withgo f =0: X - W
there is a unique morphism ¢’ : coker(f) — W with ¢’ om = g.

0

X—f>Y—7r>coker(f)

\ J ~
-
g -
0 /,/ Jg’
W

3. A kernel of a cokernel of f is called an image of f and denoted /' : im(f) — Y. A cokernel
of a kernel of f is called a coimage of f and denoted 7’ : X — coim(f).

Remark B.26: As (co)kernels and (co)images are defined by a universal property, they are
unique up to unique isomorphism: If ¢ : ker(f) — X, n : ker(f) — X are two kernels for
f X — Y, then there is a unique morphism ¢ : ker(f) — ker(f) with 7o ¢ = ¢, and this
morphism is an isomorphism. Analogous statements hold for cokernels, images and coimages.

Example B.27: Let R be aring and f: M — N an R-linear map.

e The inclusion map ¢ : ker(f) — M is a kernel of f in R-Mod.
e The canonical surjection 7 : N — N/im(f) is a cokernel of f in R-Mod.
e The canonical inclusion ¢/ : im(f) — N is an image of f in R-Mod.

e The canonical surjection 7’ : M — M /ker(f) is a coimage of f in R-Mod.

That ¢ : ker(f) — M is a kernel of f follows, because f ot = 0 and for any R-linear map
¢ : L — M with fo¢ =0, one has im(¢) C ker(f). The corestriction ¢’ : L — ker(f), [ — ¢(I)
is an R-linear map with ¢ o ¢/ = ¢. As ¢ is injective, it is the only one.

That 7 : N — N/im(f) is a cokernel of f follows, because m o f = 0 and for any R-linear
map ¢ : N — P with ¢ o f = 0 one has im(f) C ker(¢)). By the characteristic property of the
quotient, there is a unique R-linear map ¢’ : N/im(f) — P, [n] — ¢ (n) with ¢/ o m = 1.

That the inclusion map ¢ : im(f) — N isakernel of 7 : N — N/im( f) follows, because moi = 0,
and for any R-linear map x : L — N with m o x = 0, one has im(x) C ker(7) = im(f). The
corestriction x’ : L — im(f), [ — x(I) satisfies x’ ot/ = x and is the only R-linear map with
this property, since ¢/ is injective.

That the canonical surjection 7’ : M — M /ker(f) is a cokernel of ¢ : ker(f) — M follows
because 7’ o+ = 0 and because any R-linear map & : M — P with £ o+ = 0 satisfies im () =

ker(f) C ker(§). By the characteristic property of the quotient, there is a unique R-linear map
¢ M/ker(f) — P with ' o/ = ¢.

In addition to kernels and cokernels, we also require an appropriate concept of injectivity and
surjectivity and must relate it to kernels and cokernels. Just as for kernels and cokernels, the
appropriate notion of injectivity and surjectivity in a category needs to be formulated purely
in terms of morphisms and universal properties. It is obtained from the observation that a map
t: X — Y isinjective (a map m : X — Y is surjective) if and only if to f = 1og (fomr =gom)
implies f = g for all maps f,g: W — X (for all maps f,g:Y — Z). This notion of injectivity
and surjectivity in Set generalises to any category.
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Definition B.28: Let C be a category.

1. A morphism ¢ : X — Y in C is called a monomorphism, if . o f = 1 o g for morphisms
frg: W — X implies f = g.

2. A morphism 7 : X — Y in C is called an epimorphism, if f o 7 = g o 7 for morphisms
fyg9:Y — Zimplies f = g.

In diagrams, monomorphisms ¢ : X — Y are denoted X~*=Y and epimorphisms 7 : X — Y
are denoted X —"=Y .

Remark B.29: C(learly, every isomorphism is a monomorphism and an epimorphism. How-
ever, a morphism that is a monomorphism and an epimorphism need not be an isomorphism.
A counterexample is the inclusion morphism ¢ : Z — Q in the category of unital rings.

