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ABSTRACT. In this project we study bialgebras and Hopf algebras, bialgebras
equipped with an antipode, in the context of the theory of Lie algebras and
the theory of renormalisation of quantum field theories (QFT).

We study the classic Poncaré-Birkhoff- Witt theorem which states an iso-
morphism s : S(L) — U(L) between the symmetric algebra and the universal
enveloping algebra for any Lie algebra L. We prove a slightly strengthened
version of PBW theorem for vector spaces equipped with an arbitrary skew-
symmetric binary operation not necessarily satisfying the Jacobi identity

We also study a Hopf algebra structure defined on vector spaces of graphs
(following the ideas of Connes-Kreimer). Some specialised (tree) version of our
Hopf algebra are proven by Connes-Kreimer to play an important role in the
theory of renormalisation of QFT.
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1. Introduction

We study the classic Poncaré-Birkhoff- Witt theorem, in the Lie theory, which
can be formulated as follows: Let L be a Lie algebra and let U(L) = T(L)/J be
the universal enveloping algebra of L. If {l1,...,l,} is a basis of L, then U(L) is
isomorphic, as a vector space, to Fll1,..,1,], the polynomial ring generated by the
formal variables {l1,..,1,}. So there exists a vector space isomorphism s : S(L) —
U(L) between the symmetric algebra and the universal enveloping algebra for any
Lie algebra L. The universal enveloping algebra (U (L), ) is known to have a Hopf
algebra structure, with the multiplication,*, induced from the tensor product in
T(L) and the co-multiplication given by the formulas

A(l)=1®1

Ala)=1®a+a®1l,a€L

and extended to all of U(L) through A(a; x ... x a,) = A(ag) x ... * Aay,). The
antipode is defined by

S(1)=1
S(ag x...xan) = (=1)"an *ap_1*... xay

We note that U(V) = T(V)/J make sense as a quotient associative algebra for
arbitrary vector space V, equipped with any binary skew-symmetric operation [,] :
A%V — V. and prove a slightly strengthened version of PBW theorem which states
that the natural symmetrization map s : S(V) — U(V) is an isomorphism if and
only if the binary operation [,] satisfies the Jacobi identity, i.e. if and only if V is
a Lie algebra. In general dim.S, (V) > dimU,(V), that is, in general the universal
enveloping algebra is smaller than the symmetric algebra over the same arbitrary
vector space V.

We also study a Hopf algebra structure on a vector space of graphs (following
the ideas of Connes-Kreimer)[Con, Kr 1][Con, Kr 2] . One of the most commonly
used methods in OFT is pertubation calculations, in general resulting in ill-defined
integral. The systematic treatment of these divergent integrals is known as renor-
malization. Connes and Kreimer develop a new technique of renormalization using
Hopf algebras. They showed that the vector spaces generated by Feynman graphs,
which govern the process of renormalization, have Hopf algebra structures. The
combinatorics of renormalization can be described in terms of rooted trees and
some other specialised families of graphs. In this paper we will study the vector
space G spanned by linear combinations of admissible graphs of any genus. The
multiplication is defined to be the disjoint union and co-multiplication is defined
on connected admissible graphs by the formula

Al=1®1

AG=10G+G®1+ Y Ga®G/Ga
GaCg
where summation goes over all admissible subgraphs G4 and extended to all of G
by A(G1,Ga, ..., Gn) = A(G1)A(G2), ..., A(G). We show in detail that this multipli-
cation and co-multiplication make G into a Hopf algebra. That is, the Hopf algebra
structure of rooted trees may be extended to all admissible graphs of any genus.



2. Multilinear maps and the tensor product

2.1. Universality and Multilinear Maps. Let A,S and X be sets and let f, g
be functions with domain A such that f: A — S and g: A — X. Further suppose
that there exists a unique function ¢ : S — X for which g =i o f, that is, that the

diagram
N
BN
commutes.

What does this say about the relationship between the functions f and g and
their action on A? It says that any information in g is also in f, which is usually
expressed by saying that g can be factored through f. Now let S be a family of
sets including S and let F be a family of functions including f. Suppose that for
all sets X in S and all functions g : A — X in F there exists a unique function
1: 8 — X for which g = i o f or equivalently, that the diagram above commutes.
That is, every function g in F can be factored through f and since f itself is in
F the information in f is precisely the same as the information in the entire family
F. So in this sense a single pair (S, f: A — S ) may capture the concept of a hole

family of functions. This is the idea of universality, put in to a formal definition as
follows:

A

i

<—W

S

2.1.1. Definition. Let S be a family of sets and let F be a family of functions
from a set A to members of S. Let H be a family of functions on members of S.
(Assume that H has the following properties: it contains the identity function for
each member of S, it is closed under composition of functions and composition of
functions is associative. Also assume that for any « € H and f € F, the composition
is defined and a member of F). A pair (S, f: A — S ), where S€ Sand f € F
is a universal pair for (F,H), if for any X € S and any g : A — X in H there
exists a unique function ¢ : S — X for which g = io f. That is, every function g in
F can be factored through f.

For this definition to make sense, we must show that if such universal pairs exist
then they are essentially unique, that is, unique up to isomorphism. For otherwise
functions in F may be factored through two essential different functions.

2.1.1. Theorem (Universal pairs are essentially unique). Let (S, f: A — S)
and (T, g : A — T) be universal pairs for (F,H). Then there is a bijective function
w € H for which u(S) =T.

Proof. If (T, g: A — T) and (S, f: A — S) are both universal pairs for (F,H),
then there exist unique functions ¢ : S — T resp. i’ : T — S for which g =i o f
resp f =1 o g. Hence combining this,

f=ioiof



So both i’ o ¢ and id, the identity map, are members of H that make the diagram

Aty

\]\ ii'oi_jd

S

commute and the uniqueness requirement implies ¢’ 04 = id. The same argument
gives i 04’ =id, so 7 and ¢’ are inverses and the bijective function u € H for which
u(S)="T. O

Next let us restrict the family of functions, to include only multilinear ones. Let
V1 x ... x V,, denote the Cartesian product of vector spaces Vi, ..., V,,, that is, the
set of all n-tuples (v1,..,v,) where v; € V;.

2.1.2. Definition. Let V7,...,V,, and W be vector spaces over the same base field
F, a function f : V3 x ... x V,, — W is called multilinear if it is linear in each
variable separately, that is, if

f(vl,...,vm,hmm+sv£n7vm+17...,vn) = Tf(vlv"~7vmflvvmavm+17"'7vn)+
sf(vh"'7Um—1;v;n7vm+17---7vn)

for all 1 < m < n and scalars r, s belonging to the field F. For the special case
n =2, f is called bilinear.

The set of all such multilinear functions f : V; x ... x V,, — W for some fixed set
Vi, ooy Vi, W oof vector spaces will be denoted by hom(Vy, ..., V,,; W).

2.2. Tensor Product. Let V7, ..., V,, be vector spaces over the same base field F'.
We wish to define the tensor product V; ® ... ® V,, as the vector space over F,
which satisfies the universal property. That is, we wish to show that there exists
a multilinear map f : Vi x .. xV,, —» V1 ® ... ® V, defined by f(v1,...,v,) —
v1 ® ... ® v, such that for any vector space W over F' and for any multilinear map
g: Vi x...xV, — W there is a unique linear map ¢ : V1 ® ... ® V,, — W such that
g =10 f. We shall show that such a product does in fact exists and is unique (up
to isomorphism)

Let S be any set and F' any field, then we can construct a vector space spanpS
as the set of all possible finite linear combinations of elements of S

spanpS = {151+ ... + Apsn| n > 1, \; € Fys; € S}
Let V1, ..., Vi, be vector spaces over the same field F and let S = V; x ... x V,, be

the Cartesian product of Vi, ..., V,, as sets. Construct

M := spanpS = {A1(v],...;00) + . 4+ An (0], ., 0| A € Fovl € Vi}

Uy
so M is clearly a vector space. Let My be a subspace of M generated by all elements
of the form
(V1 ooy U+ VL ey U ) — (U1, ey Uiy ooy Un) — (V1 ey Uy ey Up)
(U1, ey AUy ey U ) — A(V1 ooy Uiy ey Up)
There is a natural map f: Vi X ... x V,, — M /M given by

Fv1, ey vp) = [(v1,.y00)]

where [(v1, .., v, )] denotes the equivalents class of (v1,..,v,) in M /M.



