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Abstract: We study the Connes—Kreimer Hopf algebra of renormalization in the case
of gauge theories. We show that the Ward identities and the Slavnov—Taylor identities
(in the abelian and non-abelian case respectively) are compatible with the Hopf algebra
structure, in that they generate a Hopf ideal. Consequently, the quotient Hopf algebra is
well-defined and has those identities built in. This provides a purely combinatorial and
rigorous proof of compatibility of the Slavnov—Taylor identities with renormalization.

1. Introduction

The combinatorial structure underlying renormalization in perturbative quantum field
theory was transparent in the original approach of Bogogliubov, Hepp, Parasiuk and
Zimmermann (cf. for instance [1, Ch.5] and references therein). It was realized by Krei-
mer in [5] that this structure is in fact organized by a Hopf algebra of rooted trees. One
year later, Connes and Kreimer [2] reformulated this combinatorial structure directly in
terms of a (commutative) Hopf algebra of Feynman graphs and understood the BPHZ-
procedure as a Birkhoff decomposition in the group that is dual to this Hopf algebra.

In physics, however, one usually works in the setting of functional calculus since
— although defined only formally — functional integrals are particularly well-suited for
the perturbative treatment of quantum gauge theories. For example, the Slavnov—Taylor
identities that are the reminiscents of the gauge symmetry of the classical field theory, can
be gathered elegantly in a single equation known as the Zinn-Justin equation, and involv-
ing the effective action. Although this approach is very powerful in showing for example
renormalizability of gauge field theories, the applicability of the graph-per-graph
approach of the BPHZ-renormalization procedure is not so transparent any more, and
the same holds for the combinatorial structure underlying it.
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Recent developments [6, 7] give more insight in the combinatorial aspects of
non-abelian gauge theories. In [11], we considered the Hopf algebra of Feynman graphs
in quantum electrodynamics and found that certain Ward—Takahashi identities can be
imposed as relations on this Hopf algebra.

In this article, we continue to explore the combinatorial structure of gauge theories in
terms of a Hopf algebra. More precisely, we will show that the Slavnov—Taylor identities
between the coupling constants can be implemented as relations on the Hopf algebra,
that is, in a way compatible with the counit, coproduct and antipode. This then pro-
vides a combinatorial proof of the compatibility of the Slavnov—Taylor identities with
renormalization.

We start in Sect. 2 with a precise setup of the Hopf algebra of Feynman graphs in a
generic theory, including gauge theories, and derive a formula for the coproduct on 1PI
Green’s functions. Such Green’s functions are sums of all 1PI graphs with a certain fixed
external structure, including symmetry factors. It is the latter that make this derivation
slightly involved.

Section 3 will be a warming-up for the non-abelian case, by considering quantum
electrodynamics, which is an abelian gauge theory. Using the expression for the coprod-
uct on the Green’s functions, we show that certain Ward identities can be imposed as
(linear) relations on the Hopf algebra. In other words, they define a Hopf ideal.

The case of non-abelian gauge theories will be consided in Sect. 4, where we will
show that the Slavnov—Taylor identities define quadratic relations in the Hopf algebra. In
fact, as we will see, it is in the very nature of the combinatorial factors that are involved
that the Slavnov—Taylor identities appear.

We have added two appendices. In the first, we rederive the compatibility of Ward
identities with the Hopf algebra structure in QED obtained in Sect. 3 from our previous
result on Ward—Takahashi identities in [11]. In the second appendix, we list some useful
basic combinatorial identities used throughout the text.

2. General Structure of the Hopf Algebra of Feynman Graphs

We start with some definitions on Feynman graphs and their symmetries, thereby making
precise several properties needed later.

2.1. Feynman graphs. The Feynman graphs we will consider are built from a certain
set of edges and vertices R, and we write R = Ry U Rg. For example, in ¢3-theory,
the set Ry contains the bi- and trivalent vertex and R the straight line, but more inter-
esting theories such as gauge theories contain different types of edges and vertices (for
example involving curly, dotted and straight lines) corresponding to different particles.
More precisely, we have the following definition [3].

Definition 1. A Feynman graph T is given by a set T of vertices each of which is an
element in Ry and T'" of edges in R, and maps

g : T g2, ... N}, =01,

that are compatible with the type of vertex and edge as parametrized by Ry and Rg,
respectively. Moreover, we exclude the case that dy and 91 are both in {1,2,..., N}.

The set {1,2, ..., N} labels the external lines, so that Zj card Bj_l(v) = 1 for all
vell,...,N}L
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Fig. 1. Automorphisms of Feynman graphs respect the type of vertex/edge in R.

The set of external lines is TLy = U;3"'(1, ..., N} and its complement T} in T11)
is the set of internal lines.

We remark that the elements in Fg({ can thus be labeled as ey, ..., ey, where ¢ 1=

Ui Bi_l (k) and we understand this labeling as being fixed. With this definition, the notion
of a graph automorphism can be defined as follows.

Definition 2. An automorphism of a Feynman graph I" is given by an isomorphism
819 from TV 10 itself, and an isomorphism g1 from T to itself that is the identity on
Fg(]t and such that for all e € T,

U;%@;(e)) = U;8;(gM(e)). ()

Moreover, we require g'° and g\ to respect the type of vertex/edge in the set R.
The automorphism group Aut(I") of T consists of all such automorphisms; its order is
called the symmetry factor of I' and is denoted by Sym(I").