We now relate epimorphisms and monomorphisms to (co)kernels and (co)images. Example
shows that in the category R-Mod the kernel ¢ : ker(f) — M of an R-linear map f : M — N
is injective and its cokernel 7 : N — N/im(f) is surjective. Moreover, the module morphism
0 — M is a kernel of f if and only if f is injective and the module morphism N — 0 is a
cokernel of f if and only if f is surjective. Analogues of this hold in all additive categories.

Lemma B.30: Let C be an additive category.

1. All kernels of morphisms in C are monomorphisms. A morphism f : X — Y is a
monomorphism if and only if the morphism iy : 0 — X is a kernel of f.

2. All cokernels of morphisms in C are epimorphisms. A morphism f : X — Y is an
epimorphism if and only if the morphism ¢y : Y — 0 is a cokernel of f.

Proof:

We prove the first statement. The proof of the second one is analogous. Let ¢ : ker(f) — X be
a kernel of f: X — Y and g1,92 : W — ker(f) morphisms with ¢ o ¢g; = ¢t 0 go. Then we have
fo(tog)=(fot)ogi=00g; =0: W — Y, and by the universal property of the kernel,
there is a unique morphism ¢’ : W — ker(f) with 1o ¢’ = 10 g; = 10 go. The uniqueness implies
g = g1 = go, and hence ¢ : W — ker(f) is a monomorphism.

Let now f: X — Y be a monomorphism. We have foix =iy =0:0—=Y.Ifg: W = X isa
morphism with fog=0:W — X then foixoty =0: W — X as well, and because f is a
monomorphism, it follows that g = ix o ty. Hence, ix : 0 — X is a kernel of f.

Conversely, if ix : 0 — X is a kernel of f and gy, g2 : W — X are morphisms with fog; = fogs,
then f o (g — ¢2) = 0 and by the universal property of the kernel, there is a unique morphism
g :W = 0withixog =g, —go =0. Since ¢’ =ty : W — 0 is the only morphism from W to
0, we have g1 —go = ixoty =0: W — X and g; = g». This shows that f is a monomorphism O

This lemma shows that in any additive category, kernels are monomorphisms and cokernels
epimorphisms, as expected from the corresponding statement for R-Mod. However, in R-Mod,
the converse also holds. Every injective R-linear map f : M — N is a kernel, namely of its
cokernel 7 : N — N/im(f). This follows because m o f = 0, and for every R-linear map
g: L — N with mog =0 one has im(g) C ker(m) = im(f). Hence, by injectivity of f there is a
unique R-linear map ¢’ : L — M with fog =g.
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Similarly, every surjective R-linear map f : M — N is a cokernel of its kernel ¢ : ker(f) — M.
One has for =0 and ker(f) = im(¢) C ker(g) for every R-linear map g : M — L with gor = 0.
As f is surjective, there is a unique R-linear map ¢’ : N — L, f(m) — g(m) with ¢’ o f = g.

In contrast to the claims in Lemma these statements do not hold automatically in an
additive category. They require in particular that every monomorphism has a cokernel and
every epimorphism has a kernel, which is not guaranteed in an additive category. If we impose
these conditions and the existence of kernels and cokernels for all morphisms, we obtain the
notion of an abelian category, which we will use later as the framework for (co)homology.

We also consider functors between abelian categories that are compatible with the required
structures. Clearly, such functors need to be additive and map kernels to kernels and cokernels
to cokernels. We will see in the following that there are many additive functors that satisfy only
one of the last two conditions and that these functors play an important role in (co)homology.
For this reason, they also receive a name.

Definition B.31:

1. An additive category is called abelian if it satisfies the following additional conditions:
(Abl) Every morphism has a kernel and a cokernel.
(Ab2) Every monomorphism is a kernel of its cokernel or, equivalently, an image of itself.

(Ab3) Every epimorphism is a cokernel of its kernel or, equivalently, a coimage of itself.

2. A functor F : A — B between abelian categories A, B is called

o left exact if it is additive and preserves kernels:

if ¢ : ker(f) — X is a kernel of f : X — Y, then F(¢) : F(ker(f)) — F(X) is a
kernel of F'(f) : F(X) — F(Y).

e right exact if it is additive and preserves cokernels:

if m:Y — coker(f) is a cokernel of f: X — Y, then F(r): F(Y) — F(coker(f)) is
a cokernel of F(f): F(X) — F(Y).

e exact if it is left exact and right exact.

