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1. PRELIMINARIES

In this preliminary section, we review some basic notions in group theory and linear algebra.
Some basic results are rephrased in order to get slowly used to bialgebra and Hopf algebra

techniques.

! Available on his homepage: http://web.mit.edu/~darij/www /algebra/manchon-errata-update.pdf
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1.1. Semigroups, monoids and groups.
Definition 1.1.1. A semigroup is a set E together with a product

m:ExE — E

(,y) —xy
such that, for any x,y,z € E the following assoctativity property holds:
(1.1.1) (xy)z = z(yz2).

The semigroup is moreover commutative if the commutativity relation xy = yx holds for any
T,y € L.

Note that the associativity property is equivalent to the fact that the following diagram is

commutative:
ExExE" . pxE
mxldg l lm
ExFE — E

In the same spirit, the semigroup FE is commutative if and only if the following diagram

commutes:

where 7 is the flip, defined by 7(z,y) = (y, x).

Definition 1.1.2. A monoid is a semigroup M together with a unit element e € M such
that ex = xe for any x € M.

Let {*} be any set with one single element denoted by *, and let u : {x} — E defined by
u(x) = e. The fact that e is a unit is equivalent to the commutativity of the following diagram:

uXIdpys Idpr Xu

M x M

\Lm/

M

{x}x M

M x {x}

Proposition 1.1.1. The unit element of a monoid M is unique.

Proof. Let e, ¢’ be two unit elements in a semigroup M. Then e¢’ = e = ¢'. O
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Definition 1.1.3. A group is a monoid G together with a map

G — G

r — x !
such that x™'o =z~ = e for any x € G.

Let € : G — {x} be the unique possible map, which sends any element of G to the element .
The fact that ¢ is the inverse map is equivalent to the commutativity of the following diagram:

GxG—2¢"  _axa
e AN
G = {x} - G
N e
G x @G G x @G
(X1dg

where A : G — G x G is the diagonal embedding defined by A(g) := (g, ¢) for any g € G.
Proposition 1.1.2. The inverse map in a group is unique.

Proof. Suppose that ' and z” are both an inverse for x € G. Then:

1.2. Rings and fields.

Definition 1.2.1. A ring is a triple (R,+,-) where:

(1) (R,+) is an abelian (i.e. commutative) group, with unit element denoted by 0.
(2) (R, ) is a monoid, with unit element denoted by 1.
(3) The following distributivity property holds for any z,y,z € R:

z(y+2) = zy+xz (left distributivity),
(x+y)z = wxz+yz (right distributivity).
Note that the left and right distributivity properties are respectively equivalent to the

commutativity of the two following diagrams, with s(z,y) = = + y, m(x,y) = zy and
To3g — IdR XT X IdR
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AXIdr X Idg Idr X Idg XA

R3 R* R3 R*
Idg Xsl \LTQ?, stde lms
R xR R! RxR R!
R
R RxR R RXxR

In particular, 0 is an absorbing element in a ring: for any x € R we have:

z0=z(1-1)=zl—-2l=x—2=0.

A commutative ring is defined the same way, except that the commutativity assumption for

the product - is added. Left and right distributivity properties coincinde in that case.

Remark 1.2.1. Unless specified, we always consider unital rings. Non-unital rings R, where

(R,.) is only a semigroup and not necessarily a monoid, will be considered in Paragraph 2.1.

We stick to commutative rings for the moment. A divisor of zero is an element = # 0 such

that there exists y # 0 with zy = 0. A commutative ring without divisors of zero is an integral

domain.

Example 1.2.1. Theset Z ={...,—2,—1,0,1,2,...} endowed with usual addition and mul-

tiplication is an integral domain.

Example 1.2.2. Let R be a commutative ring. The ring R[X] of polynomials in one indeter-

minate with coefficients in R is defined as:

400
R[X] := {ZTij, rj€R, rj=0forj >>}.

J=0

The addition is performed termwise: for any P = > .. r; X7 and Q = 3., s;X7 in R[X],

one has:

P+Q:= Z(rj + 55) X7.

J=0

The product is determined by the rule X*X7 = X"/ extended by the distributivity relation.

Explicitly:

PQ:Z( > Ta5b>Xj.

720 \a,b>0,a+b=j

The degree of the polynomial P is given by

deg P = sup{j > 0, r; # 0},

and the valuation of the polynomial P is given by

val P :=inf{j > 0, r; # 0}.
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A monomial is a polynomial P such that deg P = val P. It is given by P = rX’ for some
re€ R—{0} and j > 0.

Example 1.2.3. Let R be a commutative ring. The ring R[[X]] of formal series in one

indeterminate with coeflicients in R is defined as:

R[[X]] == {frj)(j, rj € R},

without any other condition on the coefficients. The sum and product are defined the same
way as for polynomials. The notion of degree does not make sense anymore, but the notion of

valuation still does.

Definition 1.2.2. An ideal in a commutative ring R is a nonempty subset J C R such that
xy € J for any x € R and y € J. In short,

RJ C J.

If the ring R is not commutative, one distinguishes between left ideals, right ideals and two-

stded ideals, respectively characterized by the properties
RJ C J, JR C J, RJUJR C J.

The intersection of two left ideals is a left ideal. The same holds for right ideals and two-sided

ideals.
Definition 1.2.3. A field is a commutative ring k which has no ideal except {0} and k.
Proposition 1.2.1. Any nonzero element in a field is invertible.

Proof. Let a € k — {0}, and let J be the smallest ideal (for the inclusion) containing a. We
have J = k by definition of a field. In particular 1 € J, hence there exists b € k such that
ab = 1. O

Examples of fields:
the field Q of rational numbers,

number fields, i.e. finite extensions of Q,

the field R of real numbers,

the field C of complex numbers,

the field k(X)) of rational fractions over a given field k,

the field k[X 1, X]] of Laurent series over a given field k, i.e

KXY X])] = {Zanj, a; €k, a; =0 for j <<},

JEL

The field Q, of p-adic numbers, p being a prime number,

The finite field F, = Z/pZ, p being a prime number.
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Definition 1.2.4. Let k be a field. Its characteristic is the smallest nonzero number p
h that k = =0. [ h d t exist, th ld ki
such that, for any a € k, pa :=a+---+a f such a p does not exist, the fie s of

p times

characteristic zero.

The characteristic of a field is always zero or a prime number.

1.3. Modules over a ring.

Definition 1.3.1. A module over a commutative ring R is an abelian group (M, +) together

with a binary product

m:RxM — M
(N z) — Az
such that:
e 0x =0y for anyx € M,
o lx =x for any x € M,
o \Nux) = (Au)x for any x € M and \, p € R,
e Nzx—y)=Xx— Xy forany A € R and x,y € X.

The term vector space is used for modules over a field. Over a noncommutative ring R, one
has to distinguish between left R-modules and right R-modules.

1.4. Linear algebra. Let k be a field, and let V' be a k-vector space. Let us recall that a subset
F C V is free if, for any (x1,...,2,) € F? and any (A1,...,\,) € kP, if \jzy +---+ Az, =0
then \y = --- = )\, = 0. On the other hand, a subset F' C V' generates V if any element of V'
can be written as a linear combination Ajxy + - - - + \,z,, of elements x; € F', with coefficients
Aj € k. A basis is a subset which is both free and generating. In this case, any element of V'
can be written as a linear combination of elements of F' in a unique way. Recall that all bases
have the same cardinality: the dimension of the vector space V.

Proposition 1.4.1. Any vector space admits a basis

Proof. (sketch) This is a consequence of the axiom of choice: any free subset can be completed

in order to form a basis. O

Definition 1.4.1. Let V and W be two vector spaces over the same field k. A morphism of
k-vector spaces
p:V—W

is called a linear map. In other words, a linear map ¢ is a morphism of abelian groups which
moreover commutes with multiplication by scalars, i.e.

p(Az + py) = do(x) + pe(y)
for any A\, u € k and any x,y € V.
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The set of linear maps from V onto W is denoted by L£(V,W). It is naturally endowed with a

k-vector space structure.

Definition 1.4.2. Let V' be a k-vector space, and W C V' a vector subspace, i.e. a subset
of V' stable by addition and multiplication by scalars. The quotient V//W is the set of classes

i V' under the equivalence relation defined by:
r~y<=zx—yecW

The quotient V /W is a vector space: denoting by = the class of z € V/W | the vector space
operations on V/W are defined by = + 7y := z+y and AT := Az. The canonical projection
V —» V/W is a linear map.

Definition 1.4.3. Let Vi Vo and W be three k-vector spaces. A map ¢ : Vi3 x Vo — W s
bilinear if it is linear in each of its argument when the other one is fived, namely,

(1.4.1) flax + by, d'x +by) =abf(z,y) +ab f(z,y) +d'bf (2, y) +dV f(2',y).

1.5. Tensor product. Let A and B be two vector spaces over the same field k. The tensor
product A® B is a k-vector space which satisfies the following universal property: there exists

a bilinear map

J:AXxB — A®B
(a,b) — a®b

such that, for any k-vector space C' and for any bilinear map f : A x B — C' there is a unique
linear map f: A® B — C such that f = f o, i.e. such that the following diagram commutes:

A®B

T\f\/

J

AxB—C
!

Proposition 1.5.1. The tensor product A ® B exists and is unique up to isomorphism.

Proof. Let us show uniqueness first: if (77, 1) and (75, j2) are two candidates for playing the
role of a tensor product, the universal property applied to both tells us that there exist linear
maps ¢ : 17 — 15 and ¥ : Ty — T} such that 7o = ¢ o y; and j; = ¥ o gs:

Ax B

15

J2
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Applying the universal property twice again shows that ¢ oy = Idp, and ot = Idy,, hence

the tensor product is unique up to linear isomorphism.

Now let us prove the existence, which needs the axiom of choice in the infinite-dimensional
case: we start from choosing a basis (e;);cr of A and a basis (f;);es of B. The vector space
A ® B is then defined as the vector space freely generated by the symbols ¢;;, 7 € I, j € J.
Explicitly,

A® B := { Z NijCijs Nij € k., Aij = 0 except for a finite number of ordered pairs (i,j)} ;

il jed

and we define the bilinear map j by j(e;, e;) = ¢;;, hence ¢;; = e; ® e;. For any bilinear map
f:Ax B — C (where C is another k-vector space), the linear map f : A ® B — C uniquely
determined by f(c;;) = f(e;, ;) is the only one such that f oy = f. Hence the space A® B

just constructed verifies the universal property. O

The elements a®@b € A® B, with a € A and b € B, generate A ® B. Tensor products k® A
and A ® k are canonically identified with A via 1 ® a ~¥ a ® 1 ~ a for any a € A. Whenever
three vector spaces A, B, and C are involved, there is an isomorphism

a: (A®@B)@C — A®(Bx(C)
(a®@b)®@c — a® (b®c).
This isomorphism is not canonical, because A ® B and B ® C' are themselves defined only

up to isomorphism. We shall denote by A ® B ® C' any of these two versions of the iterated

tensor product.

Let A and B be two k-vector spaces. The flip 7: A® B — B® A defined by 7(a®b) = b®a
is a vector space isomorphism. This generalises to a finite collection (Ay,...,A,) of vector
spaces: any permutation o € S, yields a linear isomorphism

T A® ®A, — Aa® @A
Q- a, = a0;1®---®a0;1,
and we have 7, = 7,7, for any w,o € S,,. This yields an action of the symmetric group S,

on the direct sum P, g As; @+ ® A,,. The quotient under the action of S, is called the
unordered tensor product of Ay,..., A,, denoted by

X A
je{l,...,n}

Proposition 1.5.2. Let Ay, By, Ay, By be k-vector spaces. There is a natural injection

j: E(Al, Ag) X L(Bl, BQ) — E(Al X Bl, A2 X BQ)
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given by
((f ®9)(a®b) = f(a) ® g(b).