Similarly, there is a notion of an isomorphism of two graphs I' and '’ as a pair of
maps that intertwines the maps 9; as in Eq. (1). We remark that we correct in this way for
the apparent orientation given by the two maps dp and 9 and we stress that the fermionic
lines are unoriented. We take the complex character of the fermionic fields into account
by summing over all possible orientations once we apply the Feynman rules.

The above definition of automorphism differs from the usual notion of graph auto-
morphism (cf. for instance [4]) in that the latter might also permute the elements in
{1, ..., N} when understood as external vertices. In the above notation, such an auto-
morphism of I would be given by an isomorphism g% from "YU {1, ..., N} toitself,
and an isomorphism g[!! from "M to itself such that Eq. (1) holds.

Note that for I' = [ ], I'; the disjoint union of n graphs, the symmetry factor is given
by Sym(I") = n!---ng! Sym(I'y) - - - Sym(I",,), where n; are the numbers of isomor-
phic (with fixed external lines) connected components of I'’. Equivalently, one has for
a 1PI graph I/,

Sym(T' T'") = n(T", I")Sym(I")Sym(I""), 2)

with n(T, T'") the number of connected components of I'T"’ that are isomorphic to I'’.

If I is a connected Feynman graph with external lines labeled by {1, ..., N}, we
can construct another graph I'?, by permuting the external lines by an element o € Sy,
respecting the type of external lines. The graph I'? is given by the same sets I''°! and
' but with maps

37 =000, : T > Tyl ... N}

This permutation affects the labeling of the external lines by {1, ... N}, which explains
the terminology permutation of external lines; we write e’ for the edge in I'’ corre-
sponding to an edge ¢ € '[! under the permutation o
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3 3

Fig. 2. The permuation o = (23) of the external lines of the graph I' is trivial since reflection in the dotted

line induces an automorphism g of I" such that gloJ l{1,2,3) = 0. Moreover, this is the only trivial permutation
sothat [I'|y =3!/2 =3

Definition 3. A permutation o of the external lines of T is called trivial if there exists
an isomorphism between I'° and T, leaving the labeling of the external lines fixed.
The number of non-isomorphic graphs I'° obtained by a permutation o of the exter-
nal lines of T, is denoted by |T'| and extended to disconnected graphs by |T'T’|, =
ITIVIT]v

Lemma 4. A permutation o of the external lines of T is trivial if and only if there exists
an automorphism g of the graph I" not necessarily leaving the external lines fixed, such
thalg[0]|{1 ,,,,, N} =0.

Proof. Firstly, if o is trivial, there exists an isomorphism f : ' — I' and the pair
(f 016 g, f U6 o) isan automorphism g of I' (without fixed external vertices), since,

U8 %0, (e)) = U; f19109 (7)) = ;0 (fM(e™)) = Uja(g!(e)).

On the other hand, such an automorphism g is given by two maps g%l and g!l, where

g!% is the product of two permutations of the disjoint sets 'l and {1, ..., N}, say
11 and o, respectively. Correspondingly, o acts on Fg(]t by permutation, so that also
gl = o & This factorization gives rise to an isomorphism f from I'? to I, which

leaves external lines fixed. O

For the purpose of renormalization, one is mainly interested in one-particle irreduc-
ible Feynman graphs which have residues that are elements in the set R.

Definition 5. A Feynman graph is called one-particle irreducible (1PI) if it is not a
tree and can not be disconnected by removal of a single edge.

Definition 6. The residue res(I") of a Feynman graph T is defined as the vertex/edge
the graph corresponds to after collapsing all its internal edges and vertices to a point.

For example, we have

<w<<) —l  and ( s ) _

We restrict to the class of Feynman graphs I for which res(I") € R and will denote a
generic graph with residue » € R by I'". If it also has loop number L, we denote it by
l"r

I
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Definition 7. The Hopf algebra H of Feynman graphs is the free commutative algebra
generated by all 1Pl Feynman graphs, with counit €(I') = 0 unless I' = (, in which
case €(¥) = 1, coproduct,

AM)=T@1+1@T+ > y®T/y.
y&r

and antipode given recursively by,

SC)=-T=> SGI/y. 3)

y&r

2.2. Insertion of graphs.

Definition 8. Aninsertion placefora (connected) graphy inT is the subset of T'TUI'.
consisting of vertices/internal edges of the form r = res(y). It can be extended to dis-
connected graphs y = []i_, vi by giving n-tuples of insertion places for yi, ..., vn,
thereby allowing several insertions of the connected components with residue r in Rg
on the same internal edge in T of the form r. The number of insertion places for y in I’

is denoted by " | y.