2.2.1. Theorem. The map f is multilinear
Proof. We wish to verify that for all 1 <m <n
f(vlwnavmfh/\vm+)\/’U;nyvm+17-“7vn) = )‘f(vh“~7’Um71avm7vm+1y--~>vn)+
/\/f(vla ceey Um—1, ’U;n, Um+1 s vn)

for A\, N € F. By definition of f we have
F1, ey V15, A+ N0 Vi1 ey Un) = [(V1, ooy U 15 AU+ N0 Uit 1, ey V)]
Splitting addition and multiplication with scalar we wish to verify that,

(V1 ey U+ VL oy V) + Mo = [(U1, 00y Uiy ooy U ) + Mo + [(V1, ey ULy ooy 0) + Mo

(’Ul, ceey )\’Ui7 ceey Un) + MO = A(’Ul, ceey Ugy evey Un) + MO

but this follows immediately from the construction. Since M/M, is a quotient
space, 80 ((U1, .oy Viy ooy Un) + (01, ey Uy oy 0p)) + Mo = (01, ery U4y oy 0) + Mp) +

((v1y ooy V), ooy vn) + Mp) and (v1, ..., v; + %, ..., v,) is congruent to (vi, ..., Vi, ..., V) +
(V1 .eey UL, ooy vy) mod My so

(V1 ey U+ 0 ey ) + Mo = [(V1, ey Uiy ey ) + (U1, ey Uy ooy 0)] + Mo =
[(V15 ey Viy oy U ) + Mo + [(01, oy VL oy 0) + M)
The second equality follows in the same way. Which completes the proof. (Il

Define the tensor product V; ® ... ® Vi, by
N®...0V,=M/M,

V11 Q... v, = (Ul, ...,’Un) +My eV1®...0V,
Let us next show that the tensor product has the required universal property.

2.2.2. Theorem (The universal property for the Tensor product). LetVs,...,V,
be vector spaces over the field F. The pair (V1®...QV,,, f : Vix..xV, - V1®..QV,,),
where f is defined by f(vi,...,0,) — v1 ® ... ® v, has the following property. If
g: Vi x..xV, —= W is any multilinear function from Vi x ... x V,, to W over F
then there exists a unique linear transformation i : V1 ® ... @ V;, — W such that

g =10 f or equal, that the diagram

Vix .. xV,—sVie. oV,

S

Proof. Assume first that ¢ exists, then the condition g =4 o f uniquely determines
the value of 7 on 11 ® ... ® v,,.

commutes.

(V1 ® ... @vy) =i0 f(v1,..,0n) = g(v1,..,0p)

i.e. if i exists, it is unique.
To prove the existence define for all v1 ® ... ® v, € V1 ® ... ® V,, the function i to
be

i(’Ul K. Q Un) = g(’U1, -~-7Un) (*)
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We have to show that this definition makes sense. Take any v1 ® ... ® v, and let V
be any element in Vi x ... x V,, such that

fV)=v1®..0uv,

Such an element obviously exists, take for example V = (vy, .., v,). If V' is another
element such that f(V') = v1 ® ... ® v, then f(V —V’) =0s0 V — V' € kerf.
That is, V — V' = V" where

V" e My

moreover, by multilinearity of g, g vanish on M. Finally ¢ does not depend on the
choice of V since if V' is another element such that f(V') = v; ® ... ® v, then

g(V)=g(V' + V") =g(V') + g(V") = g(V')
So the map i, given by (x), is well-defined and makes the diagram commute. O

From the construction of the tensor product it thus follows that for all0 < i <n
and a € I we have the following two formulas,

(V@ @V +0)® 0. @)= (11 Q .. QU ® ... QUy) + (V] ® . RV, R .. @ Vp,)
(M ®..0MN; ® ..U, =A(11 ®...0V; ] ... QUy)

2.2.1. Remark. The tensor product may be called associative in the sense that
there exists a canonical isomorphism

for which
T(1® .. QVy) (W ® .. QW) = V1 R ... QU QWL R ... @ Wiy

The tensor product (v; ® v2) ® vz € (V1 ® Va) ® V5 can therefore be canonically
identified with v; ® (v2 ® v3) € V1 ® (Vo ® V3) and hence can be viewed as one and
the same element v @ Vo QU3 in V1 @ Vo ® V3 .

3. Associative algebras

3.1. Unital associative algebra.

3.1.1. Definition. An associative algebra is a vector space A over a base field F’
together with bilinear map ¥ : A ® A — A which is associative. The associativity
is expressed by the commutativity of the following diagram.

Ao Ao A™ S A A

The diagram implies that for all a,b,c € A we have (ab)c = a(bc).
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3.1.2. Definition. The algebra A is unital if moreover there is a unit 1 in it. This
is expressed by the commutativity of the following diagram

FoAdl2 Ao Al soF

NN

where p1 : F' — A defined by pu(X\) = AL.

3.1.3. Definition. An unital associative algebra is said to be commutative if
further the following diagram

A A— s A A

A

where T: A® A — A® A is the twist map defined by T(a ®b) = (b® a) commutes.

3.1.4. Definition. Let A and A’ be two unital associative algebras, a linear map
f:A— A is called a linear map of algebras if the following two diagrams

A9A—Ts A oA

7

commute.

3.2. Tensor algebra. Our first example of an associative algebra is the tensor
algebra. For any vector space V over F, and any nonnegative integer p the p”
tensor power of V is the tensor product of V with itself p times, V ® ... @ V,
denoted T?(V) or V®P. So TP (V) consist of all tensors on V of rank p.
3.2.1. Definition. To any vector space V one can associate its tensor algebra
T(V), defined by:

v) - v

0<k
with V&0 = F

The space T(V) has a natural algebraic structure ¢ : T(V) @ T(V) — T(V)
defined by

VU1 ® . @Upy U] ® ee. Q@ Upy) =V Q. QU QUL R eee @ Upp,
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the embedding of the ground field into T(V') gives the unit map g, that is, the unit
in T(V) is the unit in F. Which completes the definition of the algebraic structure.
The tensor algebra is obviously associative since the tensor product is.

3.3. Endomorphism algebra. A second example of an associative algebra is the
endomorphism algebra. For any vector space, the set End(P) = hom(P, P). In-
deed, End(P) is a vector space. The product in End(P) is defined by the compo-
sition of maps,

¥ : End(P) x End(P) — End(P)

fxg—fog

where f o g(a) = f(g(a)) is the composition map in the usual sense.

3.4. The symmetric algebra. A third example of an associative algebra is the
symmetric tensor algebra.

3.4.1. Definition. Let A be an associative algebra. A subspace I C A is called a
(two-sided) ideal if for any r € I, a € A

ra € I,ar €1
3.4.2. Definition. Let A be an associative algebra. An ideal of the form
<A1,y Ay >= {Z biaicy + ... + bpancy|bi,c; € A}
is called the ideal generated by aq,..,a, € A.

As the next lemma shows, for any algebra A, the quotient vector space of A by
any (two-sided) ideal is itself an algebra with an induced algebraic structure given
below.