When the vector spaces are finite-fimensional, this embedding is an isomorphism.
Proof. The space L(A; ® By, Ay ® By) together with the bilinear map:
J:L(A1, Ag) X L(By,By) — L(A; ® By, Ay ® By)
(f.9) — (a@b= fla)®g(b))

yields the map 7 by universal property. It is manifestly injective. In the finite-dimensional
case, bijectivity od 7 can be proved either by dimension-counting, or by proving that £(A4; ®
Bj, Ay ® Bs) together with the bilinear map j fulfills the universal property. Details are left to
the reader. OJ

1.6. Duality.
Definition 1.6.1. For any k-vector space V', the dual V* is defined by
V=LV, k).

For any linear map @ : V. — W where W is another vector space, the transpose 'y : W* — V*
of ¢ is defined by 'o(a) := a o @, namely:

©

V—W

tw(a\ la
k

Proposition 1.6.1. Ther is a canonical embedding A : V — V** | which is an isomorphism if

and only if V' is finite-dimensional.

Proof. Any v € V gives rise to A(v) = v € V** defined by v(&) := £(v) for any £ € V*. The
map A : V' — V** thus defined is clearly injective. Now let (e;);c; be a basis of V. Any finite
linear combination ), A;e; belongs to V**. For any i € I, let ¢; € V* be defined by ¢;(e;) = 5f

If V is finite-dimensional, then [ is finite, and any v € V** can be written as:
v = Z v(e;)ei,
el

hence v = v = A(v) with v := Y., v(g;)e;. If I is infinite, the family

F = {(51')@'6[7 f}

is free in V*, where £ € V* is defined by £(e;) = 1 for any ¢ € I. We can complete F' in a basis
of V*. Now let g € V** defined by f(§) = 1 and §(n) = 0 for any other n in this basis. In
particular, 5(g;) = 0 for any 7 € I, hence  cannot be any A(v) with v € V. O

Remark 1.6.1. When V is finite-dimensional with a choice of basis (¢;);cs, the family (g;);er
defined above is a basis of V*, the dual basis, characterized by &;(e;) = d7.
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1.7. Graded vector spaces. A vector space is Ny-graded if:
(1.7.1) V=PV,

n>0
The k-vector space V,, is the n' homogeneous component on V. We shall be interested in the
case when the homogeneous components are finite-dimensional. The Poincaré-Hilbert series of
V' is given by:

(1.7.2) fole) = (dimV;)a".

n>0

The graded dual of V' is defined by:
(1.7.3) Ve =P

n>0
Proposition 1.7.1. The graded dual V° is a subspace of the dual V*, and the graded bidual
V' is canonically isomorphic to V' as a graded vector space.

Proof. Easy and left as an exercise. O
Definition 1.7.1. A Ny-graded vector space V' is connected if dim Vy = 1.
1.8. Filtrations and the functor Gr.

Definition 1.8.1. Let V be a k-vector field, where k is a field. An increasing Ny-filtration
is a family (V™),>o of k-vector spaces, with VI C VI* for any j > 0 and szo Vi=V.
It will be also convenient to set Vi, = {0} for any integer k < —1.
Definition 1.8.2. Let V' be a Ny-filtered vector space. The assoctated graded vector space
of V is given by GrV .= @, V7 /V/~L.

There is a canonical linear isomorphism 7y : V' — GrV defined as follows: 7(z) is the image
of x by the projection m, : V" — V" /V"~1 where n is the degree of x, namely:
(1.8.1) n = |z| = inf {j € Ny, x € V7}.
Proposition 1.8.1. Let V' and W be two filtered vector spaces as above. Any linear map

v V. — W such that (V™) C W™ for any n > 0 gives rise to a unique linear map Grp :
GrV — GrW making the following diagram commute:

1% ‘ 1%
GrV GrW
Gro

Moreover the correspondence Gr thus defined is a covariant functor: for any three vector
spaces V. W, X and any two linear maps ¢ : V. — W and ¢ : W — X, we have

(1.8.2) Gr(¢ o) = Griy o Gr.
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Exercices for Section 1.

Exercise 1.1. Let M be a monoid. Suppose that any element x € M admits a right inverse x”, i.e.
such that xz” = e, and a left inverse x’, i.e. such that 2’z = e. Show that the left and the right

inverse coincide, and hence that M is a group.

Exercise 1.2. Let A and B be two sets. Describe a natural bijective map from A x B onto B x A.

Deduce from that the commutativity of the multiplication of natural numbers.

Exercise 1.3. Let A, B and C three sets. Describe a natural bijective map from (A x B) x C onto
A x (B x C). Deduce from that the associativity of the multiplication of natural numbers.

Exercise 1.4. Imagine two exercises in the spirit of Exercices 1.2 and 1.3, in order to show commu-

tativity and associativity of the addition of natural numbers.

Exercise 1.5. Let R be an integral domain. Show that R[X] is an integral domain. Same question
for the ring R[[X]] of formal series.

Exercise 1.6. Let R be a ring not necessarily commutative), and let R[[X]] be its ring of formal
series. Define a distance on R[[X]] by the formula:

(1.8.3) d(f,g) == 2",
Show that d is a distance, making R[[X]] a metric space, and show that this metric space is complete.

Exercise 1.7. Let k be a field. Prove that the ring k[X !, X]] of Laurent series with coefficients in
k is a field.

Exercise 1.8. Prove that the characteristic of a field is a prime number (Hint: consider the kernel

of the multiplication by a prime numer p: what can you say about it?).

Exercise 1.9. Prove that the operations described in Definition 1.4.2 are well-defined and do endow

the quotient V/W with a k-vector space structure.

Exercise 1.10. Let (V;);er be a collection of k-vector spaces, indexed by some set I. The direct sum:
5= @i
el
is the set of finite formal linear combinations ), ; Ajv; with \; € k and v; € V;. Here, finite means
that the A\;’s vanish except a finite number of those.

e Prove that S is a k-vector space, and prove that the direct sum solves the following universal
property: for any vector space W and for any collection (f;);cs of linear maps f; : V; — W,
there is a unique linear map f : S — W making the following diagram commute:

v lw

|7

S

Decribe the maps j; and prove that they are injective.
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e Prove that the direct sum, when abstractly defined by the universal property above, is unique

up to isomorphism.
Exercise 1.11. Let (V;);er be a collection of k-vector spaces, indexed by some set I. The direct
p=]]v

el
is the set of formal linear combinations ), ; Ajv; with A\; € k and v; € V;. Contrarily to the direct

product:

sum, no finiteness condition is required here.

e Prove that P is a k-vector space, and prove that the direct sum solves the following universal
property: for any vector space W and for any collection (g;);cs of linear maps g; : W — V;,

there is a unique linear map ¢g : W — P making the following diagram commute:

Vi— W

9i
i
P4

P

Decribe the maps m; and prove that they are surjective.
e Prove that the direct product, when abstractly defined by the universal property above, is
unique up to isomorphism.

Exercise 1.12. Prove Proposition 1.7.1.
Exercise 1.13. Let (V;);c; be a collection of k-vector spaces, with I finite. Define the unordered
r-@v

el
by means of a universal property (Hint: use the product P : =[]

tensor product:

ser Vi and multilinear maps). Show

uniqueness up to isomorphism, and show that this concrete definition matches the definition given in

Paragraph 1.5.

2. HOPF ALGEBRAS: AN ELEMENTARY INTRODUCTION

2.1. Algebras and modules.

Definition 2.1.1. Let R be a commutative ring. An R-algebra is a ring A, not necessarily
commutative nor unital, together with a compatible R-module structure. The compatibility

condition 18:
(2.1.1) Azy) = (Ar)y = z(Ay)
for any A € R and x,y € A.

If A is unital, we denote the unit by 1 4 or simply by a boldface 1, to distinguish it from the
unit 1 of the base ring R.

Proposition 2.1.1. Let k be a field, and let A be a k-algebra. Then
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(1) A is a k-vector space.

(2) The product naturally defines a linear map m : A® A — A via m(a @ b) := ab.

(3) Whenever A is unital, the map u : k — A defined by u(X\) := A1 4 is linear.

(4) The associativity of the product and the unit property of 14 are respectively equivalent

to the commutativity of the two following diagrams:

A A A" . Ap A ko AT A AL Aok
fasm l l " \ l m/
A A — A A
Proof. Straightforward and left to the reader. OJ

Left ideals, right ideals and two-sided ideals are defined the same way for an R-algebra A
as for a general ring, except that they must be r-submodules of A. A subalgebra of A is a
subring which is also an R-submodule.

Example 2.1.1. Let V be a k-vector space. The tensor algebra of V is defined as:
(2.1.2) (V) :=EPver,
n>0

with VOV =k, VO =V V®2 =V @V, etc. The product is given by concatenation:
(213) m(Ul cUg e (O X Upg1 * Upgo = v Upgq = Uy =VUge---» Uptq-

Here we denote the tensor product internal to T'(V') with a -, to distinguish it with the ”ex-
ternal” tensor product ® in T(V) @ T'(V). The unit is the empty word 1 € k ~ V0.

Proposition 2.1.2. Let V be any k-vector space. The tensor algebra T (V') is the free unital

associative algebra generated by V.

Proof. We have to show the following universal property: for any unital k-algebra A and for
any linear map [ :V — A, there exists a unique unital algebra morphism f : T'(V') — A such
that the following diagram commutes:

where the product takes place in A on the right-hand side. For p = 0 this of course boils

down to f(1) =14. O
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Example 2.1.2. Let V be a k-vector space. Let J be the two-sided ideal generated by (i.e.
the smallest two-sided ideal containing) {x+y —y-x, x,y € V'}. The symmetric algebra of V'
is defined as the quotient S(V) =T(V)/J.

Proposition 2.1.3. S(V) is the free commutative algebra generated by V.

Proof. Let us first show that S(V') is a commutative algebra. Let v = 2y «--- v, and w =
Yoo Yy Let us show that [v, w] = v+w—w-v belongs to J. This is easily seen by induction
on p + ¢: indeed the initial cases p+q¢q =1 and p + ¢ = 2 are obvious. If p+ ¢ > 3, then p > 2
or ¢ > 2. Suppose p > 2. Then

[,w] = @y ART IR Yg—Yre e g e x,
— gy e Tyt Yo — T1 Yy g Lo e e z,
ry Yy e g T e Ty — e Yo Ty e e x,

=y g Ty Y e ol + [, yr e DT z,

belongs to J by the induction hypothesis. The case ¢ > 2 is treated similarly.

Now let us prove the universal property: let f : V — A be any linear map, and let f
T(V) — A be the unlque extension of f to a unital algebra morphism. As A is commutative,
we obviously have f| ;= = 0. Hence f factorizes itself through S (V) =1T(V)/J, giving rise to

f:S(V) — A such that the following diagram commutes:

where j = 7 0 j and where 7 : T(V) — V is the canonical projection. Such an f is unique
as J(V) generates the algebra S(V). O

Definition 2.1.2. Let A be a unital algebra on the field k. A left module on A is a k-vector
space M together with a linear map

a: A M — M

a®@r —— ax,

such that 142 = x for any x € M, and a(by) = (ab)y for any a,b € A and y € M. This
amounts to the commutativity of the two following diagrams:
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Id 4 ®a uXId pr

AR AR M A M kM A M
mA®Id]Ml la \ lo‘
A®M —— M M

Right A-modules are defined similarly, replacing A ® M by M ® A.

A left A-module M is simple if it does not contain any submodule different from {0} of M.

A left module is called semi-simple if it can be written as a direct sum of simple modules.
2.2. Coalgebras and comodules.

Definition 2.2.1. Let k be a field. A k-coalgebra is a k-vector space C together with a linear
map A : A — C®C which is co-associative, i.e. such that the following diagram commutes:

Coloc =2 coc
Idc®AT TA
C®C x C

The coalgebra is co-unatal if moreover there exists a co-unit € : C — k making the following
diagram commute:

A coalgebra is co-commutative if moreover 7 o A = A, where 7 : C ® C is the flip, defined
by 7(z ®y) =y ® x.
Definition 2.2.2. Let C be a k-coalgebra. A vector subspace J C C is:
a subcoalgebra if A(J) C J® J,
a left coideal if A(J) CC® J,
a right coideal if A(J) C J®C,
e o two-sided coideal if A(J) CC®J+ J®C.