[1]
t

An explicit expression for I' | y can be obtained as follows [6]. Let mr  be the
number of vertices/edges r in I'Y'UT!, for r € R. Moreover, let n,,, be the number of
connected components of y with residue r. Since insertion of a vertex graph (i.e. with
residue in Ry) on a v € I'l prevents a subsequent insertion at v of a vertex graph with
the same residue, whereas insertion of an edge graph (i.e. with residue in Rg) creates
two new edges and hence two insertion places for a subsequent edge graph, we find the
following expression:

-1
I V= HUGRV ny»v‘(l:[l;:) HEGRE ny’e!(mr,f?;ﬁ);,é’ )

Indeed, the binomial coefficients arise for each vertex v since we are choosing n,, , out
of mr ,, whereas for an edge e we choose n, . out of mr . with repetition. We extend
this definition to empty graphs by definingI' |# =@ | y =@ | ¥ = 1 for a 1PI graph
y,and ¥ | y = 0 for a disconnected graph y.

Remark 9. Our expression for I' | y differs slightly from the one given in [6] where
additional factors of 1/n,, ,! are present for r € R. It turns out that the above expression
appears naturally in the coproduct on 1PI Green’s functions (see below).

A few examples are in place:

M.QM,_{ (%)= vt =0 |2z —2(3) s

Definition 10. An insertion of a connected graph y at the insertion place x in T, is
given by a bijection between the set ye[;t] of external lines of y and the set 3~ (x). If

x eIl 5-1 (x) denotes the set of lines attached to the vertex x, and if x € Fg(]v 9~ (%)
denotes the set of adjacent edges to any internal point of x. The graph obtained in this

way is denoted by I" o(x 4 V.
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Two insertions (x, ¢) and (x', ¢') are called equivalent if x = x' and ¢’ = ¢ o o for
some trivial permutation o of the external lines of y. The set of all insertions of y in T’
up to equivalence is denoted by X (I, y); it consists of equivalence classes [x, ¢].

This definition of equivalence relation is motivated by the fact that I' o, ¢y ¥ =
" o,¢/) ¥ Whenever (x, ¢) ~ (x’, ¢"). We extend X (T, y) to disconnected graphs y
as follows. If y = []/_, y: is the disjoint union of n graphs, the set X (T, y) of inser-

tions of y in I is defined as the set of n—tuples of pairs ([x1, ¢1], ..., [xn, ¢nl), Where
[x1, ¢1]1 € X (T, y1) and [xg41, Prs1]isanelementin X (I o, ¢))...p.0) Hf:l Vis Yi+1)
which is not part of any of the inserted graphs yy, ..., yx—1 fork =1,...,n — 1. The

cardinality of X (T, y) is the number I' | y of insertion places for y in I' times the
number |y | of non-trivial permutations of the external lines of y.
We also need the following generalization for the number of insertion places.

Definition 11. Let T, y, y’ be three (disjoint unions of) 1PI graphs. We define T | y | y'
to be the number of places to insert y into I" (say, at x using ¢) and then subsequently
insert y" in T o(y ¢y y. In other words,

1
FIVIJ/:=|| > Towpvly.
VIV [y glex (T y)

Moreover, we setU |@ |y =T |y and® |y |y =y |y ifyisiPland® |y |y =0
if y is disconnected.

The factor 1/|y|y corrects for the overcounting due to the several (non-equivalent)
ways to insert y into I" at a particular place. Note that automatically I' | y | =T | y
andif T, y, y’ # 0, we have

Clyly' =T 1yy +@ 10 I1vY). “4)

Suppose y is a 1PI graph. There is a natural action of Aut(I") on X (I", ) given by

g-(x,9) =(gx,go).

One readily checks that this action respects the equivalence relation on insertions, and
therefore acts on the equivalence classes [x, ¢]. Moreover, an element g € Aut(I")
naturally induces an isomorphism I' o, ¢) ¥ to I' 0g(x,¢) ¥. For an element [x, ¢] in
X (T, y), we denote by M (x, ¢) the number of graphs y’ in I' o4 ) y that are images
of y under some element in Aut(I" o, 4) ¥). Moreover, N (x, ¢) denotes the number
of orbits Aut(I")[x", ¢’] such that I" o’ ¢y ¥ = T o(x,¢) . Both definitions are inde-
pendent of the choice of a representative (x, ¢) as well as the choice of the element
[x’, ¢'] in the orbit. Indeed, an element g in Aut(I") will induce a natural isomorphism

[ow.g)y =T ogrr g v

Lemma 12. Suppose y is a 1PI graph and let [x, ¢] € X (U, y). The length of the orbit
Aut(I)[x, ¢] is given by

Sym(y)Sym(I") M (x, ¢)
Sym(T o) ¥)

|Aut(I)[x, ¢1| =
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Proof. We use the orbit-stabilizer theorem, stating in this case that the orbit Aut(I")[x, ¢]
is isomorphic to the left cosets of the stabilizer Aut(I")[y,¢) in Aut(I"). In particular, we
have for its length,

|Aut(D)|
|Aut(D)[x, ¢]] = [Aut(l) : Aut(D)py g)] = |AUt(D) e ]

The order of Aut(I")[x,¢) can be computed as follows. Let Aut(I" o(x ¢) ¥), be the sub-
group of Aut(I" o(y,¢) ¥) consisting of automorphisms that map y to itself (but possibly
permuting the external lines of y). There is a short exact sequence of groups

1 — Aut(y) = Aut(T o ¢) ¥)y = Aut(D)p ¢ — 1.