3.4.1. Lemma. For any (two-sided) ideal I in A, the quotient vector space
B=A/I

has an induced algebraic structure defined by

[b1][b2] = [b1b2]

Proof. Since [by] = by + I and [bs] = by + I the product [b][b2] might be written as
[b1][b2] = (b1 + I)(ba + I) = byby + by I + ITby + I1
Since I is an two-sided ideal b1I + Iby + I1 is in the ideal and hence
[b1][b2] = b1ba + I = [b1b2]

The symmetric tensor algebra may now be defined in the following way
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3.4.3. Definition. Consider a vector space V and let J be an ideal in the tensor
algebra T'(V') generated by all elements of the form

< QUi —v; QU >
where v;,v; € V. The quotient of (V') by the ideal J is called the symmetric

tensor algebra.
SV)=1\V)/J

There is a natural projection 7 : T (V) — S(V') defined by,
TV ® ... QUp) =01 O ... O vy,

and from lemma it follows that S(V) is an associative algebra, with an induced
natural structure of a commutative associative algebra ¢ : S(V) ® S(V) — S(V)
given by

Y01 O . OV, U O . OUy) = V1O . OV, QU O e O Uy

3.4.4. Remark. For charF = 0 the symmetric tensor algebra may alternatively
be regarded as a subspace of the tensor algebra rather than a quotient space. Let
o be any permutation in S,, the multilinear map f, : VP — TP(V) defined by
Jo(Vi,.vp) = (Vo) @ ... ® Vy(p)) determines, by universality, a unique linear
operator A\, on T?(V) for which A\s(v1 ® ... ® vp) = Vo(1) ® ... @ Vg(p). Let B =
{e1,...,en} be a basis for V, then the set B = {e;, ® ... ® ¢;,|e;; € B} is a basis for
T?(V). A, is a bijection of B so A, is an isomorphism of T?(V'). A tensor t € TP(V)
is called symmetric if A\?(¢) = t for all permutations o € S,,. If charF = 0 we can
identify S(V') with a subspace of T'(V') by the following mapping

1
V1 ®...00, — Z ]
UGSnp.

If we choose a base B = {eq,...,en} in V, then S(V) can be identified with the
polynomial ring, Fles, .., e,], generated by the formal variables ey, ..., e,.

Vo (1) & -+ & Vo(p)

3.5. Lie algebra. We shall be interested below in associative algebras which are
associated to Lie algebras, let us first give a definition of the latter concept.

3.5.1. Definition. A vector space L over a field F is called a Lie algebra if there
is a bilinear map, called the Lie bracket

L[]:L®L—L
(L, 1) — [, 1]
that satisfies the conditions,
[Lis 1] = =1, 1]
(L, (L5 be]) + [, [, G] + [, [l 45]) = O
for all l;,1;,1; € L. The second condition is called the Jacobi identity.

3.5.2. Remark. Let A be an associative algebra. Define the commutator of [; and
l; to be [l;,1;] = l;l; — l;l;, where then product is the associative product of the
algebra A. This commutator obvious satisfies the two conditions above making A
a Lie algebra, usually denoted Lie(A). As a vector space Lie(A) is isomorphic to
A.
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3.6. Graded and filtered algebras. Let us end this section on associative alge-
bras by defining the concept of graded and filtered algebras.

3.6.1. Definition. Let A be an associative algebra over F'. A is said to be graded
if for each integer n > 0, there is a subspace A,, of A such that:

(G.1) A is the direct sum of all the A,,, and 1 € Ay
(G2) AmA'rL - A’m-{-n Vm, n > 0

3.6.2. Definition. Let A be an associative algebra over F'. A is said to be filtered
if for n > 0, there is a subspace A of A such that:

(F.1) 1€ A9 and A© C AW C A® € and UA® = A
(F.2) AM A C Am+0)ym p > 0

So what is the connection between graded and filtered algebras? How can one
construct a filtered algebra starting from a graded one and vice versa, i.e. how to
construct a graded algebra starting from a filtered?

Let A be a graded algebra and let A, a subspace of A satisfying condition (G.1)
and (G.2) above. Put A = ZZ:O Ap, then it is easily verified that A becomes
a filtered algebra, called the filtered algebra associated with the graded
algebra A.

Now let A be a filtered algebra and let A(™) a subspace of A for filling condition
(F.1) and (F.2) in the definition. Put B, = A /A(™=1 and let 7, be the natural
map of A™ onto B,, and denote the direct sum of B, by B. Construct the
product in B in the following way: given b, € B, and b}, € B,, choose b; € A"
and by € A such that m,(by) = b} and 7, (b2) = b, . Define b}y = 7y (b1b2).
It is easy to verify that the product is well-defined and independent of the choices
of b1,bs. The map from B,, X By, into B4, defined by (b}, 5) — b}bf is bilinear
and extends to a bilinear map B X B — B given by (b}, b5) — bjb,. We call it the
graded algebra associated with the filtered algebra A, and denote it from
now on by A9".

4. Coalgebras

4.1. Co-unital co-associative coalgebras. Coalgebras are objects that are dual
to algebras. Axioms for coalgebras can be produced from axioms of algebras by
just inverting arrows in all diagram.

4.1.1. Definition. A co-associative coalgebra is a vector space C' over a base
field F' together with a bilinear map A : C — C ® C which is co-associative. The
co-associativity is the same as the commutativity of the following diagram,

C 2 .cecC

Ai lm
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4.1.2. Definition. A coalgebra C' is called co-unital if there is a co-unit. That is,
if there exists a linear function € : C' — F such that the following diagram

/\LA\

commutes.

4.1.3. Definition. A coalgebra is called co-commutaive if the following diagram

2N

Cel——F—=C00C

where T: A® A — A® A is the twist map defined by T'(a ® b) = (b®a) commutes.

4.1.4. Definition. Let C' and C’ be two co-unital co-associative coalgebras, a linear
map g : C — (' is called a linear map of coalgebras if the following two diagrams

C C’

Ai l”

’ ’
C®C*>g®g c'eC

commute.

4.2. Tensor coalgebra. To any vector space V' one can associate its tensor coal-
gebra T¢ (V) which, as a vector space, can be identified with 7'(V).

4.2.1. Definition. Let V be any vector space and let T¢ (V) denote its tensor
coalgebra with the co-product A : T(V) — T(V) @ T(V) defined by
n—1
AW ®...00,) = 10 ®...0 U, 11 @ ... QU @1+ 3 _(11®...0p) @ (Vp41®...0Vy,)
p=1
and extended by linearity to all of T'(V).
It is easy to verify that A is in fact co-associative. For example, for v; ® ve €
TC(V) we have
(AQid)A(v; ©vy) = (AQid)(1Qv Qvy+ 11 Q@va @140 @ vy) =
A(].) é) V1 ® (%) —+ A(’Ul ® ’U2) é 1 + A('Ul) é’l]g =
1@51(251}1@’02—}—1(25’01®U2(§>1+’U1®U2é1é1+

Ulév2é1+1évlév2+vlélév2



15

and
(i[d@ A)A(v ®vz) = ([dRA) 1RV @va+11 @V @1+ v @ug) =
1@ A(v ®va) + 11 @ vz ® A1) + 01 ® A(vg) =
1<§>1(§>01®U2+1<§>U1®U2<§>1+1(§>U1(§>U2+
vl®v2é1él+v1é1é§v2+v1év2él

so that (A®id)A (v @vy) = (id®A)A(v; @vs). The co-unit is given by the natural
projection of T¢(V) onto F.

5. Bialgebras and Hopf algebras

5.1. Bialgebra.

5.1.1. Definition. A bialgebra B is a vector space, endowed with an algebra
structure (defined by ¢, 1) and a coalgebra structure (defined by A,e) such that
the following three diagrams

BeBeBoB —%  BeBwB®B

A®AT lwm

B®B m B N B®B

(where t : B ® B — B ® B is the transposition map b; ® b; — b; ® b;.)