Example B.32:
1. For any ring R, the category R-Mod is abelian.

By Example[B.24] 1. it is additive, and by Example [B.27] every R-linear map f : M — N
has a kernel ¢ : ker(f) — M and a cokernel 7 : N — N/im(f). As shown above, every
monomorphism in R-Mod is a kernel of its cokernel and every epimorphism a cokernel of
its kernel.

2. The category of finitely generated free abelian groups and group homomorphisms
between them is additive, but not abelian.

3. The full subcategory of Vectr with even-dimensional F-vector spaces of objects is
additive, but not abelian.

4. For any abelian category A, the category A is abelian. Kernels and cokernels in AP
correspond to cokernels and kernels in A, respectively.

202



5. For any small category C and any abelian category A the category Fun(C,.A) of functors
F : C — A and natural transformations between them is abelian.

Remark B.33:

1. One can show that in an abelian category A a morphism that is both a monomorphism
and an epimorphism is an isomorphism.

2. Like additivity, being abelian is a property of a category and not a choice of structure. If
all objects in an additive category have kernels and cokernels that satisfy the conditions
in Definition [B.31] they are unique up to unique isomorphism and determined by the
additive structure.

3. Mitchell’s embedding theorem states that any small abelian category A is equivalent
to a full subcategory of the abelian category R-Mod for some ring R, with an exact
equivalence of categories. For a proof, see [Mi, p 151].

Although Mitchell’s embedding theorem allows one to interpret any small abelian category as a
subcategory of the abelian category R-Mod for a suitable ring R, it is still advantageous to work
with general abelian categories. Firstly, there are also non-small abelian categories. Secondly,
the construction of the associated ring R and the subcategory of R-Mod for an abelian category
A in Mitchell’s embedding theorem is implicit. It is often simpler to use the general formalism
for abelian categories.

In an abelian category kernels and cokernels exist for all morphisms and generalise the inclusion
maps ¢ : ker(f) — X and the canonical surjections 7 : Y — Y/im(f) for R-linear maps
f X — Y. Similarly, images and coimages exist for all morphisms and generalise the inclusion
/' :im(f) — Y and the canonical surjection ' : X — X/ker(f).

Y

A well-known result in R-Mod states that for any R-linear map f : X — Y one has im(f) =
X/ker(f) and that f factorises as f =/ o f’, where ' : X — im(f) is the corestriction of f
and ¢/ : im(f) — Y the inclusion. These statements have counterparts in abelian categories.

The first statement translates into the statement that im(f) = coim(f), the second into the
canonical factorisation in an abelian category.

Lemma B.34: Let A be an abelian category. Every morphism f: X — Y in A factorises as
f =ty on where /; : im(f) — Y is an image of f and 7 : X — im(f) a coimage of f. This is
called the canonical factorisation of f.

Proof:

1. For any morphism f : X — Y in A, we have 7o f = 0 for the cokernel 7y : Y — coker(f). By
the universal property of the image ¢; : im(f) — Y, there is a unique morphism 7’ : X — im(f)
with i, o7} = f. We show that 7 : X — im(f) is an epimorphism. The first claim then follows
because every epimorphism is its own coimage, or, equivalently, a cokernel of its kernel. As the
morphisms 7 and f = (};om) have the same kernel and hence the same coimage 7 : X — im(f).

To show that 7 : X — im(f) is an epimorphism, let ¢ : im(f) — U be a morphism with
¢ oy = 0. By the universal property of the kernel ¢y : ker(¢) — im(f), there is a unique
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morphism f" with ¢y o f" = 7}:

ker(¢) > im(f) -~ U
g f s
I Ty
XY

The morphism L} oLy @ ker(¢) — Y is a monomorphism as a composite of two monomorphisms.
Hence, it is a kernel of its cokernel 7' : Y — coker(; o 14). This implies

Wlof:ﬂ,o<L}oL¢of/):(W,OL}Oqu)Of/:OOf/:O’

and by the universal property of the cokernel 7y : Y — coker(f) there is a unique morphism
7" : coker(f) — coker(t} o 1y) with 7" oy = 7'

ker(¢) " im(f) ———U
1
ﬂ'f ,
X ; y —F c?/ker(L’f 0 Ly)
" //E|/I7T;
coker(f).