Proposition 2.2.1. Let k be a field. The dual C* of a co-unital k-coalgebra is a unital k-
algebra. The product (resp. the unit) is given by the transpose of the coproduct (resp. the

co-unit).

Proof. We have m ='A = (C ® C)* — C*. The product m is given by the restriction of m
to C* ® C* (which is strictly contained in (C ® C)* unless C is finite-dimensional). Checking
associativity is easy and left to the reader, as well as checking the unit axioms for the transposed
co-unit u =% : C* — k. O
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For any x in a colgebra C, the coproduct Az € C ® C is a finite sum of indecomposable

elements. This is emphasized by the widely used Sweedler notation:

(2.2.1) Ar =) "z ® .

(z)
Equation (2.2.1) must be handled with care, because the decomposition on the right-hand side
is by no means unique. It can however be very useful in computations. For example, the
iterated coproducts display in Sweedler’s notation:

(AId)Az = Z T11 @ Tr2 & Ty,
(z)
(Id®A)Ar = Z T @ T21 @ Tag.
(z)
Coassociativity yields equality of both expressions, which can thus be written in the following

simpler form:

(2.2.2) (A@Id)Ar = (Id@A)Az = ) " 21 @ 25 @ 23,
(z)

The co-commutativity property 7o A = A translates itself in Sweedler’s notation as:

(223) Z.Tl X x9 = ZSL’Q X xq.

() ()

Example 2.2.1 (the coalgebra of a set). Let E be any set, and let C be the vector space freely
generated by E:

C .= {Z Aa, Ay = 0 except for a finite number of them}

acl

The comultiplication is defined by

(2.2.4) A <Z )\aa> = Z At ® a.

ack ackE
The co-unit is given by €(a) = 1 for any a € FE and extended linearly. Note that Aa = a ® a
for any a € F.

Example 2.2.2 (the tensor coalgebra). Let V' be a vector space over a field k. The tensor
colagebra is defined as:
(2.2.5) T°(V) = Pver

n>0
It is isomorphic to the tensor algebra T(V') as a graded vector space. The comultiplication is
giwen by deconcatenation:

(226) A(vl...vn) = 'Ul"'vp®vp+1"'vn~
p=0
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Definition 2.2.3. Let k be a field. A left comodule on the c-unital k-coalgebra C is a
k-vector space M together with a coaction map ® : M — C ® M such that the following
diagrams commute:

C®C®M A®Ide C®M k®M eQId s C®M
o .
CoM . M M

The notion of right comodule is defined similarly, with M @ C instead of C @ M.

Sweedler’s notation for a coaction is:

(2.2.7) O(m) = my @my.

We have then:

(2.2.8) (A @1de)®(m) = (Ide @P)D(m) = > my @ my @ m.
(m)

Theorem 2.2.1 (fundamental theorem of comodule structure theory). Let M be a left co-
module over a co-unital coalgebra C. For any m € M, the subcomodule generated by m is

finite-dimensional.

Proof. One can find a finite collection ¢y, ...c, of linearly independent elements of C and a

collection my, ..., m, of elements of M such that:

Let N be the vector subspace of M generated by my, ..., m,. Using the co-unit axiom we see
that m belongs to N. Indeed,

S

m = (e ®Id¢) o ®(m) = Z&t(cj)mj.

i=1
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Now let us prove that N is a subcomodule of M. Let us choose linear forms fi,..., fs of C
such that f;(c;) = 67. Then we compute:

O(my;) = (f; ®Ilde®1Ide)(c; ® ®(my))

= (f; ®Ide®1de) (Z ¢; ® <1>(mj)>

i=1
= (fi®Ide®Idc) o (Ide @) o P(m)
= (fi®lde®Ide) o (A®Ide) o ®(m)

J=1
- Yo lAe) @ m,
j=1
Hence ®(m;) € C ® N, which proves Theorem 2.2.1. O

Corollary 2.2.1. Let M be a left comodule over a co-unital coalgebra C. Any left subcomodule
generated by a finite set is finite-dimensional.

Proof. remark that if P = {my,...,m,}, the left subcomodule generated by P is the sum of
the left comodules generated by the m;’s, and then apply Theorem 2.2.1. O

Theorem 2.2.2 (fundamental theorem of coalgebra structure theory). Let k be a field, and
let C be a k-coalgebra. Then the subcoalgebra generated by one single element x s finite-

dimensional.

Proof. The coalgebra C is a left comodule over itself. Let N be the left subcomodule, i.e. the
left coideal here, generated by x. According to Theorem 2.2.1, N is finite-dimensional. Then
the orthogonal N+ has finite codimension in C*, equal to dim N. The dual C* is an algebra (see
Exercise 2.3), and N* is a left ideal therein, see Exercise 2.4. The quotient space F = C*/N=*
is a finite-dimensional left module over C*. Let K be the annihilator of this left module. As
kernel of the associated representation p : C* — End E it has clearly finite codimension, and
it is a two-sided ideal.

Now the orthogonal K of K in C is a subcoalgebra of C, see Exercise 2.5. Moreover it
is finite-dimensional, as dim KT = codim K '+ < codim K. Finally K C Nt implies that
N+T C KT, so x belongs to K. The subcoalgebra generated by z is then included in the

finite-dimensional subcoalgebra K, which proves the theorem. O]

Definition 2.2.4. A coalgebra C is said to be irreducible if two nonzero subcoalgebras of C
have always nonzero intersection. A simple coalgebra is a coalgebra which does not contain
any proper subcoalgebra. A coalgebra C will be called pointed if any simple subcoalgebra of C
s one-dimensional.
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Lemma 2.2.1. Any coalgebra C contains a simple subcoalgebra.

Proof. According to theorem 2.2.2 we may suppose that C is finite-dimensional, and the lemma

is immediate in this case. O

Proposition 2.2.2. A coalgebra C is irreducible if and only if it contains a unique simple

subcoalgebra.

Proof. Suppose C irreducible, and suppose that D; and D, are two simple subcoalgebras. The
intersection D; N D, is nonzero, and hence, by simplicity, D; = D,. Conversely suppose that
£ is the only simple subcoalgebra of C, and let D any subcoalgebra. According to lemma 2.2.1
we have £ C D, hence £ is included in any intersection of subcoalgebras, which proves that C
is irreducible. O

2.3. Convolution product. Let A be an algebra and C be a coalgebra (over the same field
k). Then there is an associative product on the space L£(C,.A) of linear maps from C to A

called the convolution product. It is given by:

p*rth=mgo(p®R1)oAc.

In Sweedler’s notation it reads:

¢ xip(x) = Z p(x1)p(x2).
()

The associativity is a direct consequence of both associativity of A and coassociativity of C.

2.4. Intermezzo: Lie algebras. Let k be a field, with characteristic different from 2. A Lie
algebra on k is a k-vector field g endowed with a bilinear map (X,Y) — [X, Y] such that:
(1) For any X,Y € g one has [Y, X] = —[X, Y] (antisymmetry).
(2) Forany X,Y,Z € gone has [[X,Y], Z| +[[Y, Z], X] +[[Z, X],Y] = 0 (Jacobi identity).
Axiom (1) is equivalent to [X, X]| = 0 for any X € g. Denoting by ad X the linear endo-
morphism Y — [X Y] : g — g, The Jacobi identity is equivalent to the fact that ad X is a

derivation of the Lie algebra g, namely:

(2.4.1) ad X.[Y, Z] = [ad XY, Z] + [V, ad X.Z]
for any X,Y, Z € g.

2.5. Bialgebras and Hopf algebras.

Definition 2.5.1. A (unital and co-unital) bialgebra is a vector space H endowed with a
structure of unital algebra (m,u) and a structure of co-unital coalgebra (A, e) which are com-
patible. The compatibility requirement is that A is an algebra morphism (or equivalently that
m is a coalgebra morphism), € is an algebra morphism and w is a coalgebra morphism. It is

expressed by the commutativity of the three following diagrams:
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723

HOHRIHRXH HOHOHRXH
TA@A lm@m
HOH——H———~HSH
HOH k@ k HOH " kok
A o
H— k H~—" k

Definition 2.5.2. A Hopf algebra is a bialgebra H together with a linear map S : H — H
called the antipode, such that the following diagram commutes:

S®I

HOH HOH
% y\
H = k “ H
\* V
HoH —2" _HeoH

In Sweedler’s notation it reads:

D S(a)as = 218(x) = (uoe)(x).
(z)

()

In other words the antipode is an inverse of the identity I for the convolution product on
L(H, H). The unit for the convolution is the map uoe.

Definition 2.5.3. A primitive element in a bialgebra H is an element x such that Ax =
r®1+1®x. A grouplike element is a nonzero element x such that Ax = x ® . Note
that grouplike elements make sense in any coalgebra.

A bi-ideal in a bialgebra H is a two-sided ideal which is also a two-sided co-ideal. A Hopf
ideal in a Hopf algebra # is a bi-ideal J such that S(J) C J.

Example 2.5.1 (The Hopf algebra of a group). Let G be a group, and let kG be the group
algebra (over the field k). It is by definition the vector space freely generated by the elements
of G: the product of G extends uniquely to a bilinear map from kG x kG into kG, hence a
multiplication m : kG ® kG — kG, which is associative. The neutral element of GG gives the
unit for m. The space kG is also endowed with a the co-unital coalgebra structure of the set
GG defined in Example 2.2.1.
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Proposition 2.5.1. The vector space kG endowed with the algebra and coalgebra structures
defined above is a Hopf algebra. The antipode is given by:

S(g)=9'g€q.

Proof. The compatibility of the product and the coproduct is an immediate consequence of
the following computation: for any g, h € G we have:

A(gh) = gh® gh = (g ® g)(h @ h) = Ag.Ah.

Now m(S ® INA(g) = g~'g = e and similarly for m(I ® S)A(g). But e = uoe(g) for any
g € G, so map S is indeed the antipode. O

Remark 2.5.1. If G were only a semigroup, the same construction would lead to a bialgebra
structure on kG: the Hopf algebra structure (i.e. the existence of an antipode) reflects the
group structure (the existence of the inverse). We have S? = [ in this case, but involutivity of
the antipode is not true for general Hopf algebras.

Example 2.5.2 (Tensor algebras). There is a natural structure of cocommutative Hopf algebra
on the tensor algebra T'(V') of any vector space V. Namely we define the coproduct A as the
unique algebra morphism from 7'(V') into T(V) ® T'(V') such that:

Al)=1®1, Az)=z@1+1®z, xeV.

We define the co-unit as the algebra morphism such that (1) = 1 and ey = 0 This en-
dows T'(V) with a cocommutative bialgebra structure. We claim that the principal anti-
automorphism:

S(r1®-Qay) =(—1)", @ - @y
verifies the axioms of an antipode, so that T'(V') is indeed a Hopf algebra. For x € V' we have
S(x) = —x, hence S x I(x) = I x S(x) = 0. As V generates T(V') as an algebra it is easy to

conclude.

Example 2.5.3 (Enveloping algebras). Let g be a Lie algebra. The universal enveloping
algebra is the quotient of the tensor algebra T'(g) by the ideal J generated by x @ y —y @ = —

[z,y], z,y € 0.
Lemma 2.5.1. J is a Hopf ideal, i.e. A(J) CHQJ+J@H and S(J) C J.
Proof. The ideal J is generated by primitive elements (according to proposition 2.5.3 below),

and any ideal generated by primitive elements is a Hopf ideal (very easy and left to the
reader). O

The quotient of a Hopf algebra by a Hopf ideal is a Hopf algebra. Hence the universal

enveloping algebra U(g) is a cocommutative Hopf algebra.

We summarise in the proposition below the main properties of the antipode in a Hopf

algebra:
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Proposition 2.5.2. (cf. [30, Proposition 4.0.1]) Let H be a Hopf algebra with multiplication
m, comultiplication A, unit u : 1 +— 1, co-unit € and antipode S. Then:
(1) Socu=wuandeo S =c¢.
(2) S is an algebra antimorphism and a coalgebra antimorphism, i.e. if T denotes the flip
we have:

mo(S®S)or==5om, To(S®S)oA=AoS.
(3) If H is commutative or cocommutative, then S* = 1.