Qe

BB——F®F

~

¥

W=—0

—FF

I

BB<—FQ®F

A

~

H—®

<N— F

commute.

5.1.2. Definition. An element v in a bialgebra B is called primitive if
Av)=1®@v+vR®1

5.1.3. Definition. Let B and B’ be two bialgebras, a linear map f : B — B’ is
called a linear map of bialgebras if it is a linear map of algebras and also a
linear map of coalgebras.
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5.2. Hopf algebra.

5.2.1. Definition. Let A be an algebra and C a coalgebra over the same field F.
Define an algebraic structure on hom(C, A), the set of all linear maps from C' to
A, by

% : hom(C, A) ® hom(C, A) — hom(C, A)
f®g—fxg
where f*xg:C — A is given by the composition
Clcec™A0a% A
This product is called the convolution product.
The convolution product is associative since A is associative and C' co-associative.

5.2.2. Definition. Let H be a bialgebra, a linear map S : H — H is called an
antipode of the bialgebra H if S is the inverse of the identity map id : H — H
with respect to the convolution product in hom(H¢, H4), that is, if the following
diagram

HoH—22" . gen

> N
e

H

commutes. A bialgebra H having an antipode is called a Hopf algebra.

5.2.3. Example. (The group algebra) Let G be a group, and let G(F) be the
associative group algebra over the field F. This is an F-vector space with basis
{gilg: € G} so its elements are of the form Y \;g;.

The associative product ¢ : G(F) ® G(F) — G(F) is defined by the product of
G extended to a bilinear map from G(F') x G(F) to G(F):

(A191)(A2g2) = (MA2)(9192)
for any A1, A2 € F and g1,92 € G. The unit p is given by the neutral element e of
Gie. p:F — G(F) is given by u(A) = Ae.
The space G(F) has a coalgebra structure A : G(F) — G(F) ® G(F)) given by:

A(Z Aigi) = Z Aigi @ gi
with the co-unit € : G(F) — F given by e(>_ A\igi) = > \i.
To show that G(F') is an Hopf algebra we must show that the product and
coproduct are compatible, that is turns G(F') into a bialgebra, and that it has an

antipode.
For any to elements g1, g2 in G

A(g192) = (9192) ® (9192) = (91 ® 91)(g2 ® g2) = A(g1)A(92)

that is, A is an algebra morphism.
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It remains to show the existence of an antipode. Let S : G(F) — G(F) be
defined by

S(g)=g7"
for any g € G and extended linearly. This is an antipode of the bialgebra G(F)
since

(S @id)Ag) = Y(S@id)g©g=v(S(g)®g)=5(9)g=9g 'g=e¢
and e = 1 oe(g) for any g € G, and similarly for ¢ (id ® S)A(g)

5.3. Graded connected bialgebras. Finally let us show that for any graded
connected bialgebra the antipode comes for free making it a Hopf algebra.

5.3.1. Definition. Let B be a bialgebra (B,, A, e, u). B is said to be a graded
connected bialgebra if it permits a decomposition into a direct sum

B=B.
n>0

such that

(1) the multiplication and co-multiplication preserves the grading, i.e. for all
be B, and ¥ € B,,

(b, b") € Bpyin

Ab)e P BreB
n=k+l1

(2) the unit and co-unit maps e, y are graded i.e.
€: By — F
w:F— By
so the image of ¢ is zero on all B,,>; and the image of p is in By.

the connectedness is expressed by the following condition
(3) By is identified with the base field F

By=F

Any graded bialgebra is obviously filtered by the canonical filtration associated
with the grading
B — @ B,
m=0

Let, as usual, hom (B, B) denotes the set of all linear maps from B onto itself.
Because of linearity this may be written as

hom(B, B) = hom(EPB.,, ) B,n) = Phom(B,, B,,)
n>0 m>0 n,m
5.3.2. Definition. For any natural number k

homy (B, B) := @Dhom(B,,, B, 1)

n>0
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Now let £k = n — m and we can write

hom(B, B) = @homk(Bn,B,H_k)
k
so any function f € hom(B, B) may be written as a direct sum

f=EPh
k
for some fi € homy (B, B). Such functions are called homogeneous of degree k.

5.3.1. Lemma. Let f; € homg(B, B) and g, € hom,(B, B), then
fr* g1 € homy (B, B)

Proof. Since the co-product preserves the grading, for any b € B,, we have
A)= > b@b]
i+j=n
where 4,5 > 1. So the convolution product becomes

Fexa®) = 3 v(f®)a®))

i+j=n

but fy(b;) € Biti and g(b]) € Biy; plus remembering that the product also

respects the grading we may conclude

fk: * gj(Bn) € Bn+k+l

From lemma we may conclude that for any f,¢g € homg(B, B), the set of all
linear maps f : B — B such that f(B,) C By, their convolution product f * g also

lies in hom (B, B)

5.3.2. Theorem. Any connected graded bialgebra B has canonically a unique an-
tipode S, making it a Hopf algebra. The antipode can be given explicitly, using the

following notation, for any b € B,,n > 1 let
Y el =Ab)-(b®1+180D)
n=i+j i,j#n
By induction on the grading we define the antipode by
S(1)=1
S)=-b— > SOV =-b— > bSE))

n=itj ij#n n=itj i,j#n

Proof. Let e := poe. Since the image of € is zero on B,,>; and just the idenity

map on By we have that,
G(Bo) = BO
e(anl) =0

For any fy € homgy(B, B) = @ hom(B,, B,) we may write
n>0

fo=flofo@fi®..
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we can extend f' to an element in homg (B, B) by assuming that f§'(By) = 0 for
k > n. Using this notation we can write e = e?@e! @... where e = id and 2! = 0
and id = id’ @ id* @ ...

The map S : B — B is an antipode if the diagram

BeB—" _pBeB

N |

B B B

commutes, that is, if
idxS =e
We define S by induction over n,
S=5®51®..85,D ...

So = id solves id+xS(By) = e(By). Assume we constructed S = Sy S1®...8S, such
that id * S(b) = e(b) for any b € B™. Let us find S, 4, such that id * S(b) = e(b)
holds for any b € B(™*Y. We may assume that b € B, 1 so the equation becomes
idx S(b) =0, i.e.

15(b) + bS(1) + > b =0
n+l=i+j, i,j#n+1
For b € B,,+1 we have S(b) = S,41(b), thus
Snt1(b) = =b — Yoo use)
n+l=i+j, i,j#n+1

but we already constructed Sj<,+1, so we see that there is a unique formula for
Sn+1- This completes the induction. A similar calculation shows that this also
satisfies S * id = e which completes the proof. ([l

6. The universal enveloping algebra

6.1. The universal enveloping algebra. We have already seen that every asso-
ciative algebra A can be turned into a Lie algebra Lie(A) by replacing its multipli-
cation by the commutator [I;, lj} = l;l; — l;1;. Now consider the reverse situation,
starting from a Lie algebra L we wish to find an associative algebra A such that the
Lie algebra Lie(A) contains L. This algebra will be called the universal enveloping
algebra, and will be denoted by U(L).

6.1.1. Definition. Let L be a Lie algebra with Lie bracket [,]. Let J be the ideal
of T(L) generated by all elements of the form

<li®lj—lj®li—[li,lj}>

then the universal enveloping algebra of L is define as the quoitent algebra



20

The canonical mapping ¢ : L — T'(L) induces a mapping o : L — T(L) — U(L)
called the canonical mapping of L onto the quotient algebra U(L) = T'(L)/J such
that for all l;,1; € L

o(li)o(ly) —o(ly)a(li) = o([li,1;])

6.1.1. Theorem (The universal property for the universal enveloping al-
gebra). Let L be a Lie algebra over a field F. The pair (U(L),c : L — U(L)),
where o is the canonical mapping has the following property. If A is any algebra,
and g : L — Lie(A) is any Lie algebra homomorphism, then there exists a unique
algebra homomorphism i, : U(L) — A such that g =i, o 0.