Indeed, the image g inside Aut(T") of an element g in Aut(I" o ¢) ), is defined by
restricting g to I' — {x} and by the identity map on the vertex x. Then, by Lemma 4, g
might permute the edges connected to the vertex x but always in a trivial way, since g
induces an automorphism of y not necessarily leaving its external lines fixed. Therefore,
g(x, ¢) = (x, ¢ o o) for some trivial permutation o of ye[;t], so that it is an element in
the fixed point subgroup Aut(I")(,4]. Moreover, the kernel of the map that sends such
a g to g consists precisely of those elements in Aut(T" o ¢) ¥), that correspond to the
identity on I'; in other words, these are automorphisms of y that leave external lines
fixed.

We conclude that the quotient group Aut(I" o(y,¢) ¥), /Aut(y) is isomorphic to
Aut(I")(x,¢1. Since Aut(I" o, 4y ¥) is generated by the elements in Aut(I" o¢, ¢) ¥)y
and automorphisms that map y isomorphically to a subgraph y’ of T, we see that

|[Aut(I" o(x ¢y V)

Aut(T" =
[Aut(I" o(x, ¢y ¥yl M(x. $)

Combining these results, we conclude that

IAut(D)[x. ¢]| = [Aut(y)] [Aut(D)] _ Sym(y)Sym(F)M(x,qS).
|Aut(F O(x,¢) V)y| Sym(F O(x,p) y)

As a final preparation to the next section, we will write the coproduct as a sum of
maps A,, with y a disjoint union of 1PI graphs (with fixed external lines). They are
given by

A,y = > T/,

y'cly'~y

and defined to be zero if I' contains no subgraphs isomorphic to y. In particular, Ay is
the identity map, Ar(I') = ¥ and A, () = 0if y # (. However, since only subgraphs
isomorphic to y enter in this formula — hence no reference is made to a particular labeling
of the external lines of y — we have to correct by a factor of |y |, if we are to sum over
all disjoint unions of 1PI graphs with fixed external lines,

1

A= —y®A,.
y lylv
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We recall the following combinatorial factor from [2]; for a given T, y, T/, we denote
by n(T, ¥, I'’) the number of subgraphs ¥’ >~ y in I' such that I'/y =~ I'’. With this
definition, we can write

Ay(T)y = n(,y, )T, 5)
l_‘/
which also yields the following formula for the coproduct,

n,y, T’
A(F)ZE MV@’F/-
lylv
v, I/

Remark 13. From this last formula, one easily derives the Lie bracket on Feynman graphs
as defined in [2]. Indeed, one can define a pre-Lie product between 1PI graphs I'y, I'»
by duality

(F'y 2, ) := (I @ 'z, A()),

with the pairing given by (I'1, I'2) = 1 if I'y =~ I'; and zero otherwise. This pre-Lie
product defines a Lie bracket by [I"1, I'2] = I'1 * I'2 — 'y % '] with * given explicitly
by

n(I', ', o)
Pisl2=2 e T

Lemma 14. [fT" and y are nonempty (connected) 1PI graphs, then

n(Cowg) v, v. ) =M, ¢)N(x, ¢).

Proof. We have to count the number of subgraphs y’ >~ y of I o ¢) ¥ such that there
is an isomorphism (I o ¢) ¥)/y’ = T.

This isomorphism can be trivial in the sense that there exists an elementin Aut(Io(y 4)
y) mapping y’ to y. Otherwise, the existence of such an isomorphism implies that there
is an isomorphism I" oy 4) ¥ = T o(v ¢ ¥, With (x", ¢") the image in " of res(y”)
in the quotient (I" oy ¢) ¥)/y’; such an isomorphism maps y in I' o(, 4, ¥ to a cer-
tain subgraph y’ of I". Moreover, [x, ¢] and [x’, ¢'] are in disjoint Aut(I")-orbits, since
if (x',¢’) = g(x, ), the isomorphism would be the composition of an element in
Aut(T" oy ¢) ¥) and an element in Aut(I").

We claim that all subgraphs y’ obtained in this way (for disjoint orbits) are all dif-
ferent subgraphs of I', and cannot be the image of y under the action of an element
in Aut(I" o(y ¢) ¥). This would then lead to M(x, $)N(x, ¢) many subgraphs y’ of
[ o(y,¢) y satisfying (T o ¢) ¥)/y' = T.

Let [x, ¢, [x', ¢'1, [x”, "] € X(T, y) be in disjoint orbits and suppose that there
are isomorphisms

g/ T O(x’,¢’) Yy — r O(X,(ﬁ) Y,
g// : O(x",¢") Yy — r O(x,¢) Y,

mapping y to subgraphs ¥’ and y” in T, respectively. If y” and y” coincide (up to
an isomorphism £), then the composition (g”)~! o & o g’ gives an isomorphism from
[ o ¢y v to I o ¢y y mapping y to itself. It therefore induces an element in Aut(I")
that sends [x’, ¢'] to [x”, ¢"], which cannot be true. We conclude that " and y” are
different subgraphs of I".
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On the other hand, if there is an element ¢ in Aut(I" o(y ¢) y) that maps y to such
a subgraph y’ € T, the composition ¢~ o g’ would map I' o ¢ Y 10T o)y
isomorphically, sending y to itself. Again, such a map must be induced by an element
in Aut(T") mapping [x, ¢] to [x’, ¢'], contradicting our assumptions. O