For a detailed proof, see Chr. Kassel in [19].

Proposition 2.5.3. (1) If x is a primitive element then S(z) = —x.

(2) The linear subspace PrimH of primitive elements in H is a Lie algebra.

Proof. 1If x is primitive, then (¢ ® €) o A(x) = 2¢(x). On the other hand, (e ®¢) o A(x) = e(x),
so e(x) = 0. Then:
0= (uoe)(z) =m(S®I)A(x) = S(z) — .

Now let x and y be primitive elements of H. Then we can easily compute:
Alzy —yr) = @14+102)(y01+10y) - (¥y21+10y)(zR1+11)
= (ry—yr)@1+1@@y+yr)+rRQy+yYRr—yr—rQy
= (zy—y2r)®1+1® (zy —yx).

Exercises for Section 2.

Exercise 2.1. Let A be a k-algebra, where k is a field. A left A-module M is simple if it contains
no submodule except {0} and M. A left A-module M is semi-simple if it is isomorphic to a finite
direct sum of simple A-modules. Prove that for any maximal left ideal of A, the quotient A/.J is a
simple left .A-module. Prove that, conversely, any simple left .A-module is the quotient A/.J where .J

is a maximal left ideal.

Exercise 2.2. [Jacobson’s density theorem| Let A be a k-algebra, where k is a field. For any left
A-module M we denote by A, the algebra of the A-module endomorphisms of M, and we denote
by A7, the algebra of the A’;-module endomorphisms of M.

(1) Describe a natural map ¢ : A — A},

(2) Now let M be a semi-simple A-module, and let z1,...,x, be a finite collection of elements
of M. Then for any o” € AJ,, there exists an element a € A such that a”z; = ax; for
any j = 1,...,n. (Hint: use semi-simplicity to prove that any .A-submodule of M is a
A’} ;-submodule.)

Exercise 2.3. Prove that the linear dual C* of a co-unital coalgebra C is a unital algebra, with
product (resp. unit map) the transpose of the coproduct (resp. of the co-unit). Is the dual A* of a
co-unital algebra A a co-unital coalgebra ?
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Exercise 2.4. Let C be a co-unital coalgebra, and let J be a linear subspace of C. Denote by J* the
orthogonal of J in C*. Prove that:

e J is a two-sided coideal if and only if J* is a subalgebra of C*.
e J is a left coideal if and only if J* is a left ideal of C*.

e J is a right coideal if and only if J* is a right ideal of C*.

e J is a subcoalgebra if and only if J* is a two-sided ideal of C*.

Exercise 2.5. Let C be a co-unital coalgebra, and let K be a linear subspace of C*. Denote by KT
the orthogonal of K in C. Show that KT = K NC where K+ is the orthogonal of K in the bidual
C**. Prove that:

e K is a two-sided coideal if and only if K is a subalgebra of C*.
e KT is a left coideal if and only if K is a left ideal of C*.

e KT is a right coideal if and only if K is a right ideal of C*.

e KT is a subcoalgebra if and only if K is a two-sided ideal of C*.

Exercise 2.6. Let A be an associative algebra on a field k, and let [a,b] := ab — ba for any a,b € A.
Prove that (A, [,]) is a Lie algebra.

Exercise 2.7. [Pre-Lie algebras] A left pre-Lie algebra on a field k is a k-vector space A together
with a bilinear map > : A x A — A such that:

(2.5.1) a>(b>c)—(a>b>c=b>(a>c)—(b>a)>c

for any a,b,c € A.

e Prove that any associative algebra is a left pre-Lie algebra.
e Let (A,1>) be a left pre-Lie algebra. Prove that [a,b] :=a>b—b1>a is a Lie bracket on A.

Exercise 2.8. [Sweedler’s four-dimensional Hopf algebra] Let H be the unital algebra generated by
-1 1 -1
=g 'g=1.

(1) Prove that there exists a unique coproduct A : H — H ® H such that:

three elements g, g~ ", x with the relation gg~

Ag=g®y, Ar=1Rz+2x®g.

Prove that the unital algebra H together with coproduct A, co-unit given by

and antipode given by
S(g)=g~", S(x) = —zg~!

is a Hopf algebra.

(2) Prove that the ideal J generated by 22, g> — 1 and zg + g is a Hopf ideal. Prove that the
quotient H := 7:2/ J is four-dimensional, with basis (1,z, g,gz), where we still denote by g
and x their images in the quotient.

(3) Compute the square S? of the antipode in H.
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3. GRADINGS, FILTRATIONS, CONNECTEDNESS

We introduce the crucial property of connectedness for bialgebras. The main interest resides
in the possibility to implement recursive procedures in connected bialgebras, the induction tak-
ing place with respect to a filtration (e.g. the coradical filtration) or a grading. An important
example of these techniques is the recursive construction of the antipode, which then “comes

for free”, showing that any connected bialgebra is in fact a connected Hopf algebra.

3.1. Connected graded bialgebras. Let k be a field with characteristic zero. We shall
denote by kl[[t]] the ring of formal series on k, and by k[t~ t]] the field of Laurent series on
k. A graded Hopf algebra on k is a graded k-vector space:

H=EEPH.,
n>0

endowed with a product m : H @ H — H, a coproduct A : H - H®H, aunit u: k — H, a
co-unit € : H — k and an antipode S : H — H fulfilling the usual axioms of a Hopf algebra,
and such that:

(3.1.1) HpHg C Hpig

(3.1.2) AM,) ¢ P ", oM,
ptg=n

(3.1.3) S(H,) < Han

Lemma 3.1.1. The unit 1 belongs to Hy, and e(H,) = {0} for any n > 1.
Proof.? Suppose that 1 = Ejzo a; with a; € H;. Equality 1ayg = apl = ay yields
(314) Qpay; = ajap = 0

for any 7 > 1. Now 1.1 = 1 implies:

2 _
Qg = Qo,
a; = a1ap + apay,
2
as = Q00+ aj + asay,

a, = anpay -+ agay, + g a;a;,
i+j=n,i7#0,j#0

which, together with (3.1.4), recursively implies a,, = 0 for any n > 1. Hence 1 = ay € H,.

The second assertion is proved similarly by a duality argument. Indeed, the transpose ‘= of

2From a Mathoverflow note by E. Wofsey.
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the co-unit is a unit map in the algebra H* = szo(Hj)*- The corresponding unit e € H* is

written as the (possibly infinite) following sum:

€:E€j

>0

with e; € (H;)*. We now have to prove that e belongs to (Ho)*, i.e. e, = 0 for any n > 1.
The end of the proof is similar to the one of the first assertion, due to the inclusion

A((Hp)" ® (Hy)") € (Hpig)™
0

If we do not ask for the existence of an antipode H we get the definition of a graded bialgebra.
In a graded bialgebra H we shall consider the increasing filtration:

-
p=0

Suppose moreover that H is connected, i.e. H, is one-dimensional (see Definition 1.7.1). Then

Kere = @7—[”

n>1

we have:

Proposition 3.1.1. For any x € H",n > 1 we can write:

Ax:x®1+1®x+£x, Az € @ H, @ Hy.
p+q=n,p#0,q#0

The map A is coassociative on Kere and A, = (I @ A)(I® 2@ A)...A sends H" into

Proof. Thanks to connectedness we clearly can write:
Ar=u®1+1®v+ Az

with u,v € ‘H and Az € Kere ® Kere. The co-unit property then tells us that, with £ ® H
and ‘H ® k canonically identified with H:

(3.1.5) r=(e®I)(Ax) =, r=(I®e)(Ax) = u,
hence u = v = x. We shall use the following two variants of Sweedler’s notation:

(3.1.6) Axr = Zx1®x2,
(z)

(3.1.7) Az = Zx'@x”,
(z)
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the second being relevant only for z € Kere. if £ is homogeneous of degree n we can suppose
that the components x, 29, 2',2” in the expressions above are homogeneous as well, and we
have then |x1| + |2zo] = n and |2/| 4+ |2"| = n. We easily compute:

AQDA(z) = 29191+10201+1R10x

+—§:f®xﬂgr+f®1®x”+h®f®x”
(z)

+ (A® DA(x)
and
IA)A(x) = 2011+121+101Q«

+ Zx’@x"®1+x'®1®x”+1®x'®x"
()

+ (I®A)A(2),

hence the co-associativity of A comes from the one of A. Finally it is easily seen by induction

on k that for any x € ‘H" we can write:

(3.1.8) Ap(z) = S e gath),
with |£0)| > 1. The grading imposes:
k+1
> ) =n
j=1
so the maximum possible for any degree |#()| is n — k. O

3.2. Connected filtered bialgebras. A filtered Hopf algebra on a field k is a k-vector space

together with an increasing Ny-indexed filtration:

HcH c-oCcH ' C--, | JH'=H

endowed with a product m : H @ H — H, a coproduct A : H - H®H, aunit u: k — H, a
co-unit € : H — k and an antipode S : H — H fulfilling the usual axioms of a Hopf algebra,
and such that:

(3.2.1) HPHT  C HPT
(3.2.2) AMHY Y HPOH!

pt+g=n
(3.2.3) S(H™) C H™

If we do not ask for the existence of an antipode H we get the definition of a filtered bialgebra.
For any x € H we set:

(3.2.4) |z| == min{n e N, z € H"}.
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Any graded bialgebra or Hopf algebra is obviously filtered by the canonical filtration associated
to the grading:

(3.2.5) n =P,
i=0
and in that case, if = is a nonzero homogeneous element, x is of degree n if and only if |z| = n.

Lemma 3.2.1. The unit of a filtered algebra H belongs to HC.

Proof. Consider the associated graded algebra Gr#H. Applying the functor Gr (see Paragraph
1.8 and also Exercise 3.5 below) to the product and the unit, we get the product m = Grm :
GrH ® Gr'H — GrH as well as the unit w : Gru : kK — GrH. Here k is concentrated in
degree zero and coincides with Grk. If the unit v does not take its values in H°, then its
graduate counterpart u does not take its values in (GrH)q, which contradicts Lemma 3.1.1.
The conclusion follows from H° = (GrH)o. O

We say that the filtered bialgebra H is connected if H° is one-dimensional. There is an

analogue of Proposition 3.1.1 in the connected filtered case, the proof of which is very similar®:

Proposition 3.2.1. For any x € H" NKere, n > 1, we can write:
(3.2.6) Az=2®1+1®z+ Az, Aze Y HOH.
p+q=n,p#0, ¢#0
The map A is coassociative on Kere and Ay = (191 @ A)(I®* 2@ A)--- A sends H"™ into
(HrF)eh+t,

Proof. First of all we have 1 € H°. Indeed, suppose |1| = d > 0. Then

d
Ale) HoH ™ cH @HT + 1T @ HY,
k=0
hence 7 ® 7(A1) = 0, where 7 is the projection from H? onto H?/H*!. But Al = 1 ® 1,
hence 7 ® (A1) = 7(d) ® 7(d) # 0, which yields a contradiction. Next, for any n > 1 we
have:
AH") € HeH' +H @H + > H O
p+q=n, p#0, g#0
C HOH'+H'@H + > " @HL,
p+q=n, p#0,47#0
with H% = H, N Kere, and similarly for H%. This comes immediately from the fact that
HP = H® + HE for any p > 1. Thus for any n > 1 and for any « € H" we have (here using

connectedness for the first time):
(3.2.7) Ar=u®1+1®v+Ax

3The proof below has been suggested to me by Darij Grinberg.
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with u,v € H" and Az € HL@HY !+ -+ 1 @ HL. Now using the co-unit property we
get:

r=(e®I1d)(Az) =v+e(u)l = (Id®e)(Az) = u+<(v)1.
Hence we get:
(3.2.8) Ar=u®l+1®v+Ar=2®1+1Qz+ (e(u)—l—&t(@))l—i—ﬁx.
Applying e ® Id to (3.2.8), and in view of Az = 0, we get e(u) + £(v) = 0, hence:
(3.2.9) Ar=12®1+1®z+ Az
The end of the proof is analogous to the graded case (Proposition 3.1.1). U

The main example of filtration is given by the coradical filtration, defined on any co-unital

coalgebra C as follows:

e C” =0 and C! is the coradical, i.e. the sum of its simple subcoalgebras, where a simple
coalgebra stands for a coalgebra which does not contain any nontrivial subcoalgebra.
This notion is dual to the notion of Jacobson radical of a unital algebra A, i.e. the
intersection of all nontrivial maximal left ideals A.

e The C™’s are inductively defined by:
(3.2.10) C":={reclC AzecC"'®C+CxC}.