Proof. Since the algebra U(L) is generated by 1 and o(L) the algebra homomor-
phism i,,if it exists, is clearly unique.
Let ¢ : L — T(L) be the canonical map inducing o

Let i4 be the unique homomorphism of 7" into A such that g = i4 o ¢. For all
l;, lj eL
9(i)g(l;) — g(l3)g(ls) = g([li, 1;])
S0
ig(li @1 — 1 @i = [li, 1]) = g(l)g(l;) — g(ly)g(li) — g([li, 1;]) = 0
hence i4(J) = 0 and, by passage to quotient, is defines a homomorphism 4, of
U(L) such that g =i, 0 0. O

We have now shown that the universal enveloping algebra, as defined above,
exists, is universal in the usual sense of the word and unique up to isomorphism.
Based on this result, we may consider U(L) as the unique universal enveloping
algebra.

6.2. The Poincaré-Birhoff-Witt theorem. Let {l1,..,1,,} be a basis in L, and
let I = (i1,..,4p) be any finite sequence of integers in the set {1,2,...,n}.

6.2.1. Definition. By a monomial we mean any tensor which is either 1 or of the
form

lil ®..Q lip
for p > 1 and 41,..,7, € I. Let I be linearly ordered, a standard monomial is a
tensor which is either 1 or of the form /;; ® ... ® [;, for p > 1 and iy < ... < iy € I.
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It is clear that for any basis {l;,..,l,} in L the image under the canonical map
in U(L) of tensor monomials [;; ® ... ® I;, span the universal enveloping algebra
over I, since they span the tensor algebra. In fact we will show, in this section,
that even the canonical image of the standard monomials span U(L), and does in
fact form a basis for U(L). By using the Lie brackets we will show that the image
of any monomial in U(L) may be rewritten as a sum of standard ones.

6.2.2. Definition. Let U,(L) denote the canonical image in U(L) of

P 1w

0<k<p
that is,
Up(L)=F
U1(L)=F®o(L)

If I is a linearly ordered set one can define the defect as the number of terms in
a standard monomial that is ’out of place’ relative to there order in the index set.
More precisely,

6.2.3. Definition. Let d =defect(l;, ® ... ® l;,) denote the number of pairs (r, s)
such that 1 <r < s < p but i, > is.

We write Ug(L) for the linear span formed by the image of all monomials of
degree p and defect d. That the defect is zero if and only if the monomial is
standard, moreover U,(L) is obviously the sum over all possible defects Ug(L).

6.2.4. Definition. Denote the canonical image of I; in U(L) by u; and set u; =
Uz, ..U, . For any integer ¢ we write ¢ < [ if i <iq,.,0 < dp.

6.2.1. The Poincaré-Birhoff-Witt theorem. Let L be a Lie algebra and let
U(L) =T(L)/J be the universal enveloping algebra of L. Suppose that {l1,...,1,}
is an ordered basis of L. Then ur = uy,...u;, form a basis of U(L) as a vector space
over F.

Before attending to prove the theorem in general we will first do a study of the
cases where ¢ is a monomial of defect at most 2 and degree at most 4, and show
that all such monomials can be uniquely rewritten in terms of standard ones, to
highlight some of the important steps of the proof. In fact the proof will take the
form of an induction over the defect and the degree.

6.2.5. Example. For p = 0,1 the situation is clear.
If p = 2 every monomial x ® y with > y, may be rewritten according to

TRYy=yQr+|x,y|

so every none standard monomial can obviously be rewritten in the standard form

since the commutator is in Uy (L).

If p = 3, there are two possibilities for £ ® y ® z not to be standard it can either
have defect 1 or 2. First consider the case p = 3,d = 1. Let us assume x > y but
x,y < z. Using the previous result

rRyYRz=(yRzr+[r,yY)Rz=yRarRz+[r,y 2z

the first term on the right-hand side being standard and the second of lower degree.
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The other possibilities follow analogously. There is also the second case where
p=3,d =2. That is x > y > z, there is now two ways to rearranges them either
first interchanging « and y (then z and z and finally y and z) or first interchanging
y and z. So it remains to show not only that the monomial can be rewritten in this
way but also that rewriting in terms of standard monomials are unique.

rRYRz = (Yyx+r,y)®z=
YRrz+ Yy ®z=
YRzQr+yQ[r, 2]+ [r,yl®z=
2Ry + [y, 2| +yR [z, 2]+ [z,y] ® =

The last three terms may be rewritten again using the same formula

TRQYRz = zQYRr+[y,2]Qr+yR[r, 2]+ [T,y ®2 =
zRYyer+rey 2]+ [y, 2], 7] + [z, 2] @y + [y, [z, 2]] + 2 @ [7,9] + [[2, Y], ]

Using the second order for rearrangement

TRQYRz = zR2QU+rRy, 2] =
zRry+[2,2]@y+r@ly 2] =
2QYPr+ 2@ [x,y] +[r,2] @y + 2 [y, 2]

so the two rearrangements differ by a factor

[y, 2], 2] + [y, [, 2] + [z, 9], 2]
which is, exactly the Jacobi identity i.e. it vanishes.

Last consider the case p = 4 and d = 2 but the two defects do not interact.
Again there are two possible ways to do this

TRQYR2zQq¢ = YRr®zQq¢+[x,yYQ0zQ0q¢=
YRIR®qV®z+yRr[z,ql+[z,y @20 ¢=
YRrRqRz+yRre[2q +[7,y®@q@ 2+ [,y ®[2,4]

and

TRYRZO¢ = TRQYRIRZ+ITRY® [2,q] =
YRIR®qVz+ [,y ®qR@z+2x QYR [z,q] =
YRIzRI®z+rRY® [z, +[z,yY ®q® 2+ [z,y] ® [2,q]

so they are in fact identical.

Proof. The proof progresses through a series of lemmas. To show that u; = u;,...us,
form a basis for U(L) one must show that the elements are linearly independent over
U(L) and that they span U(L). We start with proving the latter. For a monomial
not to be standard it must have some indices which are not correctly ordered, that
is, there exist a least one index j such that i; > ¢;41. As noted previously the
canonical image of the monomials span U(L) and from the following lemma, we
shall see, that so do the standard monomials.
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6.2.2. Lemma. Letly,..,l, € L, o be the canonical mapping of L into U(L) and
let ™ be a permutation of the numbers 1,...,p, then

o(ly)...o(ly) = o(lz1))---0(lzp))
is in Up_1(L).
Proof. By induction over the degree of tensors and, for every fixed degree, by

induction over the defect, it suffices to consider the case when © = (4,5 + 1), that
is the transposition of j and j + 1. Which follows directly from the equality

o(lj)o(li+1) —o(lj+1)o(ly) = o([lj, lj41])
O

Proving the linearly independence of standard monomials take some more work.
Let P be the algebra F[rq,..,r,] of polynomials in n indeterminates r1, ..,7,. For
any non-negative integer ¢ let P; be the set of elements of P of degree less or equal
tod. If I = (41,..,1p) is a sequence of integers between 1 and n, let r; = Tiy Ty T, -
6.2.6. Definition. A representation of a Lie algebra in a vector space V is a
bilinear map

LxV =V
(l,v) = low
such that
lyo(lzov) —lgo(lyov) =[l,la]ov
for any l1,lo € Landv eV