Lemma 15. Let y, y' be as above. Then,

A,y =———AN, AN, —py,
184 I’l(}/, y/) Y=y 184
where p,,, is defined by

Sym(y o(y,y) ¥')
b= 3 T

Symlyy) ot

[y, ¥1eX(y,y)

Proof. Consider A,,,,/(T") on a IPI graph I'; if y and y’ appear as disjoint subgraphs of
I, this expression is given by A, A,/(T"), up to a factor of n(y, y’) which corrects for
the overcounting. Indeed, let y1, ..., ¥, denote all subgraphs of I that are isomorphic
to y. If m > n, then

1
Ay () = . Z } T U/Viy - Vipars

1
Ay, =2 > o1 D/Yivie Vi,

leading precisely to the factor n(y", y) = n + 1. On the other hand, if m < n, then both
terms vanish.

In the case that " contains a subgraph ¥ such that /Y’ >~ y, we find a discrepancy
between the two terms which is given by the following sum:

1

pyy (D) =—— > nF.y.»I/7.

n(y,y)_ =~
ychy/y'=y
Here n(y, y’, y) is by definition the number of disjoint subgraphs of  that are isomor-
phic to " and such that /y’ =~ y, which do indeed all contribute to A, A,/(I"). We
replace the above sum by a sum over insertion places of y’ in y, while correcting for
the equivalent insertions. The latter correcting factor is given as the number of elements
[y, ¢'] € X(y, y’) such that Yo(y,¢") = Y O(y.¢)- Such an isomorphism can be induced
by an element g € Aut(y), with [y’, ¢'] = g[y, ¢] but leaving y’ untouched, leading to
afactor of |Aut(y)[y, ¢]|. The number of isomorphisms yo(, 4y > Y o(y,¢) that are not
induced by such an element, is given precisely by the factor N (y, ¢). Thus, on inserting
the expression for n(y o(y.y) ¥, ', y) derived in Lemma 14, we infer that,

! M(y, )Ny, ¥)
Pyy () = 7 Z youy' (D)
n(y’ v ) [y, v1eX(y.y") N(y’ 1//)|1Aut()/)[y7 1//:” (y, %)
= Sym(y o.y) v')
- Z Sym(yy’) V°<.\:1//)V’(F),

[y.¥1eX(y,y)
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where we have applied Lemma 12 in going to the second line. We have also used Eq. (2)
to replace n(y, y')Sym(y)Sym(y’) by Sym(yy’). O

2.3. The coproduct on IPI Green’s functions. Our main result of this section is the
following.
Proposition 16. The coproduct takes the following form on the 1PI Green’s functions:

. I'ly
ZSymm A= Z 2. Smosym@ ¥ O

K=0yg.T] ¢

where the sums are over all 1PI graphs T with the indicated residue and loop number,
and graphs y at the indicated loop order that are disjoint unions of 1PI graphs.

Proof. Since A = ﬁ Zy y ® A, this would follow from the following equality, for
y any disjoint union of 1PI graphs at loop order K < L and yy an auxiliary graph,

I' | yo I'lylw
— A, )= ———T. 6
2 sm® 0 =2 me sm® ©

Indeed, putting yp = ¥ and summing over y then gives the desired result. We show that
Eq. (6) holds by induction on the number of connected components of y .

Lemma 17. If y is a 1PI graph, then Eq. (6) holds.

Proof. If y = {J, there is nothing to prove, since A, (I') = T, Szm(QJ) = 1 and
'@y =T |y Weclaim that the following equality holds for y, I" # @:

r ~
D DR EL) P o
[y Sym(T)

_ z T o) ¥ | 10

T = (Fox, , ,i::)
[y v N (x, $)|Aut(D)[x, $1|Sym(T o ) ¥) n(l o) ¥,V

[x,¢1eX (T,y)

Indeed, one can replace the sum on the left-hand-side over I' by a sum over inser-
tion places of ¥ in I" (so that I' >~ I" o(, 4y v for some [x, ¢] € X(I', ¥), and also
res(F) res(I)), provided one divides by a combinatorial factor counting the number
of equivalent insertions. This factor is given as the number of elements [x’, ¢'] € X (I', y)
such that " o ) Y = r O(x.¢) Vs in which case Sym(F O(x,p) y) = Sym(I" o(x',¢) y)
and also F Ox,) Y | Yo = F ow,¢") Y | Yo.