This implies 7’0ty = (7" omy) oty = "o (my04}) = 700 =0, since ¢ : im(f) — Y is a kernel
of my 1 Y — coker(f). As /s 014 is a kernel of ' and 7’ o ¢}, = 0, the universal property of the
kernel ¢, 014 implies that there is a unique morphism " : im(f) — ker(¢) with /014 00" =1/}
Because (; is a monomorphism, it follows that iy 0 (" = lin(s). As 14 is a kernel of ¢, this
implies ¢ = ¢ o lim, = ¢o(1p0t") = (¢poty) 0" =00 =0, and 7} : X — im(f) is an
epimorphism. O

After clarifying the properties of abelian categories, we now focus on functors that are com-
patible with abelian categories - exact functors - and on functors that are partially compatible
with it - left or right exact functors. It turns out that there are few exact functors, and most
of them arise from certain standard constructions. Important examples are the following.

Example B.35:

1. For any abelian category A, the cartesian product A x A is abelian and the functors
M:AxA—Aund I: A x A— A are exact.

2. For any abelian category A, small category C and object C' in C, the evaluation functor
eve : Fun(C, A) — A that sends a functor F': C — A to the object F/(C) and a natural
transformation 7 : F' — G to the component morphism n¢ : F(C') — G(C) is exact.

One reason why so many functors of interest are left or right exact is that one typically considers
functors related to certain constructions, such as tensoring, abelisation or Hom-functors, and
such functors tend to have adjoints. The existence of a left (right) adjoint to a given functor is
sufficient to ensure its left (right) exactness.
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Lemma B.36: Let A and B be abelian categories and F': A — B and G : B — A additive
functors. If I is left adjoint to GG, then F' is right exact and G left exact.

Proof:

If F' is left adjoint to G, by Proposition there are natural transformations € : FG — idg
and 7 : id4 — GF with (eF') o (F'n) = idp and (Ge) o (nG) = idg. We show that F' is right
exact by proving that it sends cokernels to cokernels. The proof that G is left exact is analogous
(Exercise).

Let m : A — coker(f) be a cokernel of f: A — A’. Then mo f = 0, and for every morphism
g: A — A” with g o f = 0 there is a unique morphism ¢’ : coker(f) — A” with ¢’ o7 = g.

To show that F(m) : F(A") — F(coker(f)) is a cokernel of F(f) : F(A) — F(A’), note first
that the additivity of F' implies F((r)o F(f) = F(ro f) = F(0) = 0.

If h: F(A") — B is a morphism with h o F(f) = 0, then G(h) ona : A — G(B) can be
pre-composed with f, and by additivity of G and naturality of n we have

G(h) ona o f = G(h) o GF(f) oma = Gl o F(f)) ona = G(0) o na = 0.

By the universal property of the cokernel 7 there is a unique morphism k : coker(f) — G(B)
with G(h) o nar = k om. The morphism 2’ = eg o F((k) : F(coker(f)) — B satisfies

h'oF(n)=¢egoF(k)oF(rm)=egoF(kon)=egoFG(h)o F(na)=hoepuyoF(na)=h.

If B : F(coker(f)) — B is another morphism with A” o F(7) = h = h' o F(w), then we have
(h" = 1) o F(m) = 0. This implies 0 = G(h" — h') o GF () o nar = G(h" — h') 0 Neoken() © ™ and
hence G(h" — h’) 0 Neoker(s) = 0, because 7 is an epimorphism. Using the naturality of € and the
condition (eF") o (F'n) = idp, we obtain

R — ' = (" = h) 0 €p(coker(s)) © F(Neoker(s)) = €8 0 FG(R" —h') 0 F(neoker(s)) = €5 0 F(0) = 0.