By the next lemma we will show that there exists a bilinear map v of L x P into
P such that

Y(lirr) =rirg, Vi<I
'(/J(lia w(lja TJ)) = w(ljv '(/)(ll’ TJ)) + 1/)([117 le Tj) Vihj? J
that is, there exists a representation g of L in P such that
glli)rr =mrry Vi<I

Since the existence of a map g : L x P — P is equivalent to the existence of a map
g : L — End(P) and since, by the universal property of U(L), there exists a unique
algebra homomorphism i of U(L) into End(P) such that g = ioo we conclude that

rirr = gl)rr = (too(ly)rr = i(uy)ry Vi<I

If 4y <ip < ... <'ip we may deduce step by step that since the elements ry, for any
increasing I, are independent in P so are the elements u;, and we have

i(uil...uip) -1 = Til-“ri,,

where 1 is the identity in P.
The following lemma shows that such a representation exists.
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6.2.3. Lemma. For any non-negative integer p, there exists a unique homomor-
phism 2 from L ® P, to P such that

(1) Yp(li@ry) =riry fori<I,r; € P,

(2) Yp(li®@7rr) —miry € Py forrr € Pyyq<p

(3) Yp(li @ p(ly ®@15)) = Yp(ly @ p(li @ 1)) + Up([lis ] @ 75) forry € Pps
The restriction of ¥, to L ® P,_1 is ¥p_1. (Note that the terms in condition (3)
are meaningful by virtue of (2).)

Proof. The lemma is shown by induction on p.

Let p =0, from (1) we have ¢,(l; ®1) = r; and the remaining conditions follows
immediately.

Assume the existence and uniqueness of 1, for some p greater then zero. First
note that if ¢, exists, then the restriction of ¢, to L ® P,_; satisfies (1)-(3) so it
is equal to Yp_1.

Thus it remains to show ,_1 has a unique extension that satisfies conditions
(1)-(3). That is we must define 9,(l; ® ry) for any increasing sequence I of length
p. Suppose i < I, from (1) ¥,(l; ® r7) must be defined as r;r;, on the other hand
if ¢ > I let j be the first element of I, delete j from I and call the new sequence J,
that is, I = (4,J). Then i > j < J and

rr =11y =Yp_1(l; @7y)
so from (1)
7/’p(li Y 7/’1)—1(13' ® TJ)) = 7v/}p(li ® 7nI)
and from (3)
Yp(li @11) = Yp(lj @ Yp—1(li @ 77)) + Ppr([lis ] @ 75)
By (2) ¥p—1(l; ® ry) = riry +w for w € P,_4 s0
Yp(li @ 1) = rjmirr + p(l; @ w) + Yp—1([li, [l @ 1)

This is a unique extension of ¥,_1 that satisfies (1)-(2) plus (3) for ¢ > j < J.
Because of anti-symmetry [l;,1;] = —[l;,[;] condition (3) is also satisfied for ¢ < j <
J. Since (3) is trivially true for ¢ = j, we conclude that (3) is true if i < Jor j < J.
Suppose neither ¢ < J nor j < J are satisfied. Clearly the length of .J is grater then
zero, so let k be the first element of J, delete k from J, and call the new sequence
K, that is J = (k, K), then k < K and k < i,k < j. By the induction assumption

Yp(li®ly) = Yl @Yl ®7K)) =
Yp(l @ Yyl @ TK)) + ([l lk] @ 7K)) =
Vp(le @ 775) + Yp(le @ w) + ¥p([lj, lk] @ 71))

where w = ,(l; ® rg) — ;7K € Pp_a. Therefore,

Up(li @ Up(l; ®15)) = Yp(li @Yp(le @ 1j7ic)) +
Vp(li @ Yp(li @ w)) + p(li @ Yp([lj, lk] @ Tk))
since k < K and k < j (3) can be applied to the first term on the right-hand side.
By the induction assumption (3) may also be applied to the other two terms. This
yields
Upli @ Up(l; @15)) = Yp(le @ Up(li @ Yp(le @ 7k))) + Up([lis le] @ (I; @ 7)) +
Vp([ly, b @ (L @ 7k)) + Yp([Lill, W] © i)
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Interchanging ¢ and j and cancelling term by term

Yp(li @ Pp(l; @ 1)) —Vp(ly @ p(li @ 1)) = Yp(le ® (Yp(ls @ Yp(lj ®7K)) — Pp(l; @ Yp(li ®7K)))
+p([Lilly, k] @ re) — ([l k]l @ i) =
Yl @ Yp([li, ] @ i) + Yp([Lilly, k)] @ 7ic) —
Up([li[li, W]l ® 1) =
Yp([lis ] @ Yp(le @ 7)) + p([l[lis )] @ Tic) +
Up([Lilly, )] @ 7)) — P ([l Ly Ik]] @ TK)

using the Jacobi identity

Vp(li @ Yp(l; @ 1)) — p(ly @ p(li @ 1y)) = Yp([li, j] ® 7kc)
Thus (3) for all possibilities. O

So the elements uy = u;, ...u;, are linearly independent over U(L) and that they
span U(L) which completes the proof. O

6.3. The universal enveloping algebra as a filtered algebra. Let L be a Lie
algebra over F', and let U(L) be the universal enveloping algebra over L. As before,
let U,(L) denote the canonical image in U(L) of @F_,T*(L), then the U,(L) are
subspace of U(L) and defines an increasing filtration of U (L)

Uo(L) CUL(L) C ... CUp(L) C ...

However U(L) is not a graded algebra.

6.4. The graded algebra associated with the universal enveloping algebra.
Let U9"(L) denote the graded algebra associated with U(L), in accordance with
section 3.6, that is

Us(L) =)y UT(L)
where

and the map: U, (L) X Up(L) — Upmyn(L) given by (a,b) — ab defines (by passage
to quotient) a bilinear map: UZ' (L) x US"(L) — U (L), so U9"(L) is a graded
algebra.

By the PBW theorem we have a canonical isomorphism as vector spaces between
the universal enveloping algebra U(L) and the symmetric algebra S(L) and an
isomorphism of algebras between the graded algebra associated with the universal
enveloping algebra U9"(L) and the symmetric algebra S(L). So we can state that
the symmetric algebra is the graded algebra associated with U(L).
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6.5. The universal enveloping algebra as a Hopf algebra. Let us now show
that the universal enveloping algebra U(L) has a Hopf algebra structure.
Define the multiplication ¢ : U(L) ® U(L) — U(L) by
P(a1 ® az) = ag * as
for all ay,ae € U(L). This clearly defines an associative algebra since (U(L),x) is a
qoutient of the associative tensor algebra T'(L) by an ideal.
Define the co-multiplication A : U(L) — U(L) ® U(L) by setting its action on 1
and L to be
All)=1®1
Ala)=1®a+a®1
for all @ € L C U(L) and extend to all of U(L) through
Alag * ... xap) = A(ar) * ... * Aay,)
where each A(a;) C U(L) ® U(L). One may check that this is well defined, take
for example a; * as then
(A®id)A(a; xaz) = (ARid)(1Qa;*as+as®a;+a1Q@as+a;*az®@1)=
A(l)®ag xaz + Aag) @ a1 + Aar) @ as + Aag xaz) ® 1 =
I1®1Qar*xas+1R®axs®a; +as 1R a; +
1®a1®ar+a1®1Qar+1®a; xax®1+
a2 ®a1®1+a®a®@l+a*xa2®1®1

(id® A)A(a; xa2) = ([dRA)(1®aj*az+as®a;+a1QRas+a;*aa®1) =

1® A(ar xag) + a2 ® Alar) + a1 ® Alaz) + a1 xas @ A1) =
1®1®a; *xas+1R®as®a; +1®a; ®as +
I1®ar*xac®1+asR®1Ra; +a®a; ®1+

a1 ®1®ar+a1 @aa®1+ar*xa2®1®1

It is well known that the antipode S on U(L) is given by
S(1) =1
S(ar * ... xap) = (=1)"ap * ap_1 * ... x a1

se for example [Sh,St] for a detailed proof.