Such an isomorphism r o g ¥V = r O(x,¢) ¥ can be induced by an element in
g € Aut(T) with [x/, ¢'] = g[x, ¢] but leaving y untouched. This leads to division
by the length of the orbit Aut(I")[x, ¢]. Otherwise, an 1somorph1sm from [ O(x,¢) ¥ 1O
r o(x',¢") ¥ has to map y to an 1somorphlc subgraph y’ C T. In that case, it can not be
induced by an element in Aut(I), leading precisely to the additional factor of N (x, ¢).
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Equation (6) now follows directly by inserting the expressions obtained in Lemma 12
and 14 in the above equation and summing over all 1PI graphs I', as in Eq. (5). We also
noted on the way that by definition

1 - _
oL > TowpvIin=Tlyln.
Y xgleX (Foy)

The case ' = ¢ arises whenever K = L and y =~ I', in which case the combinatorial
factors I' | ypand @ | y | yo coincide. O

Assume now that Eq. (6) holds for y a (non-empty) disjoint union of 1PI graphs of
loop order K. We will prove that it also holds for the disjoint union yy’ =y Uy’ of it
with a non-empty 1PI graph y’ of loop order K’. An application of Lemma 15 yields,

|y [y
Ty sym@ S0 = N Sym(T
lyy'lvSym(I") n(y, y)Hlyy'lvSym(')

'y
_ (). 7
vy Tvsym() 7' @

Ay A,(T)

Since y’ is a 1PI graph, we can apply Lemma 17 to the first term, which gives for the
sum over all graphs '/,

1 'y
A, AL, (D)
n(y,y’) 2. lyy'|vSym(@) ~ "7

ry
1 L'y v
= / Z / AV (F)
n(y,y") .- ly [vSym(y/)Sym(I")
L—K'

1 Z Cly'v+T 1Y) v
ny,y’) Sym(y”)|y|vSym(I")

Ay (),

P
l_‘LfK/

using also Eq. (4). The induction hypothesis — that is, validity of Eq. (6) in the case of
y —now yields,

I Il
D " A,AD)

n(y, vy’ = lyy’lvSym(I")
L
_ Z Clylyv+TlyI1yHo 1v) r
o Sym(yy")Sym(T") '
L-K—K'

combining once more the symmetry factors Sym(y) and Sym(y’) with the help of
n(y, y').Forthe second term in Eq. (7), we can use the induction hypothesis on A, Gy
to show that '

'y T lyoowm ¥ I
2 osmm D= 20 2

'|vSym(I" 'IvS ")Sym(I"
- [y lvSym(I) r e ly'IvSym(yy)Sym(T")
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since |y o¢y,y) ¥'|lv = |y |v. We conclude with the following equality:
Clyy' Iv=T1yIvn+TIyIy)0 v

1
- v/l Z ly Oy, ¥) V/ | v0.
Y ywleX ()

which follows easily from Definition 11. Indeed, by definition

Clylyw+T Iy Iv)0 1w
1
> > (T o) ¥) o) ¥ | 10,

= /
VYV L X ) .0 1eX gy o)

which counts the number of places to insert ¥y’ and then y; in I'. Subtraction of the
number of such places with y’ sitting inside y, leads precisely to the number of places
to subsequently insert yy’ and yp in . O

3. Ward Identities in QED

This section will be a warming-up of what is to come in the next section concerning non-
abelian gauge theories. Quantum electrodynamics is an abelian gauge theory, and as a
consequence, the Slavnov—Taylor identities (cf. Def. 25 below) become much more sim-
ple. More precisely, they become linear in the graphs and also known as Ward identities
[13] (see Def. 19 below).

We first make some observations about Feynman graphs in QED. We then proceed to
prove compatibility of these Ward identities with the Hopf algebra of renormalization.

3.1. Feynman graphs in QED. In (massless) quantum electrodynamics, there is only
the vertex of valence three, describing the interaction of the photon with a pair of elec-
trons. There are two types of edges corresponding to the photon (wiggly edge) and the
electron (straight edge). Summarizing, we have in the notation of the previous section:
R = Ry U R with

Ry = {~ 1

Rp={——, ~~1

In particular, this means that in the process of renormalization, only three types of graphs
are of importance: the vertex graph, the electron self-energy graph and the vacuum polar-
ization. Correspondingly, we define the following 1PI Green’s functions,

r
G"(:l—l—zi;
= Sym(l)

r
G'=1-> —,
; Sym(T")

with € = —; ~~ and where the sum is over all 1PI Feynman graphs with the indicated
residue. When this sum is restricted to 1PI graphs with loop number L, we denote this
Green’s function at loop order L by G/, . In particular, G, is understood as the 1PI graph
with loop number zero, which is the empty graph; hence G, = 1.



Renormalization of Gauge Fields: A Hopf Algebra Approach 785

Remark 18. The (regularized) Feynman rules can be understood as an algebra map ¢
from H to the field K of Laurent series in the regularization parameter [2]. Under this
map, the above Green’s functions are mapped to the corresponding Feynman amplitudes.
In particular, we see that the (unrenormalized) effective action can be written as:

Sut = [ ~30(G VL, + 6(G )50, + €0(G )BAD.