One can prove that the coradical filtration is compatible with the coalgebra structure, i.e.

AC" C .m0 Co ® Cy. The following theorem is due to S. Montgomery [25, Lemma 1.1].

Theorem 3.2.1. Let H be any pointed Hopf algebra, i.e. a Hopf algebra such that any simple
subcoalgebra of it is one-dimensional. Then the coradical filtration endows H with a structure
of filtered Hopf algebra.

Remark 3.2.1. The image of k under the unit map w is a one-dimensional simple subcoagebra
of H. If ‘H is an irreducible coalgebra, by proposition 2.2.2 it is the unique one, and then the
coradical is H® = k.1. Any irreducible Hopf algebra is then pointed, and connected with
respect to the coradical filtration.

3.3. Characters and infinitesimal characters.

Definition 3.3.1. Let H and A be two unital k-algebras. A character of H with values
in A is a unital algebra morphism from H to A.

Definition 3.3.2. Let H and A be two unital k-algebras, and suppose that there is a unital al-
gebra morphism e : H — k (the augmentation). Let e = uyo0e: H — A. An infinitesimal
character of H with values in A is a linear map o : H — A such that:

(3.3.1) a(zy) = a(x)e(y) + e(x)a(y) for any x,y € H.
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The target algebra A will be commutative in general, and H will be a co-unital bialgebra or

a Hopf algebra, the augmentation being the co-unit.

Proposition 3.3.1. Let H be a k-bialgebra, and let A be a commutative unital k-algebra. The
set G4 of A-valued characters of H is a group with unit e, and with inverse given by p — po S,
where S is the antipode. The set g4 of A-valued infinitesimal characters is a Lie algebra.

Proof. Let f,g € L(H,A). Using the fact that A is an algebra morphism we have for any
x,y € H:

f*glzy) = Z f(@1y1)g(2212).
()(y)

If A is commutative and if f and g are A-valued characters we get:

Frgley) = > fl@)f(mn)g(r2)g()
(z)(y)

- Z f(x1)g(z2) f(y1)g(y2)

@) (¥)
= (f*x9)@)(f *9)(y)-

The unit e = uy o € a unital algebra morphism. The formula for the inverse of a character is

easily checked: for any x € H we get

fr(foS)a) = D flx)(foS) ()
()

()

= | D =S(x)
(z)

= f(uoe(x)) = e(x).
U

Note that the computation above works only if f is a character. The relation between the

Lie algebra g4 and the group G 4 can be made more precise under supplementary hypotheses:

Proposition 3.3.2. Suppose that the base field k is of characteristic zero, and that H s

connected filtered. Then the exponential

exp* g4 — Gy

Oé*k

k!

o0
a —> exp*azg
k=0
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s a bijection. Its inverse is given by:

log*:GA — 04
)*k

* = € -
p log QOZZ(TSO
k=0

Proof. Let m be a positive integer. For any x € H™ we have:

A(z) :x®1H+1H®x+Zx/®x”,
(=)

where 2/, 2" € H™!. As a consequence, for any linear map « : H — A such that a(14) = 0,
we have o™ (z) = 0 for any n > m + 1. This applies in particular when « is an infinitesimal
character. Hence the exponential of « is well-defined, as the sum which defines it is locally
finite. The same argument applies to the logarithm. The fact that the exponential of an
infinitesimal character is a character is checked by direct inspection. Finally let us consider
any character ¢ € Gy(A). The powers ¢*" are also characters for any positive integer m.
Now let us define for any A € k:

go*)‘ = exp” ()\ log*(cp)).

For any z,y € H, the expression ¢**(x)p**(y) — ¢ (zy) is polynomial in A\ and vanishes at

any positive integer, hence vanishes identically, namely

(3.3.2) @) y) = ™ ay)

It follows that ¢} is a character for any A\ € k. Differentiating (3.3.2) with respect to \ at
A = 0 immediately gives the infinitesimal character equation for log"(¢). A standard direct

computation then shows that the logarithm and the exponential are mutually inverse. ([l
Exercises for Section 3.
Exercise 3.1. Show that there is a unique grouplike element in a connected filtered coalgebra.

Exercise 3.2. Let H be a connected filtered bialgebra and let A be a unital algebra (not necessarily
commutative). Show that

Ga={p € LM, A), (1) =14}
is a group, and that
g4 = {p € L(H,A), p(1%) = 0}
is a Lie algebra. Prove that, if k is of characteristic zero, the exponential map exp* is a bijection

from g4 onto G A with inverse given by log*.

Exercise 3.3. Deduce from Exercise 3.2 that any connected filtered bialgebra is a Hopf algebra. Give
a recursive procedure to compute the antipode.

Exercise 3.4. Let H be a connected graded Hopf algebra, such that the homogeneous components
‘H,, are finite-dimensional. Prove that the graded dual H® is also a connected graded Hopf algebra.
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Exercise 3.5. Let H be a filtered bialgebra. Show that GrH is a graded bialgebra. Hint: apply the

functor Gr to the product, coproduct, unit and counit. Same question with a filtered Hopf algebra.

Exercise 3.6. Let H be a Hopf algebra and let A be a unital algebra (not necessarily commutative).
An element ¢ € L(H,.A) is a cocycle if p(xy) = ¢(yz) for any z,y € H. Show that the set of cocycles
¢ such that ¢(1y) = 14 is a subgroup G4 of the group G 4 defined in Exercise 3.2, and that the set
of cocycles ¢ such that ¢(17) = 0 is a Lie subalgebra g4 of g4. Prove that, if k is of characteristic
zero and if H is connected filtered, the exponential map exp* is a bijection from g4 onto G 4 with

inverse given by log*.

4. EXAMPLES OF GRADED BIALGEBRAS

We review a few important examples of graded bialgebras, connected or not. Most of them
have a strong combinatorial flavour: to be precise, they are defined by means of a basis given
by combinatorial objects: words, rooted forests, graphs, partially ordered sets... Such bases are
often multiplicative, which means that the product of two elements of the basis still belongs
to it.

4.1. The Hopf algebra of rooted forests. A rooted tree is a class of oriented (non planar)
graphs with a finite number of vertices, among which one is distinguished and called the root,
such that any vertex admits exactly one outgoing edge, except the root which has no outgoing
edges. Any tree yields a poset structure on the set of its vertices: two vertices x and y verify
xr < y if and only if there is a path from a root to y passing through z. Two graphs are
equivalent (hence define the same rooted tree) if and only if the two underlying posets are

isomorphic. Here is the list of rooted trees up to five vertices, with edges oriented downwards:

e dvie YVThuese

A rooted forest is a finite collection of rooted trees. The empty set is the forest with containing
no trees, and is denoted by 1.

Definition 4.1.1. The grafting operator B, takes any forest and returns the tree obtained

by grafting all components onto a common root. In particular, B, (1) = ..

Let 7 denote the set nonempty rooted trees and let H = k[T be the free commutative and
unital algebra generated by the elements of 7. We identify a product of trees with the forest
consisting of these trees. Therefore the vector space underlying H is the linear span of rooted
forests. This algebra is a graded and connected Hopf algebra, called the Hopf algebra of rooted
forests, with the following structure. The grading is given by the number of vertices of trees.
The coproduct on a rooted forest u (i.e. a product of rooted trees) is described as follows: the
set V(u) of vertices of a forest u is endowed with the partial order defined by = < y if and only
if there is a path from a root to y passing through x. Any subset W of the set of vertices V(u)
of u defines a subforest Uy of u in an obvious manner, i.e. by keeping the edges of u which
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link two elements of W. The poset structure is given by restriction of the partial order to W,
and the minimal elements are the roots of the subforest. The coproduct is then defined by:

(4.1.1) Aw)= Y up, @,

VIW=V(u)
W<V

Here the notation W < V means that y £ x for any vertex x in V' and any vertex y in W.
Note that both ) < V and V' < (). Such a couple (V, W) is also called an admissible cut, with
crown (or pruning) Uy, and trunk Uy We have for example:

A(l) = I91+1@1+.®.
AW) = VY1410V +2. 01+ ..®..

The counit is €(1) = 1 and ¢(u) = 0 for any non-empty forest u. The coassociativity of the
coproduct is easily checked using an iterated formula for the restricted coproduct

Aw)=AW) —u®l-—1®u= Z Uy ® s

VIW=V(u)
W<V, V,W#£0

where the restriction that V' and W are nonempty means that V' and W give rise to an ordered
partition of V(u) into two blocks. In fact, the iterated restricted coproduct writes in terms of
ordered partitions of V(u) into n blocks:

Zn—l(u) — Z U‘Vl®...®u|vn,

VAL 1TV =V (u)
Vp <<V, Vj#@

and we get the full iterated coproduct A"~*(u) by allowing empty blocks in the formula above.
Note that the relation < on subsets of vertices is not transitive. The notation V,, < --- < V;
is to be understood as V; < V; for any ¢ > j, with ¢,5 € {1,...,n}.

This Hopf algebra first appeared in the work of A. Diir in 1986 [12], as an incidence Hopf
algebra. It has been rediscovered and intensively studied by D. Kreimer in 1998 [20], as the
Hopf algebra describing the combinatorial part of the BPHZ renormalization procedure of
Feynman graphs in a scalar ¢* quantum field theory. D. Kreimer and A. Connes also proved

in [9] that the operator B, satisfies the property
(4.1.2) A(Bi(ty-+tn)) = Bi(ti -+ t) @ 1+ (Id®By) 0 Aty -+ - t,),

for any tq,...,t, € 7. This means that B, is a 1-cocycle in the Hochschild cohomology of H
with values in H, and the couple (H, B, ) is then proved to be universal among commutative
Hopf algebras endowed with a 1-cocycle.

For any commutative and unital algebra A, the group G4 of ‘H can be identified with the
set of formal series expanded over rooted trees with coefficients in A, i.e. the set of maps

form the set of nonempty rooted trees to A. These B-series are by now widely used in the
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study of approximate solutions of nonlinear differential equations?[16]. Such a map extends

multiplicatively in a unique way to an A-valued character of H.

4.2. Shuffle and quasi-shuffle Hopf algebras. Let k be a field, and let V' be a commutative
k-algebra (not necessarily unital). Let H = T°(V) = @,,-, V" be the tensor coalgebra of V'
(see Example 2.2.2), where we denote by A the deconcatenation coproduct. The quasi-shuffle
product 1 is recursively defined on 7¢(V') as follows:
e lmv=vml=uvforanyveT(V),
o av mbw = a(v wbw) + b(av m w) + [ab](v ww) for any a,b € V and v,w € T¢(V),
where [ab] is the product of @ and b inside V', not to be confused with the word ab € V®2,

For example, for three letters a,b,c € V', we have:
ab 1 ¢ = abc + acb + cab + [ac|b + albc|.
Proposition 4.2.1. H = (TC(V),LH ,A) 15 a connected filtered commutative Hopf algebra.