6.6. A generalisation of the Poncaré-Birkhoff-Witt theorem. Let us now
look at the problem from a new perspective. We know that for any Lie algebra
L there exists an isomorphism as vector spaces between the symmetric algebra
S(L) and the universal enveloping algebra U(L). Now note that the definition of
the universal enveloping algebra makes sense for arbitrary vector space equipped
with any skew-symmetric map [,] : A2V — V. We define the universal enveloping
algebra of (V,[,]) as before,

UV)=T(V)/ <v;®v; —vj @u; — [v5,0;] >
There is a natural projection:

m:T(V)—=U(V)
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define by
V1 ® ... Uy — V1 Koo XUy

where vy x ... x v, denotes the equivalence class of [v; ® ... ® v,,] mod < v; ® v —
v; ® v; — [v3, ;] > so there exists a canonical map

s:S(V)—=U(V)
defined by

LOU, — Z ' Ug(1) * - % Vg (p)
ocES,,

We know that if V' is a Lie algebra then the map s is an isomorphism by the
PBW theorem. Now we can invert this statement.

6.6.1. The Poncaré-Birkhoff-Witt theorem (a generalisation). Let V be a
vector space equipped with an arbitrary skew-symmetric map [,] : A2V — V| then
the map

s:S(V)—=U(V)

is an isomorphism if and only if (V,[,]) is a Lie algebra.

Proof. By the PBW theorem it remains to show that if s is an isomorphism then
(V,[,]) is a Lie algebra. Assume that s is an isomorphism. We have already shown
that the symmetric algebra and the universal enveloping algebra have natural fil-
trations such that the mapping s preserves them. If s is an isomorphism so is
1 - Sl(V) — Ul(V)
FoV -FanV)

Since the map [,] is anti-symmetric it suffices to show that it fulfils the Jacobi
identity. Since the Jacobi identity holds trivially for dimV < 3, assume dimV > 3
and let ey, e, e3 be distinct base vectors in V.

For any pair of vectors (v;,v;) in U(L) we have the identity

V; *’Uj =V *V; + [’Ui,’l}j]
So in particular for the base vectors ey, es, e3 we have,
(e1 xez)xe3 = egxepxes+ [er,ex]xez =
eg x e3x €1 + es * [e1,e3] + [e1, ea] xeg =
€3 x ex k€1 + [ea, e3] ke1 + es * [e1,e3] + [e1, 2] * e3
and
e1 x(ea*eg) = ezkeaker +egxler,ea]+ [e1,es] xes + eq * [ea, €3]
and their difference may be written as

(e1 keg)xe3 —ep x (eaxez) = [ea,e3]xeq +eax[er,es]+ [e1,e2] xe3 —
es * [e1, ea] + [e1,e3] x ea + €1 x [ea, e3] =
([ea, €3] x e1 — e x [ea, e3]) + (ea x [e1, €3] —
[e1,e3] x e2) + ([e1, ea] *x e3 — e3 * [e1, e2]) =
[le2, es], ex] + [ea; [e1, es]] + [[en, e2], €3] =
[le1, e2], es] + [[e2, es], e1] + [[es, e1], e2]
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Let {e;}icr be a basis in V, then
leise;] = Zcﬁjek
kel
for some ¢ € F. Now [[e1, €3], e3] + [[e2, €3], e1] + [[e3, €1], e2] may be written as
Z(Cﬂclms + 05?3‘3%,1 + Cgﬁcing)@l = Z Al(c)el
m,l

which is in fact in Uy (V). But U(V) is associative so (v1 xvg) xv3 —v1 % (vaxv3) = 0

that is
Z M(c)ey =0

Now {e;} form a basis for Uy (V) if and only if A(c) = 0 for all I. But Uy(V) is
isomorphic to V, as a vector spaces, since S1(V) = V and s; is an isomorphism.
So since {e;}ics are linearly independent in V' they are also linearly independent
in U;(V), and the Jacobi identity holds for all elements in V' making (V,[,]) a Lie
algebra. O

6.6.2. Corollary. Assume thatV is finite dimensional, then (in the assumption of
Theorem 6.5.1) we have
dimUI" (V) < dimS,(V)

Proof. Let us construct

Z M(c)e; =0

as in the last paragraph of the proof above. The {e;} forms a basis for Uy (V) if
and only if A(c¢) = 0 for all I. But A(c) = 0 for all I exactly when V satisfies the
Jacobi identity so dimU; (V) < dimV = dimS; (V). O

6.6.1. Remark. Equality holds if and only if (V,[,]) is an Lie algebra, so the
universal enveloping algebra gets smaller if the Jacobi identity does not hold for
the underlying algebra.

7. Combinatorial graphs as a Hopf algebra

7.1. Combinatorial graphs. We will start by introducing the basic concepts of
combinatorial graphs.

7.1.1. Definition. A graph G is defined by two set
(1) a finite set Vg called vertices.
(2) a finite set Fg called flags.
such that
(a) each flag f € Fg is incident to exactly one vertex v € Vg, denoted v = g (f),
defining a map dg : Fg — V5.
(b) some pairs of flags may be connected, that is, there is a function jg : Fg —
Fg such that (jg)? = id.

7.1.2. Definition. Pairs of flags f # f’ with jg(f) = f’ form a set called edges,
denoted Fg.
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7.1.3. Definition. We call G connected if its geometric realisation is such.

7.1.4. Definition. Let G and G’ be two graphs. The graph G’ is called a subgraph
of G if, G’ is non-empty, Vg: C Vg and Eg: C Eg, where each edge in Eg is incident
with vertices in Vg/.

7.1.5. Definition. Let G’ be a subgraph of G different from the empty graph and
from the whole of G, the contracted graph, denoted G/G’, is the graph obtained
by shrinking all edges of G’ to one point, inside G.

7.1.6. Example. Let G and G’ be the two graphs,

_0\70 N /_o/o
g_l/\l i G-

such that G’ is the subgraph of G consisting of the centre vertex and vertex in the
up right corner of together with the edge connecting them. The contracted graph
G/G' is then,

Q/Q’zl/

7.2. Hopf algebra of admissible graphs. Let G be an arbitrary graph and select
among its vertices one witch will be ”special” and market by e.

gl\/l
AN

7.2.1. Definition. Call such a graph with one ”special” vertex admissible. A
subgraph G’ C G will be called admissible if it contains that special vertex.