This shows that A” = k' and that A’ is the wunigue morphism with A’ o F\(r) = h. Hence,
F(m): F(A") — F(coker(f)) has the universal property of the cokernel and F' is right exact. O

Two of the most important right exact functors are the functors M®gr— : R-Mod — Ab and
—®rN : RP?-Mod — Ab for an R-right module M and an R-left module N. They are left
adjoint to Hom(M, —) : Ab — R-Mod and Hom(N, —) : Ab — R*-Mod by Example [B.19] 6.

Corollary B.37: Let R be a ring, M an R-right module and N an R-left module. Then

1. The functors M®@g— : R-Mod — Ab and —®zN : R°’-Mod — Ab are right exact.
2. The functors Hom(M, —) : Ab — R-Mod and Hom(N, —) : Ab — R°’-Mod are left exact.

While there is no direct analogue of the tensor product over a ring for general abelian categories,
the functors Hom(A, —) : A — Ab and Hom(—, A) : A®? — Ab are defined for any abelian
category A.

e The functor Hom(A, —) sends an object A’ to the abelian group Hom4(A, A’) and a
morphism f: A"’ — A” to the group homomorphism

Hom(A, f) : Homy (A, A') — Homy (A, A”), g+ fog.
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e The functor Hom(—, A) sends an object A" in A to the abelian group Hom 4(A’, A) and
a morphism f : A" — A” to the group homomorphism

Hom(f, A) : Hom4(A, A”) — Homy(A, A"), g~ go f.

This raises the question if left exactness holds for these generalisations as well. Indeed, it is
possible to prove this without Lemma [B.36|

Lemma B.38: Let A be an abelian category and f : X — Y a morphism in A.

1. For any object A in A the functor Hom(A, —) : A — Ab is left exact:

A morphism ¢ : W — X is a kernel of f: X — Y in A if and only if for all objects A in
A the morphism ¢, = Hom(A,:) in Ab is a kernel of f, = Hom(A, f).

2. For any object A in A the functor Hom(—, A) : A% — Ab is left exact:

A morphism 7 : Y — Z is a cokernel of f: X — Y in A if and only if for all objects A
in A the morphism 7* = Hom(m, A) in Ab is a kernel of f* = Hom(f, A).

Proof:
We prove the first claim. The proof of the second claim is analogous if one takes into account
that kernels and cokernels in A are cokernels and kernels in AP, respectively.

As we work in Ab = Z-Mod, Example implies that the group homomorphism ¢, is a kernel
of the group homomorphism f, if and only if (i) ¢, is injective and (ii) im(¢.) = ker(f,).

Condition (i) is satisfied if and only if 10 g = ¢ 0 ¢’ implies g = ¢’ for all g, ¢’ € Hom4(A, W),
and this is equivalent to the statement that ¢ is a monomorphism. Condition (ii) is satisfied
if and only if (iia) foroh = 0 for all morphisms h : A — W and (iib) for every morphism
g: A — X with fog = 0 there is a morphism ¢’ : A — X with ¢ o ¢’ = ¢g. Condition (iia)
is satisfied if f ot = 0, and by setting h = 14 we see that (iia) implies fo: = 0. As ¢ is a
monomorphism, condition (iib) then states that ¢ is a kernel of f. O

Remark B.39:
1. In general the functor AQzr— : R-Mod — Ab is not left exact.

A counterexample is R = Z, A = Z/nZ. Then «+ : Z — 7Z, z — nz is injective
with im(¢) = ker(m) for # : Z — Z/nZ, z — Z and hence a kernel of w. But
id® : Z/nZ@y7 — 7./nZ®47Z is given by (id®e)(k®z) = k®(nz) = nk®z = 0@z = 0
for all k € Z/nZ and z € Z. Hence, id®: = 0 is not injective and not a kernel of id®.

2. The functors Hom(A, —) : A — Ab, Hom(—, A) : A% — Ab are in general not right exact.

A counterexample is A = Ab and A = Z/nZ. Then by 1. the group homomorphism
t: 72— 7,z nzis a kernel of 7 : Z — Z/nZ, z — Zz and 7 a cokernel of .