Proof. The filtration is given by:

n

(4.2.1) H =P

=0
Connectedness as well as compatibility of A and m with respect to the filtration are obvious.
It remains to show that m is commutative, compatible with A and associative. Commutativity
is easily checked by induction. We check the commutativity relation o' mw’ = w’ m v’ and
the compatibility condition A(v' w w') = A(v') w1 A(w') for any words v/, w’ by induction on
the sum [v| + |w’| of the lengths. Indeed, writing v" = av and w’ = bw with a,b € V' we can

compute:
Vimmw = avmbw
= a(vmbw)+ b(av m w) + [ab](v # w)
= a(bwmv)+ b(w 1 av) + [bal(w 1 v)
= bw 1 av
= wm
as well as:

A mw) = Aavmbw) = A(a(v w bw) + b(av m w) + [ab](v 1 w))
= 1®a(vmbw)+ (a® 1)A(vmbw) + 1 ® blav 1 w) + (b @ 1)A(av 15 w)

+1 ® [ab](v i w) + ([ab] ® 1)A(v 1 w)
v)

= 1® (awmbw) + (a®1)(Avm Albw)) + (b® 1) (A(av) 1 Aw)

4A B-series is map from the set of rooted trees, including the empty one, to the base field R or C of real
or complex numbers. A B-series can be identified with an element of the Butcher group if and only if the

coefficient of the empty tree is equal to one.
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+([ab] ® 1)(Av 1 Aw)
= 1®(awmbw)+ (a®1)(Avm (1@ bw)) + (a®1)(Av (b® 1)Aw)
+(b®1)(1®av) m Aw) + (b®1)((a ® 1)Av i Aw) + ([ab] ® 1)(Av i Aw)
= 1@aw)m(1®bw)+(1®aw)m ((b®1)Aw) + (1@ bw)w ((a®1)Av)
+((a®1)Av) 1 ((b® 1)Aw)
= 1w+ (a®1)Av)m (1®bw+ (b®1)Aw)
= A(av) m A(bw) = Av" 1 Aw'.

Associativity condition (v' 1 w’) w1 2’ = v’ w (w' w 2’) is checked in a similar way, by induction

on the sum |v'| + |w'| + |2/|. O

A particular case arises when the internal product of V wvanishes identically, i.e. when
[ab] = 0 for any a,b € V. The quasi-shuffle product in this case is the shuffle product denoted

by 1m1. The recursive definition takes the simpler form:
(4.2.2) av mbw = a(v mbw) + b(av mw).

4.3. Incidence Hopf algebras. Incidence Hopf algebras are Hopf algebras built from suit-
able families of partially ordered sets. They have been elaborated by W. R. Schmitt in 1994
28], following the track opened by S. A. Joni and G.-C. Rota when they defined incidence
algebras and coalgebras ([27, 18], see also [29]). They form a large family of Hopf algebras,
which includes those on trees and the Faa di Bruno one. We quickly describe here the subfam-

ily of “standard reduced” incidence Hopf algebras, which are always commutative.

Definition 4.3.1. Let P be a partially ordered set (poset for short), with order relation denoted
by <. For any x,y € P, the interval [x,y] is the subset of P formed by the elements z such
that x < z < y.

Let P be a family of finite posets P such that there exists a unique minimal element 0p and
a unique maximal element 1p in P (hence P coincides with the interval P = [0p, 1p]). This
family is called interval closed if for any poset P € P and for any x < y € P, the interval [x, y]
is an element of P. Let P be the quotient P/ ~, where P ~ @ if and only if P and Q are
isomorphic as posets®. The equivalence class of any poset P € P is denoted by P (notation
borrowed from [13]). The standard reduced incidence coalgebra of the family of posets P is

the k-vector space freely generated by P, with coproduct given by
N S Tt ian!

zeP

and counit given by e({*}) = 1 and £(P) = 0 if P contains two elements or more.

SW. Schmitt allows more general equivalence relations, called order-compatible relations.
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Definition 4.3.2. Given two posets P and @), the direct product P x () is the set-theoretic
cartesian product of the two posets, with partial order given by (p,q) < (p',q') if and only if
p<p andq<q. A family of finite posets P is called hereditary if the product P x Q) belongs
to P whenever P, € P.

The quotient P of a hereditary family is a commutative semigroup generated by the set Py
of classes of indecomposable posets, i.e. posets R € P such that for any P, () € P of cardinality
> 2, P x @ is not isomorphic to R. The commutativity comes from the obvious isomorphism
Px@Q~Q x P for any P,QQ € P. The unit element 1 is the class of any poset with only one

element.

Proposition 4.3.1. [28, Theorem 4.1] If P is a hereditary family of finite posets, the standard
reduced coalgebra H(P) of P is a Hopf algebra.

Proof. The semigroup product extends bilinearly to an associative product on H(P). The
compatibility of the coproduct with this product is obvious. The unit is a coalgebra morphism
and the counit is an algebra morphism. The existence of the antipode comes from the fact

that for any poset P € P of cardinal, say, n, we obviously have:

AP=P®1+1®P+> P &P
(P)
where P’ and P” contain strictly less than n elements (note that the fact that P is the interval
[0p, 1p] is crucial here). Considering the reduced coproduct A(P) = A(P)—P®1—1® P, the
iterated reduced coproduct A™(P) therefore vanishes for m > n. We have seen (see Exercice

3.2) that this conilpotence property allows us to define the convolution inverse of the identity,
and even of any linear map ¢ : H(P) — H(P) with ¢(1) = 1. 0

Many of the Hopf algebras encountered so far are incidence Hopf algebras. We give three

examples, all of them borrowed from [28].

Example 4.3.1 (The binomial and the divided power Hopf algebras). Let B be the family of
finite boolean algebras. An element of B is any poset isomorphic to the set P(A) of all subsets
of a finite set A. The partial order on P(A) is given by the inclusion. If B and C' are two
subsets of A with B C C, the interval [B,C] in P(A) is isomorphic to P(C\B), hence B is
interval-closed. Moreover the obvious property:

(4.3.1) P(A) x P(B) ~ P(ATI B)

implies that B is hereditary. The incidence Hopf algebra H(B) is the so-called binomial Hopf
algebra, because of the expression of the coproduct on generators. In fact, as a vector space
H(B) is clearly spanned by {zg,x1,2s,...}, where z,, stands for the isomorphism class of

P({1,...,n}). The product is obviously given by z,,x, = X1, the unit is 1 = zg, the counit
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is given by e(z,,) = 0 for n > 1, and the coproduct is entirely defined by A(z;) = r1®1+1®x;.
Explicitly we have:

n

Alz) =" (Z) T ® Tnp.

k=0
The graded dual Hopf algebra H(B)* is known as the divided power algebra: it can be
represented as the vector space k{yo,y1, ¥, ...} with multiplication

m-+n
ym*yn = mern
m

and unit 1 = yo. The counit is e(y,,) = 0 if n > 0, and the coproduct is given by
Alya) = Y 4,®y,
pt+g=n
Example 4.3.2 (The Faa di Bruno Hopf algebra). Let SP be the family of posets isomorphic
to the set SP(A) of all partitions of some nonempty finite set A. The partial order on set
partitions is given by refinement. We denote by 04 or 0 the partition by singletons, and by
14 or 1 the partition with only one block. Let Q be the family of posets isomorphic to the
cartesian product of a finite number of elements in SP. If S and T are two partitions of a
finite set A with S < T (i.e. S is finer than T'), the partition S restricts to a partition of any
block of T'. Denoting by W/S the set of those blocks of S which are included in some block
W of T, any partition U such that S < U < T yields a partition of the set W/S for any block
W of T'. This in turn yields the following obvious poset isomorphism:
(4.3.2) (S, 7]~ [ SP(W/S).
WeA/T

This shows that Q is interval closed (and hereditary by definition).

Definition 4.3.3. [28, Example 14.1] The incidence Hopf algebra H(Q) is the Faa di Bruno
Hopf algebra.

Denote by X, the isomorphism class of SP({1,...,n+ 1}). Note that X is the unit of the
Hopf algebra. In view of (4.3.2), we have:

A(X,) = > 0Sels ]
SeSP({1,....,n+1})

(4.3.3) = > I[I sPW)|esP{L,....n+1}/9).
SeSP{1L,...n+1}) \WefL,...n+1}/5

The coefficient in front of X}*--- X* @ X,, in (4.3.3) is equal to the number of partitions

of {1,---,n+ 1} with k; blocks of size j + 1 (for j = 1 to n), m + 1 blocks altogether, and

ko=m-+1—k —---—k, blocks of size 1. We have then:

(4.3.4) A(X,) =Y Bugiar1(Xo, X1, Xa, ) @ X,

m=0
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where the By, +1,41's are the partial Bell polynomials [28, Example 14.1].

Example 4.3.3 (The Hopf algebra of rooted forests as an incidence Hopf algebra). Let P be
a finite poset not assumed to be isomorphic to an interval. As an example, we can take as
poset P the vertex set V(F') of a rooted forest F', in which v < w if and only if there is a path
from one root to w through v. An order ideal (or initial segment) in P is a subset I of P such
that for any w € I, if v < w, then v € I. For a rooted forest F', an initial segment in V(F)
is a subforest such that any connected component of it contains a root of F'. For any finite
poset P, we denote by J(P) the poset of all initial segments of P, ordered by inclusion [28,
Paragraph 16]. The minimal element 0;(p) is the empty set, and the maximal element 1;p) is
P. For two finite posets P and () one obviously has:

(4.3.5) J(PTLQ) ~ J(P) x J(Q).

The isomrphism class of a poset P is uniquely determined by the isomorphism class of the
poset J(P). To see this, consider two posets P and (), and suppose there is an isomorphism
¢ : J(P) — J(Q). For any x € P, consider the initial segment P-, := {y € P, y < x}.
It has x as unique maximal element. Now, ®(P<,) has a unique maximal element which we
denote by (), and it is not hard to see that the map ¢ : P — @ thus constructed is a poset

isomorphism.

For a poset P and two initial segments I; C [, C P with [; fixed, the correspondence
Iy — I\ 1; defines a poset isomorphism:

(4.3.6) 11, 1) € J(P) — J(I\I).

Differences Q = I,\I; are convex subsets of P, i.e. such that for any z,y € @, we have
[z,y] < Q. Conversely, any convex subset ) C P can be written as a difference P<o\ P of

two unique initial segments:

PSQ = {.TEP, ElyEvaSy}a
Py = {xeP VYye, v <y}

Now let F be a family of finite posets which is closed by disjoint unions and such that for any
poset P € F, convex subsets of P also belong to F. Then the corresponding family:

J(F):={J(P), Pe F}
is hereditary by virtue of isomorphisms (4.3.5) and (4.3.6).

Proposition 4.3.2. The family F of rooted forests is stable by taking disjoint unions and
convex subposets, and the associated incidence Hopf algebra ’H(J(]:)) s isomorphic to the
Hopf algebra of rooted forests defined in Paragraph 4.1.
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Proof. Via the isomorphism & defined above, the vector space ’H(J (F )) can be identified with
the vector space freely generated be the rooted forests. By (4.3.5), the product is then given
by disjoint union, and the coproduct writes:

AP)= Y (PN,
IeJ(P)

which is just the coproduct (4.1.1) modulo flipping the terms (we have denoted by the same
letter a forest and its underlying poset). The counit is given by £(1) = 1 and e(P) = 0 for any
nontrivial forest P. O

This example can be extended, still in the context of incidence Hopf algebras, to oriented

cycle-free graphs [22].
4.4. The extraction-contraction forest bialgebra.

Definition 4.4.1. A covering subforest of a rooted forest u is a collection of disjoint subtrees
of u such that any vertex of u belongs to one (unique) tree of the collection. For any covering
subforest s of u, the contracted forest u/s is obtained from u by shrinking each tree to a

single vertex.
We adopt the notation s C u for ”s is a covering subforest of u”.

Lemma 4.4.1. Let u be a rooted forest, let t be a covering subforest of u. Then

(1) The correspondence s — s/t is a bijection from the set of covering subforests s such

that t C s, onto covering subforests of u/t.

(2) (u/t)/(s/t) = uls.

Let ‘H be the Hopf algebra of rooted forests introduced in Paragraph 4.1. We introduce the

following coproduct on H:

(4.4.1) [(u) == > s®u/s.

s covering subforest of u
Theorem 4.4.1. (H,-,T") is a graded bialgebra, the grading being given by the number of edges.

Proof. The multiplicativity of I" is obvious, as well as compatibility with respect to the edge-

grading. Coassociativity comes from the formula:
(T & 1)) = ([N (W) = 3 105/t u/s,
tCsCu
which is a direct consequence of Lemma 4.4.1. O

One can remark that (#, -, I") is not a Hopf algebra: indeed, the one-vertex tree e is of degree

zero, and is grouplike with no inverse.
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Exercises for Section 4.