A simplification in QED, is that the number I | y of insertion places only depends on
the number of loops, the residue of I" and y. Let N —(r) denote the number of electron
lines of r and N ~(7) the number of photon lines. Thus, if T" has residue r, then N —(r)
is the number of external electron lines of ' and NN ~(r) the number of its external
photon lines. Also recall the notation m ,» for the number of vertices/edges in I" of type
r’, introduced just below Definition 8. The number of loops L of the graph T is then
given by,

L=mp, —+mp, ~—mr, «+ 1,

where the number of vertices mr, — in I' with residue r can be expressed as (see for
instance [9, Sect. 10.1]),

M, w = 2mp, se + N an(r) = mp, —+ SN —(7).
Combining these equalities, we arrive at the following relations:
mr, w = 2L+ N —(1) + N s(r) — 2;
mp, m=L+ N —(r) — 1;
mr, —=2L+ 3N _(r) + N a(r) — 2,
from which we infer that the number I" | y can be expressed in terms of L, r and y. We

denote this number by (L, r) | y.
Explicitly, we have for example,

2L + 1 2L+ ny —— 1 L4ny a1
(L, ~<)|fy:n%~<!( + )n%_!< +n, )n%m!( + ., )7

Ny, Ny, — Ty, )
(L o) | o 2L (2L A+ 1y, ——2 ((LAnyw—1
—_ =n : My —: Ny ane .
) T =Ny, ) ny, — v, Ny, an

3.2. The Ward identities. In QED, there are relations between the (amplitudes of the)
Green’s functions ¢(G <) and ¢(G ~); these relations play an important role in the pro-
cess of renormalization. We will show here that they can be implemented on the Hopf
algebra, in a way that is compatible with the coproduct.

Definition 19. The Ward elements W, at loop order L > 0 are defined by
r r
Wy :=GX-G " = — >
L= GO = 2 Sy 2 SymiD)
L L

where the sum is over 1PI Feynman graphs with loop number L and with the indicated
residue. Moreover, we set Wi—o := G%, — G =, = 0..



786 W. D. van Suijlekom

Before stating our main result on the compatibility of the Ward elements with the
coproduct, we introduce the following combinatorial factor:

oL 0L +ny —— 1 L 1
] () L] (il PN iy
Ty, ~ Ny, — Ty,

Note the mixture between the two factors (L, ~) | v and (L, —) | v of Eq. (8) above.
If the vertex graphs in y are labeled as y1, ..., n with™ = Tn_ ., one could also define
c(L, y) recursively by,

n+1

(L, =) [ 11— > (L vyt — ) = e(L, Ynt1), )
=1

for a vertex graph y,,4+1 while setting ¢(L,v) = (L, =) | 7 if n4, = = 0.
Theorem 20. For any L > 0, we have
o(L-K-K'9)
A(WL) = Z WK Z T Sy YOG K’+Z Z Sym T eWi_k.
K+K'=0 g K=0 7k

Consequently, the ideal 1 generated by the Ward elements Wy, for every L is a Hopf
ideal in H,

A)CI®QH+H®I, €I)=0, SU)CclI

Proof. Essential for the proof will be the relation between the two factors I' L""( | v and

Ly displayed in Eq. (8). Using Pascal’s rule, Eq. (16), we derive the following
relation between the two numbers:

_ 2L 2L +n, ——1 L+ny, ~—1
I |~y=T; |*/+n%..<!(n «_1)71,%_!( nv' )n7 m< n7 )
7, v, — v, ~~

n o 2L (2L +ny ——2 L+n7m—l
Ny, ! Ny, —! Ty, an!
" Ny, ) Ny, ——1 i Ty, ~n

Before inserting this in the expression for A(G < — G~) derived in Proposition 16, we
observe that the second term is just ¢(L, ) with ¥ the graph y with one vertex graph
vy subtracted, times a factor of 1y, ~ = N5, ~ + 1. Similarly, the third term is ¢(L, ),
where now ¥ is y with one electron self-energy graph y, subtracted, times a factor
of ny, — = nz, —+ 1. Note that in the respective cases 1+, — = 0 and n,, — = 0, the
above two terms vanish. We then find that,

L
A(GL«_G—):Zz(LfK,—)\’Yv@ ZSym ZSym
YK
L

oL-K-K' ,7 -
p> 2 Sym(v.)Sym(F) | e Z Sym
RAK=05e, 1 V5t L K—K'

o(L—K-K7) _ r
+Z > c ISRE ; Sym(T)’

K+K'= O"/v Kv"/}{/ Sym ’yv)synl( )

L-K—-K'
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The above factors 1, « and 1, — are precisely canceled when replacing the sum over
y by a sum over y, and ¥. Indeed, in doing so, a factor of (7, ve) / (n5, — + 1) is needed
to correct for overcounting,

n(7,%e) 1 ~ n(y,7) — 1 L 1
— F e = F(vy) = F )
; ng, —+1 Sym(e9) 0 72 ny,—  Sym(7) = sy 7
Yey2Y

by the very definition of n(y, y.), and a similar result holds for y,. We thus have
respective factors of 74, « and 74, — in the denominator, and combining n(y, y,) with
Sym(y,¥) (and similarly for the analogous expression for y,) using Eq. (2) yields,

1 1 ~
n%_Z/:SyT(w F(y) = Z_;m F(7e7);

) Ye Y . (10)
o — F = —_— Y —C F UN .
"< s 07 2 smisme)

4. Non-abelian Gauge Theories

In this section, we come to the main purpose of this article, and show compatibility of the
Slavnov—Taylor identities [10, 12] with the Hopf algebraic structure of renormalization
of non-abelian gauge fields. Before that, we carefully describe the setting of non-abelian
gauge theories. In particular, we start by describing the graphs that are allowed in such
theories and list some combinatorial properties of the number I" |  of insertion places
defined in Sect. 2.2. These properties will be essential in the proof of compatibility of
the Slavnov—Taylor identities with the coproduct.