However, Hom(Z/nZ, ) : Homay(Z/nZ,7) — Homay(Z/nZ,Z/nZ), g — 7o g is not
surjective and hence not a cokernel of Hom(Z/nZ, ).

Similarly, Hom(¢, Z/nZ) : Homay(Z, Z/nZ) — Homay(Z, Z/nZ), g — g ot is trivial since
gou(z) = g(nz) =ng(z) =0 for all z € Z and group homomorphisms g : Z — Z/nZ.
Hence, Hom(¢, Z/nZ) = 0 is not surjective and not a cokernel of Hom(w, Z/nZ).
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R-right modules M for which the associated functor ARQg— : R-Mod — Ab is not only right
exact but exact and objects in an abelian category A for which the functor Hom(A, —) or
Hom(—, A) are exact play a special role in representation theory and homology theories. For
this reason, they receive a name.

Definition B.40:
A right module A over a ring R is called flat if the functor AQr— : R-Mod — Ab is exact.

Definition B.41: An object A in an abelian category A is called

e projective if the functor Hom(A, —) : A — Ab is exact,
e injective if the functor Hom(—, A) : A°? — Ab is exact.

One can show that for A = R°-Mod any projective R°’-module is flat. Hence, projectivity
and injectivity are not only more general concepts, but also stronger conditions when both are
defined. There is an alternative characterisations of projectivity and injectivity that is easier
to handle and generalises to non-abelian categories.

Lemma B.42: Let A be an abelian category.

1. An object A in A is projective if and only if for every epimorphism 7 : X — Y and every
morphism f : A — Y there is a morphism f': A — X with 7o f' = f

A
Hfl///lf
»
XY —=0

2. An object A in A is injective if and only if for every monomorphism ¢ : Y — X and every
morphism f : Y — A there is a morphism f': X — A with ffor = f

A
3 7
e Tf
Ve
X<~—"Y~—0
Proof:
We prove the first statement. The proof of the second one is analogous.

= Let A be projective. Then Hom(A, —) is exact and maps kernels to kernels and cokernels
to cokernels. As every epimorphism 7 : X — Y in A is a cokernel of its kernel, the morphism
Hom(A,7) : Hom4(A, X) — Hom4(A,Y) is a cokernel as well and hence an epimorphism in
Ab by Lemma This means that for every morphism f : A — Y, there is a morphism
f'+A— X with Hom(A,7)(f') =7o f = f.

< Suppose that for every morphism f : A — Y and epimorphism 7 : X — Y there is a
morphism f': A — X with 7o f' = f. Then Hom(A, ) : Hom4(A, X) — Homy(A,Y) is an
epimorphism for every epimorphism 7 : X — Y.

Let f : A — X be a morphism with cokernel 7 : X — Y. By Lemma f has a canonical
factorisation f = /o’ with a monomorphism ¢ and an epimorphism #’. By Exercise 7?7 the mor-
phism 7 : X — Y is also a cokernel of /. As /' is a monomorphism, it is a kernel of its cokernel
7m: X — Y. By left-exactness of Hom(A, —), it follows that Hom(A, /') is a kernel of Hom(A, 7).
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As every epimorphism is a cokernel of its kernel, it follows that Hom(A, ) is a cokernel of
Hom(A, ). As Hom(A, f) = Hom(A,/ o 7’) = Hom(A, ') o Hom(A, 7’) and Hom(A, 7’) is an
epimorphism, Hom(A, 7) is also a cokernel of Hom(A, f) and hence Hom(A, —) is right exact. O

Example B.43:
1. By Remark the objects Z/nZ in Ab are neither projective nor injective.

2. For every ring R, any free R-module is projective.

If Ais a free R-module with basis B, 7 : X — Y R-linear and surjective and f: A - Y
R-linear, then we can choose for every element b € B an element f'(b) € 7=!(f(b)) and
obtain an R-linear map f': A — X, b f'(b) with mo f' = f.