Exercise 4.1. Prove that (4.1.2) together with A1 = 1 ® 1 entirely determines the coproduct A
(Hint: proceed by induction on the degree).

Exercise 4.2. Let D be a set. A D-decorated rooted forest is a pair (u, p) where u is a rooted forest
and ¢ is a map from V(u) to D. Build up a connected graded Hopf algebra structure on the linear
span HP of D-decorated rooted forests. Prove that B? verifies (4.1.2) for any d € D, where BY is
the grafting operator on a common root decorated by d.

Exercise 4.3. Let p, ¢, r be three non-negative integers. A (p, q)-quasi-shuffle of type r is a surjective
map

o:{l,....p+qt—>{1,....p+q—1}
such that o1 < --- < 0, and opy1 < -+ < 0pyq. Prove the following explicit formula for the
quasi-shuffle product:

— g (oa
(4.4.2) VU B Up gy Upgg = Z Z V] U
r20 o€qsh(p,q;r)

where gsh(p, ¢; ) stands for the set of (p, ¢)-quasi-shuffles of type r, and where v] = Hk,’ok:j v. The
product is understood with respect to the internal multiplication of V', and contains one or two terms.
Give the explicit formula for the shuffle product 111.

Exercise 4.4. Let J be the ideal of the extraction-contraction bialgebra (#,-,I") generated by e — 1.
Prove that J is a bi-ideal, and that H/J is a connected graded Hopf algebra.

5. BIRKHOFF DECOMPOSITION AND RENORMALISATION

5.1. Birkhoff decomposition. We consider here the situation where the algebra A admits

a renormalisation scheme, i.e. a splitting into two subalgebras:
A=A_o® Ay
with 14 € A,. Let us denote by 7 : A — A the projection on A_ parallel to A, .

Theorem 5.1.1.

(1) Let H be a connected filtered Hopf algebra and let A = A_ @ Ay be a commutative
unital algebra endowed with a renormalisation scheme. Any ¢ € G4 admits a unique
Birkhoff decomposition:

(5.1.1) p=¢"x gy,

where p_ sends 1 to 14 and Kere into A_, and where ¢ sends H into A,. The maps

p_ and ¢y are given on Kere by the following recursive formulas:

(5.1.2) p-(r) = —m(pl@)+ Y e (@)el")
(z)

(5.1.3) i) = (=) (p(@)+ Yo ()e(a").

()
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(2) The components ¢_ and v, occurring in the Birkhoff decomposition of ¢ are A-valued

characters as well.

Proof. The proof goes along the same lines as the proof of Theorem 4 of [10]: for the first
assertion it is immediate from the definition of 7 that ¢_ sends Kere into A_, and that
¢ sends Kere into A,. It only remains to check equality ¢, = ¢_ * ¢, which is an easy

computation:
@) = ([=m(p@)+ Y3 o (@)ela")).
(z)

= p(@) +-(x) + Y p-(2)o(a")
(z)

= (p-*9)(2).
The proof of the second assertion goes exactly as in [10] and relies on the following Rota-Baxter

relation in A:
(5.1.4) m(a)m(b) = 7 (7 (a)b+ an (b)) — w(ab),

which is easily verified by decomposing a and b into their A,-parts. Let ¢ be a character of
‘H with values in A. Suppose that we have ¢_(zy) = ¢_(x)p_(y) for any z,y € H such that
|z| + |y| < d — 1, and compute for x,y such that |z| + |y| = d:

p-(2)p-(y) = 7(X)m(Y),
with X = p(z) — 32, o-(2)p(z") and Y = p(y) — >, ¢-(¥)p(y"). Using the formula:

m(X) = —p_(z),
we get:
o_(2)p_(y) = =7 (XY +p_(2)Y + Xo_(y)),
hence:
o (v)p_(y) = -7 (@(x)so(y) + o (2)p(y) + e(r)e_(y)

+> o (@) (o) + o-) + > (@) + o-(x)) o (W) (y")
@

()

3 e (@@ W)el")-
(z)(y)
We have to compare this expression with:
o-(oy) = —n(elay) +o-(@)e) + o-W)e()

+3 (- @) + o (@)e"y) + Y (- (2y)e(y") + - (v )play”))
(=) )

0 e (@Y)ela"y").
@)
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These two expressions are easily seen to be equal using the commutativity of the algebra A,

the character property for ¢ and the induction hypothesis. O

Remark 5.1.1. Define the Bogoliubov preparation map as the map b : G4 — L(H,A)

recursively given by:

(5.1.5) b(@)(x) = () + Y ¢ (2')p(a").
(z)

Then the components of ¢ in the Birkhoff decomposition read:

(5.1.6) - = —mob(p), pr = —m)ob(p).
Bogoliubov preparation map can also be written in a more concise form:
(5.1.7) b(p) = o (p—e).
Plugging equation (5.1.7) inside (5.1.6) and setting o := ¢ — e we get the following expression
for p_:
(5.1.8) o= = e— P(yp_*a)
(5.1.9) = e—Pa)+P(P(a)*a)+-+ (—1)"P(P(...P(a) * Q) - oz) +---
—_———
n times

where P : L(H,A) — L(H, A) is the projection defined by P(a) =7 o a.

5.2. A short account of renormalisation in physics. Systems in interaction are most
common in physics. When parameters (such as mass, electric charge, acceleration, etc.) char-
acterising the system are considered, it is crucial to distinguish between bare parameters, which
are the values they would take if the interaction were switched off, and the actually observed
parameters. Renormalisation can be defined as any procedure able to transform the bare
parameters into the actually observed ones (i.e. with interaction taken into account), which
will therefore be called renormalised. Consider (from [10]) the following example: the initial

acceleration of a spherical balloon is given by:

mo — M
5.2.1 .
( ) g o n21 90

where gy ~ 9,81 m.s™2 is the gravity acceleration at the surface of the Earth, mg is the mass
of the balloon, and M is the mass of the volume of the air occupied by it. Note that this
acceleration decreases from go to —2gy when the interaction (represented here by the air mass
M) increases from 0 to +o0o. The total force F' = mg acting on the balloon is the sum of
the gravity force Fy = mggo and Archimedes’ force —Mgg. The bare parameters (i.e. in the
absence of air) are thus my, Fo, go (mass, force and acceleration respectively), whereas the

renormalised parameters are:

M M mo — M
5.2.2 m = mgy+ —, F=(1-—)F, = —Qp.
( ) 0 5 ( mo)o g m0+%go
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In perturbative quantum field theory an extra difficulty arises: the bare parameters are
usually infinite, reflecting the fact that the idealised “isolated system” definitely cannot ex-
ist, and in particular cannot be observed. Bare parameters are typically given by divergent
integrals® such as:

1
5.2.3 / ——__dp.
(5.23) o TP

One must then subtract another infinite quantity to the bare parameter to recover the
renormalised parameter, which is finite, as this one can be actually measured! Such a process
takes place in two steps:

e a regularisation procedure, which replaces the bare infinite parameter by a function of

one variable z which tends to infinity when z tends to some z.

e the renormalisation procedure itself, of combinatorial nature, which extracts an appro-
priate finite part from the function above when z tends to z;. When this procedure
can be carried out, the theory is called renormalisable.

There is usually considerable freedom in the choice of a regularisation procedure. Let us
mention, among many others, the cut-off regularisation, which amounts to consider integrals
like (5.2.3) over a ball of radius z (with zp = +o0), and dimensional regularisation which
consists, roughly speaking, in “integrating over a space of complex dimension 2", with zy = d,
the actual space dimension of the physical situation (for example d = 4 for the Minkowski
space-time). In this case the function which appears is meromorphic in z with a pole at 2,

([81,17)).

5.3. Renormalisation from Birkhoff decomposition. We focus on a particular example:
let H be a connected graded Hopf algebra over the complex numbers. Let A be the algebra of
germs of meromorphic functions at some z; € C. The algebra A admits a splitting into two

subalgebras:
A=A ®A_,

where A, is the algebra of germs of holomorphic functions at z = 0, and where A_ = 27 'C[z7!]

1

is the algabra of polynomials in the variable 27" without constant terms. This splitting is known

as the minimal subtraction scheme.

Definition 5.3.1. Let ¢ : H — A be an A-valued character. In Physics, such a character is
typically obtained from divergent integrals by a reqularization procedure, for example dimen-

sional regularisation. The renormalised character of A is the complex-valued character

5To be precise, the physical parameters of interest are given by a series each term of which is a diver-
gent integral. We do not approach here the question of convergence of this series once each term has been

renormalised.
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defined by:
(5.3.1) P (w) = o (@)(2)|

Note that ¢ takes values in meromorphic functions which have no pole at z = 0, hence the
definition makes sense. The A-valued character ¢_ is called the counterterm character.

Exercises for Section 5.

6. COMODULE-BIALGEBRAS

The notion of comodule-bialgebra has been studied by R. K. Molnar [24, Definition 2.1.(e)].
6.1. Definition.

Definition 6.1.1. Let B be a unital c-unital bialgebra over a field k. A comodule-bialgebra
on B is a unital counital bialgebra in the category of B-comodules.

To be precise, a comodule-bialgebra on B is a unital counital bialgebra H endowed with a
linear map

b H—->BRH
such that:

e & is a left coaction, i.e. the following diagrams commute:

i1} i1}

Y BoH Y BoH
l P l Ap®Id \ l ep®1d
BoH —2% _BoBoH ko H

e The coproduct Ay and the counit £ are morphisms of left B-comodules, where the
comodule structure on k is given by the unit map ug, and the comodule structure on
H@H is given by & = (mpRId®1d)omgo(P®®P). This amounts to the commutativity
of the two following diagrams:

H ° BoH H—2BoH
‘/AH lm@AH J{m lld@eﬂ

H @ FH oo ¢ ~BOHQH k—= B
J/<I>®<I> TMB@)Id@Id

723

BOHROBRH BoBOHR®H

where 793 stands for the flip of the two middle factors.

e my and uy are morphisms of left B-comodules. This amounts to say that ® is a unital

algebra morphism. In other words, the two following diagrams commute:
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1 ° BoH H—2BeH
Tm,{ d @mHT TW Tld Quy

HRQFH ¢ >BRHQH | mpomy F—2 . B
lq)@q) mB®Id®IdT

723

BOHROBR®H BoBRHRH

The comodule-bialgebra H is a comodule-Hopf algebra if moreover H is a Hopf algebra with
antipode S such that the following diagram commutes:

H—2BoH

s s

H—>BoH
6.2. The comodule-Hopf algebra structure on the rooted forests.

Theorem 6.2.1. The Hopf algebra (H,-,A) of rooted forests defined in Paragraph 4.1 is a
comodule-Hopf algebra over the extraction-contraction bialgebra (H,-,T') defined in Paragraph
4.4. The coaction map ® is simply given by the coproduct T'.

Proof. One has to check that the following identity of linear maps from H into H ® H ® H
holds:

(6.2.1) (Idy @A) o ® =m'? o (T ®T) oA,
where m'3 - HQHQIHQH — H @ H®H is defined by:
(6.2.2) mP(a@b®ced) =ac®bd.

The verification is immediate for the empty forest. Recall that we denote by Adm(¢) the set
of admissible cuts of a forest. We have then for any nonempty forest:

(Idy @A) oT(t) = (Idy®A) Y s@t/s

s subforest
oft

> > s® (t/5)],® (1/9))

s subgorest AUB=V(t/s), ANB=0, B<A
ort

On the other hand we compute:

mP ol @M oAlt) = mPo(T®l) Z
A'UB'=V(t), AANB'=0, B' <A’

— mb3 Z Z Z d® A,/Sl ® 5" ® B//S//

A'UB'=V(t), A'NB’'=0, B’<A’ s'subforest s’/ subforest
of A’ of B’/

by ®t
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_ Z Z Z S/S”®A//SI®B//S”

A'UB'=V(t), A'NB'=0,B'<A’ s su?forlest s/’ subforest
of A

of B’
= ) ) s@A’/sﬂA’@B'/smB’
A'UB'=V(t), AANB'=0, B'< A’ s subforest of t with

connected components contained in A’ or B’

= > > 5 (t/5)],® (t/5))

s subfforest AUB=V(t/s), ANB=0, B<A
oft

which proves the theorem. O

Exercises for Section 6.