Let G¢ denote the set of all connected graphs under the condition that every
vertex has at least one edge connected to it. Define a function A : Go — G¢ ® G¢
by

Al=1®1

AG=12G+G@1+ > Ga®G/Ga
GaCG

Here summation is over all possible proper admissible subgraphs G’, that is, all
except the empty graph and the whole of G. Using the convention that whenever
the ”special” vertex and some other vertex is contracted the new vertex will inherit
the property of being ”special”.
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7.2.1. Theorem. The co-product A of an admissible graph is co-associative

Proof. We wish to show that this A is a coassociative, that is,
(A®Id)AG = (Id® A)AG
using he definition of A we get,
(ARINAG = (ARINARG+GR1+ > Ga®G/Ga) =

GaCg
1210G+AG) @1+ Y. A(Ga)®G/Ga =
GaCG
1106+10001+G0101+ Y Ga®G/Ga®1
GaCg
+ Y 186G40G/Ga+ D> Ga®1®G/Ga+
GaCG GaCG
> Gs®Ga/G8®G/Ga

GpCGaCg
as well as

(Id®A)AG = (IdeA)(1©G+G®1+ Y Ga®G/Ga) =
GaCg

1A +G®1®1+ Y Ga®A(G/Ga) =
GaCg

1106+10001+00101+ Y 18G40G/Ga+
GaCg

> Ga®1®G/Ga+ > Ga®G/Ga@ 1+

GaCg GaCg
> Ga®Gr ©(G/Ga)/Gr
GprCG/Ga
so it remains to show that
Y G8®Ga/95®G/Ga= Y.,  Ga®Gp ©(G/Ga)/n
GpCGaCg GaCG,Gp/CG/Ga

That is, that there is an one-to-one correspondence between the set {Gg C G4 C
G} of all pairs of admissible subgraphs Ga,Gpg, such that Gg C G4, and the set
{Ga C G,Gp C (G/Ga)} of all pairs of admissible subgraphs Ga,Gp/, such that
Ga CGand Gp C (G/Ga)

Let Gp denote the pre-image in G of the subgraph Gp: in G/G4, that is, the
subgraph in G such that its image in G/G4 is Gp/.

Construct two functions ¢ : {Gg C G4 C G} — {Ga C G,Gp C (G/Ga)}, 0 :
{64 CG,Gp C(G/Ga)} — {Gp C G4 C G} such that

Y(Gp CGaCG)={Gp CG,(Ga/GB) C(G/GB)}
$(Ga CG,Gp CG/Ga) ={Ga C Gp C G}

Let us show that the two composition maps are in-fact the identity

¢po(Gs CGa CG)=9({gs CG,(94/98) C (G/9B)})
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Using the notation G4/ for G4/Gp to mirror the notation above, so that the pre-
image of G4/ is G4 we get

¢({98 € G,(G4/GB) C (G/GB)}) ={Gp C Ga C G}
that is ¢ o ¢ = id. Reversing the order

Yop(Ga CG,Gp CG/Ga) =¢({Ga CGr CG})={Gs CG,(G/Ga) C(G/Ga)}

once again making us of the fact that Gp denotes the pre-image of Gg/ in G/G4, so
also 1 o ¢ = id which completes the proof. d

7.2.2. Example. As an example, let us study the following admissible graph

O

/1

and all possible sets of admissible subgraphs {G4 C G,Gp C G/Ga} and {Gp C
Ga C G}

Let us begin with the letter, there are 3 possible admissible subgraphs G4 each
of which has 2 admissible subgraph Gg such that Gg C G4.

(e}

o [ ]
Ga = L with subgraphs Gp="° ° or gp = J
I

28 7
Ga = % with subgraphs Gp = % or Gp =

(0]

/’
Ga= J// with subgraphs Gp = / or Gp =

If we instead study the first set there are ones again 3 admissible subgraphs G4
such that there is a subgraph Gg: C G/Ga.

o——-eo

Ga="° i which gives G/Ga =

Ga= J which gives G/Ga = %
Ga= %7. which gives G/Ga =

each G/G4 has 2 admissible subgraphs G

Q/QAZ/l with subgraphs Gl = or G = /



32

G/Ga = with subgraphs Gy =°

G/Ga :m with subgraphs gig = ’m or gfa =
v

so both sets consists of six elements. To see the one-to-one correspondents consider
the pre-image of all the graphs Gp/ respectively.

[ ] (e} { ] o
Gp = — B = J,Q'B — QBW
®* — (p= l,%gZ/ — 932%71

so they both equal to the set

Q

eI A AN A

7.2.3. Remark. It is a necessary condition for the graph G to be admissible for
A to be co-associative. If not the one-to-one correspondence will fail since the set
{Ga C G,Gp C (G/Ga)} of all pairs of subgraphs G4, Gp/, such that G4 C G and

Gp C (G/Ga) is getting bigger including subgraphs Gps such that the pre-image
Gp does not necessarily obey the relation G4 C Gp

Let G be the vector space generated by all linear combinations of connected
graphs. We now wish to extend A to include the whole of G. Let G be some
non-connected graph such that G = (G;,G;) (the disjoint union of the two graphs
G; and G;) and set

A(G) = A(Gi)A(G))
Both G; and G; may be non-connected but repeating this procedure eventually jails
A(G) = A(G1)A(G2), -, A(Gn)

for (G1,Ga, ..., Gyn) connected. Since A(G;) € G ® G for connected G;, so is A(G).

7.2.2. Corollary. The co-product A on linear combinations of admissible graph is
co-associative

Proof. We wish to show A ® Id(A(G)) = Id ® A(A(G)) for some arbitrary G € G.
Since G is in G its a linear combination of some connected graphs G1,Gs...G,,, using
the definition we have

A(gly gg, ceny gn) - A(gl)A(g2)7 weey A(gn)

SO

A ® Td(A(Gr,Gar s Gn)) = A ® TA(A(G1)A © Td(A(G:)) ... A @ Td(A(Gn)
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But G1,G2, ..., Gn, are in Go so A Q Id(A(G;)) = Id ® A(A(G;)) forall 1 <i<mn

which gives,

ARIA(A(G1,G2,.-,Gn)) = ARIAA(G))A®IA(A(G2))..ARId(A(G,)) =
Id ® A(A(G1))Id @ A(A(G))...1d @ A(A(G)). =
Id ® A(A(G1, G, .., Gn))

Which completes the proof. (I

We wish to show that vector space of all linear combinations of connected ad-
missible graphs, with at least one edge, may be given a Hopf algebra structure.
Define the co-product A : G — G ® G as above and the product v : G ® G — G
as the disjoint union of graphs (this product is clearly associative). Let the unit
element 1 of G br the empty graph (the graph with no vertices), define the unit
map p: F'— G by u(A) = A1 and the co-unit map € : G — F by being zero on all
of Gp>1 and on Gy (A1) = A

By construction we have A(G,G") = A(G)A(G’) for any two elements G,G’ € G,
so (G,v,A,e, ) has a bialgebra structure. Infact (G,9, A, e, ) is a connected
graded bialgebra since it permits a decomposition into subspaces

G=Pa
1>0
where G is the set of all graph with 1 edges, such that both the product and
co-product respects this grading, since for any G € G,, and G’ € G,,, clearly
1/)(9, g/) € Gn—i—m
and for any G € G,
AG= P GredG

n=Il+k
Finally G is connected since the set of graphs with no edge, under the condition
that every graph has at least one edge, is the empty set, i.e. Gg = F.

7.2.3. Theorem. Admissible graphs has a Hopf algebra structure

Proof. Follows immediately from Theorem 5.3.1. Since (G, v, A, g, 1) is a connected
graded bialgebra its also a Hopf algebra. ([

7.3. Trees.

7.3.1. Definition. A tree 7 is defined by the following data;
(1) a finite set V7 called vertices.
(2) a distinguished element r7 € V7 called root vertex.
(3) two sets V- called internal vertices and V} called tail vertices.
such that
(a) Vi and VL are both subsets of Vr \ {rr}.
(b) Vr = {7‘7’} U szi— U szt—
(c) there is a map a N : V& — Vr for which Nz (r7) = rg, for all v € V7,

Né“—(v) = rg for k >> 1, and there exists a unique vertex v € Vr, v # rr
such that Ny = r7.
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7.3.2. Definition. Pairs (v, N7 (v)), where v # r form a set called edges, denoted
Er.

o—>e

O/ \O
O/ \O
O/ \O
Trees are a subset of our G. Moreover such trees have naturally a distinguished
vertex i.e. the root vertex. It is easy to see that our A preserves this subspace

and hence makes it into a Hopf algebra. This Hopf algebra has been studied by

Connes-Kreimer who used it to give a new renormalization procedure in a class of
QFT.
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