3. The object Z in Ab is projective, but not injective.

The projectivity of Z follows from 2. However, Z is not injective, because for the
monomorphism ¢ : Z — 7Z, z +— nz with n > 1 and the group homomorphism
f =1idg : Z — 7Z there is no morphism f':7Z — Z with f'ov = f =idy.

Lemma[B.42] not only gives simple criteria for projectivity and injectivity but also allows one to
extend the notions of projectivity and injectivity from abelian categories to general categories.
As the concepts in Lemma are defined in any category, we can take the conditions in
Lemma as the definition of projectivity and injectivity there.
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invariant, [105] linear equivalence, [142

invariant of framed links, link,
invariant of framed oriented links, oriented,
involutive, link diagram,
isomorphic, objects in category, [183 link invariant,
isomorphism locally finite

category, [I83] F-linear abelian category, [143
Jacobi identity, Maschke’s Theorem
Jones polynomial, for finite groups, [112
Jones-Conway polynomial, for Hopf algebras,
Jordan-Holder series, [143], matrix algebra,
Jordan-Holder theorem, matrix elements,

Mitchell’s embedding theorem, 203
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Kauffman polynomial, module
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Kitaev model, module algebra,

edge operators, [133 module object,

extended Hilbert space, [133 monoid,

face operator, 133
ground state, [134
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monoidal category,
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monoidal equivalence,
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site, [133] monoidal isomorphism,

vertex operator, [I33] monoidal natural transformation,
knot, monoidally equivalent,

oriented, monomorphism in category, [201
Larson-Radford Theorem, [115 morphism
left adjoint functor, {192 cat‘egory, [I83) )
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object, morp.hif,rp of Yang-Baxter operators,
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left exact functor, 202 Nakayama automorphism, [162

left integral, natural isomorphism,
left rr.lo.dule, natural transformation,
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left trace ' non-degenerate
morphism, Frobenius form,
length, normalised,
module, [I81] null object,
Lie algebra, [175]
Lie bracket, object in category, [183
linear opposite algebra,
category, [142] opposite braiding,
functor, [142 opposite category, [I85
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opposite coalgebra, [7T9) of modules to subalgebra,

ordinal numbers, [9] restriction functor, [186]
oriented ribbon,

link, ribbon category,
oriented knot, ribbon element,
oriented link diagram, ribbon Hopf algebra, [130]
oriented link invariant, ribbon invariant,
oriented ribbon invariant, ribbon tangle,
overcrossing, [50] right adjoint functor, [192

right coideal,

pairs of topological spaces, right dimension

pentagon axiom, [0] object,
permutation category, [I1] right dual,

pivot, 12§ right dualisable,
pivotal category, right exact functor, [202
pivotal Hopt algebra, right Hopf module,
pivotal structure, right integral,
Poincaré-Birkhoff-Witt basis, right rigid,

pointed topological spaces, right trace
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ring category,
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projective cover, [T43] Schur’s lemma, [T70]
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Sweedler’s example, [94]
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braiding,

Frobenius algebra,

monoidal category,

symmetric algebra,
symmetric monoidal functor, 0]

Taft’s example, [93]
tangle,

tangle category,
target of morphism, [183
tensor algebra, [173]

tensor category, [146|
tensor functor

strict, [13]

tensor product
of bialgebras,
crossed G-sets,
monoidal category,
of algebras,
of coalgebras, [T9)
of Hopf algebras,
tensor unit, [5]
terminal object,
topological invariant,

topological quantum field theory, [70]

triangle axiom, [6]
triangular
bialgebra,
Hopf algebra,
trivial
Hopf module,
morphism, [191
twist, [51]
twisting

of Frobenius algebra,

undercrossing,
unimodular, [T06]

unique up to unique isomorphism, [190

unit constraints, o]
universal R-matrix,

universal enveloping algebra,

universal property

cokernel,
coproduct,
kernel,

product,
tensor algebra, [174]

universal enveloping algebra,
universality of the braid category, 0]
universality of the ribbon category,

unknot,

weight,
writhe,

Yang-Baxter equation,
Yang-Baxter operator, [4]]

zero morphism, [191

zero object,
zigzag identities,
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