7. REGULARITY STRUCTURES

7.1. Coloured forests. Let (F, ﬁ) be a coloured forest. To be precise,

e [ is a rooted forest with set of vertices N(F') and set of edges E(F),
e ' N(F)UE(F)— N=1{0,1,2,...} such that F, := F~*({i}) is a subforest of F' for
any 7 > 1.
The index i can be thought of as a colour, ¢ = 0 corresponding to black. The second
condition amounts to the following: for any x,y € N(F') such that F(z) = F(y) > 1, then

F(lz,y]) = F(z) = F(y), where [z, y] stands for the edge joining  and y in F. Now for any
i>1,letU; : (F, F) s U;(F, F) be a collection of subforests of the argument (F, F') such that:

Assumption 7.1. For any i > 1, for any coloured forest (F, ﬁ) and for any subforest A €
U(F,F),

(1) f’jﬁA:@forcmyj>i,

(2) F, C A,

(3) either T C A or TN A=10 for any connected component T ofﬁ’j whenever 0 < j < 1.

For any coloured forest (F, ﬁ) and for any subforest A of F', we denote by F |4 the restriction
of the colour map F to A, and we denote by F'U; A : N(F)UE(F) — N the colour map defined

~

by FU; A(z) =i if z € N(A) U E(A) and F U; A(z) = F(z) otherwise.

FIGURE 1: The picture above shows three times the same forest F' (which is a tree here) with three
colours: red stands for 1, blue for 2 and yellow for 3. Black, which is not considered as a genuine colour,
stands for 0. The blobs encompass a subforest A; subject to Assumption 7.1 for i = 1, 2,3 from left to
right. Hence A; could be an example of element of U; (F, ﬁ) for any i =1, 2 or 3.
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Lemma 7.1.1. Let the map U; be subject to Assumption 7.1. Then for any coloured forest
(F, F\) and for any A € U;(F, ﬁ), both ordered pairs (A,F\|A) and (F,F\ U; A) are coloured

forests.

Proof. This is obvious for (A, ﬁ|A). Setting G := F U; A, one has to check that G; = G~1({i})

is a subforest of F' for any ¢ > 1. This is a simple consequence of Assumption 7.1. U

To sum up, the coloured forest (F, F U; A) is obtained from (F, ﬁ) by repainting all the edges
and vertices of A\ F, with colour number 4, thus extending this colour to the whole A. It is

now natural to look at the comultiplication:

~

(7.1.1) A(FF)= Y (A,ﬁ|A)®(F,FU,~ A),
AelU; (F,F)

and to look for properties of the collection U; such that the corresponding A; is coassociative.
It turns out that this procedure will work in a more complicated situation, namely for typed

and decorated coloured forests.

7.2. Contractions. Let (F, ﬁ) be a coloured forest. The contraction K(F, F) is defined by
shrinking each connected component of E, for + > 1, on a single node which is also given the
colour i. The map K thus defined is idempotent (i.e. KoK = K), and (F, F) = K(F, F) if
and only if the subforests F; are made of single isolated nodes for any i > 1.

FIGURE 2: The contraction of Figure 1. The blobs encompass subforests K(A;) for ¢ = 1,2, 3 from left
to right. The subforests (A;) also verify Assumption 7.1.

Let (F, F ) be a coloured forest. A subforest A C F'is admissible if for any i > 1 and for any
connected component C of E, either C C A of CN A = (. The contraction map K induces
a bijection between admissible subforests of (F), F ) and subforests of IC(F, F ), the latter being
necessarily admissible. In that respect, it is natural to make the following supplementary

assumption on the U;’s:

Assumption 7.2. For any i > 1 and for any coloured forest (F, f), the contraction map IC
induces a bijection from U;(F, ﬁ) onto U; (K(F, ﬁ))

Note that the elements of U;(F, F) are admissible by Assumption 7.1,
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7.3. The Chu-Vandermonde identity. Let S be any finite set, and let k,¢ : S — N with
N:={0,1,2,...}. Factorials and binomial coefficients are defined by:

(7.3.1) o=l (Z) =11 (7;«'((;5)))

TES z€S

|
where <Z) = ﬁ if a,b € N and a > b, with the convention (Z

a < b. now let S be another finite set, and let m: .5 — S be a map (not necessarily surjective

)infa,bENand

nor injective). For any map ¢ : S — N we define 7./ : S — N by:

0 if x is not in the image of m,
(7.3.2) ml(z) = Z ((y) if x is in the image of 7.

yeSs, m(y)=x

Proposition 7.3.1. For any (SN and for any k : S — N the following holds:

(7.3.3) <7T;) > ~<];)

0, =1
Proof. Consider the obvious equality between polynomials with variables indexed by S

(7.3.4) T (1 + Xa)™ =TT (@ + x5,

sSES =3

and pick the coefficient of the monomial H Xé(a on both sides. O
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7.4. Playing with decorations. We suppose that the edges of our coloured forests are of
different types, which is illustrated by a map t: E(F) — L, where L is a finite set. For later
use, Z(L) is the free abelian group generated by the types. The type map is subintended and
given once for all: it should not be confused with the colouring. Let d be a given fixed positive

integer, the dimension.

Definition 7.4.1. A decorated forest is a 5-uple (F, F)™°, where

(7.4.1) n: N(F) — N% 0:N(F) = Z*®7Z(L), ¢: B(F) — N

The product of two decorated forests is given by their concatenation together with the sum of

their corresponding decorations, namely:

(F,F).(G.G)5 = (FUG,F 4 Q).

e+ef

Let us introduce some more notations: for any subforest A of a forest F', the boundary of
A in F is defined as:

(7.4.2) A(A, F) = {[v,w] € E(F)\ E(A), v € N(A)}.
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Let 7 : E(F) — N(F) be the bottom map, defined by 7([v,w]) = v. For any ¢ : E(F) — Z¢,
the map 7, : N(F) — Z¢ is defined by:

(7.4.3) me() = Y ela).

a=[v,w]€E(F)

We also use the shortand notation 5A{3 for 1gp)\p(a)e for any A C B C F. We are now ready
for the definition of our family of coproducts:
(7.4.4)

e, 0 ~ n—n’, o0’ £, (e—efd)
AEFE = Y S a(p) (AB) e (R FUA) "
£ n A F

Jr
Acl; FF) en’ ‘B (a) care

The inner sum runs over the maps n’ : N(F) — N with n’(v) = 0 if v ¢ A, and over the maps
e: BE(F) — N? with ¢(a) = 0 for a ¢ O(A, F). This sum is infinite, and thus takes place in
a suitable completion of the tensor product. This can be made precise in terms of bigraded

spaces, see [4, Section 2]. Now let us introduce another assumption of the collection U;:

Assumption 7.3. The correspondences U; : (F, F) — U;(F, F) verify (fori > 1):

(1) U(FUG,F+G)={CUD,CeU(F,F) and D € U;(G,G)}.
(2) The following equivalence holds:

(A e U(F, F) and B € U;(F, F U, A)) — (B cU(F,F) and A e ui(B,ﬁ|B)) .

Theorem 7.4.1. Under Assumptions 7.1 and 7.3, the coproducts A; are multiplicative and
coassociative.

Proof. Multiplicativity is a direct consequence of item (1) of Assumption 7.3 and of the defini-
tion of the product of two decorated forests, thanks to the fact that factorials (resp. binomial

coefficients) verify (f + g)! = flg!, resp. (Jiiii’) = (JJ:/) (5/), for two functions f and

g with disjoint supports. Coassociativity is proved by a careful direct check: first of all we

compute:

(A; @ I)A(F, F)™

B 1 n4mee, oln(B) ~ n—n’, °+“H+7r*(5_eés)
- wen( X Xi(n) (55, o (FFuB),

3 epte
Bel;( FF en’’ |E(B) B

B 1 [n\ /' +7.e
- Z Z Z Z elnl \n” w
BeU;(F.F) e:E(F)—N? suppeCd(B,F) Aez,[i(B,F\IB) n:E(B)—N%, supp nCH(A,B)

n/:N(F)—=N? suppn”’ CN(B) n:N(B)—N% suppn’ CN(A)

—~ n4mem, 0 ~
<A,F‘A) ! ‘N(A)®<B,F‘BU,~ A)

fle(a)

FFy; B

e§+n eg—I—a

(7.4.5)

n”fn’+7r*e,0|N(B)+n’+7r*(nfe€) ( ~ >nn”,7r*(€e€)+o+n"
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On the other hand,

(T'® A)A(F, F)p*

B 1/n ~ ﬁ’+w*§,o|N(A) ~ n—ﬁ’,o-{—'ﬂ’—f—m(?—e’@“)
- gea)| ¥ Z&;(ﬁ) (4.7),) ©(RFuUA) "

A€U;(F,F) EW ‘lE(a) €qte

Z Z Z Z : . nor
- R . ap\w )\ ar
AcU;(F,F) EE(F)—N% suppeCO(A,F) Bel;(F,FU;A) 1:E(A)—N4, supp eCO(B,F)
N (F)—N? suppn’ CN(A) N (F)—=N? suppn”’ CN(B)

A\ W HTE 0 ~ A 41,77, [0+ +ma (B—ed)] ~ n—n' 0" o4+ 40"+ EE 7+ l)
(A’F|A> ‘N(A)®<B,(FUZ‘ A)‘B) - ’ IN(B)@(F,FUZ- B) P o !
e|E(A) eates epteptn
(7.4.6)

Here we have used the equality r U A)U; B = I U; B which holds because A C B here.
Remark moreover that we have £ = % + ££, and the support of the two components are

disjoint. We make the following change of indices:

/ ~ ~

£ =541, n:= &%, n = =c—-17.
It is injective, with image given by the constraint € —n’ > 0. Its inverse, defined on this image,
is given by:
e=n+1, n=¢c—1.

The combinatorial prefactor in (7.4.6) can then be rewritten as:

11 11 1 11fe
mal gt -t glel\y)”

Hence,

(I ® AN (F, F)™

Y
- 22 2yl
AelU;(F,F) Bel;(F,Fu;A) &mnn' w'n”

F,FU; B

)

)'ﬂ’—l—m(n-i-n ), v (a) 41y (e—n'), [0+ +ms (n+n’—e6‘)]|N(B) ( ~ )l‘l—ﬁ/—ﬁ//7 o+’ﬂ’+ﬁ”+7r*(a+e65)

@ (B.(Fui 4),)

B F
e‘E(A) e tn epte

(7.4.7)

so that the constraint ¢ — ' > 0 is encoded in the combinatorial prefactor. Now we make
another change of indices, namely,

n=n"+n" n =1 +m7.
It is again injective. The inverse (defined on the image) is given by:

U 7T*?7/, 7=+ W*TI/-
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We thus have the following identities between binomial coefficients:

n m-w\ nl(n — 0)! B nl(® + 1) o on N\ (W4
v\ & ) T We—w)Wim—w —w)  w@ e m—w —n)  \w+ar) | ®

Plugging this into (7.4.7) we get:
(I ® A))A(F, F)™
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The generic term in the right-hand side of (7.4.8) depends on 7’ only by means of the binomial
coefficient. By means of the Chu-Vandermonde identity (7.3.3) we have:

S ) = 2 ()65

a n',mn'=a

- 20065

«

(7.4.9) - <“" N W*g).
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In view of Assumption 7.3, plugging (7.4.9) into (7.4.8) and comparing with (7.4.5) proves the

coassociativity of the coproducts A;.

7.5. Decorations and contractions. We extend the contraction operator K of Paragraph

7.2 to decorated forests as follows:
(7.5.1) K ((F, F)‘;”) = K(F, B b
with:

[n](z) == > n(v), o](x) == o(v) + Y _ t(a), (o) 1= ¢

vEX vET acx?
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