4.1. Feynman graphs in non-abelian gauge theories. In order to make the following as
concrete as possible, we work in the setting of the non-abelian gauge theory quantum
chromodynamics (QCD). It describes the interaction between quarks (the fermions) via
gluons (the gauge bosons).

In contrast with quantum electrodynamics described previously, there are now three
vertices of valence three, describing the interaction of the fermion and ghost with the
gluon, as well as the cubic gluon self-interaction. In addition, there is the quartic gluon
self-interaction. This means that the Feynman graphs are built from the following two
sets of vertices and edges:

Ry = { @l o, wsf, 48

Rp={ —— oy o),
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where the plain, dotted and curly lines represent the quark, ghost and gluon, respectively.
Corresponding to the elements in R = Ry U Rg, we define 7 (1PI) Green’s functions,

r
G'=1 Ry);
+ ; Sym(T) (v € Ry)
G=1-> r (e € Rp)
= Sym(I") ’

with the sum over all 1PI Feynman graphs with the indicated residue, i.e. res(I'") = r.

Remark 21. As for quantum electrodynamics, the (regularized) Feynman rules for QCD
(as listed for instance on p. 34 of [1]) can be understood as an algebra map ¢ from H to
the field K of Laurent series in the regularization parameter [2]. The (unrenormalized)
effective action can be written as,

Sur = / —10(G ™) (0,45 ~ 0,42 + 6(G N0+ 9(G e+ 965G ~TAY

— 2
+ 96(G VDAL + 9O(G ) (0uAL = 0,A%) func AV A + GG X) (fure ALAT)

Contrary to the case of QED (cf. Sect. 3.1), there are no relations in QCD expressing
the numbers mr - of vertices/edges of I" of the type r in terms of the loop number and the
residue of a graph I'. However, we do have relations between them. Denote by N, (r) the
number of lines attached to r that are of the type e € R; by convention, N,(¢') = 23, ./
for an edge ¢’. Set N(r) = D", N,(r), it is the total number of lines attached to .

Lemma 22. Let " be a (QCD) 1PI Feynman graph at loop order L and with residue r.
Then, the following relations hold:

Z mpe — Z mry+1=1L (a); mp, « =mp, _+3N _(r) (b);
e€ERE VERY
Z mry 4+ 2mp sy — N(r) +2 = 2L (c); mr, - =mp. + 3N (1) (d).
vERYy
val v=3

Proof. Equation (a) is the usual expression of the Betti number of the graph T'; it can
be proved by induction on the number of edges of the graph I'. Equations (b) and (d)
follow from the statement that each of these two vertices involve exactly two quark or
two ghost lines, respectively. We prove that Eq. (c) holds by induction on the number of
edges. First, denote by V3 and V4 the number of all trivalent and quadrivalent vertices
of I', respectively. Since the type of vertices and edges is irrelevant for Eq. (c), we have
to show validity of

V3+2V4 —N+2=2L, 11

for a graph I' consisting of V3 trivalent and V4 quadrivalent vertices of a single fixed
type. Induction on the number of edges starts with the graph consisting of only one edge,
for which N = 2, by definition. Then, if we add an edge to a graph I" for which Eq. (11)
holds, we have the following possibilities to connect the new edge:
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§Vz 8Vy SN GL
edge - edge +2 +1
edge - edge +1 +1
edge - 3 vertex +1 +1
3 vertex - 3 vertex | —2 42 +1
edge - ext +1 +1
3 vertex - ext -1 +1  +1

One readily checks that the corresponding changes in Vi, V4, N and L leave Eq. (11)
invariant. O

Motivated by these properties, we introduce the following notion of admissibility of
a vector m = (m,)reR.

Definition 23. A vector m = (m;)rcr is called (L,r)-admissible if it satisfies
Egs. (a)—(d) in Lemma 22.

Lemma 24. Two (L, r)-admissible vectors differ by a finite number of combinations of
the following three steps:

‘6m7 om Sm o OM e M o M wg OM ¢
I | +1 +1 +1 -1
11 +1 +1 +1 —1
111 +1 +2 -1

acting by m, +— m, + dm,, while retaining admissibility at each step.

Proof. Clearly, two admissible vectors differ by integers in each of the entries m, for
e € Ry. Since Egs. (a)—(d) in Lemma 22 impose linear constraints on the entries of m,
it is enough to consider the cases m, +— m, + 1 for each of the three edges individually
(thus leaving the other m, invariant). Then, Egs. (a)—(d) become four independent con-
straints on the four remaining entries m,, v € Ry, the solution of which is displayed in
the above table. O

4.2. Slavnov-Taylor identities. Contrary to the linear Ward identities that we have
encountered in QED, there are now quadratic relations between Green’s functions
that reflect the non-abelian nature of the gauge symmetry of the corresponding clas-
sical field theory. In addition, there are linear identities between full Green’s functions
(cf. for instance [8]). We will not consider the latter here and focus on the (quadratic)
Slavnov-Taylor identities between 1PI Green’s functions. For a derivation of these qua-
dratic identities using functional integration methods, we refer the reader to the standard
text books on quantum field theory, such as [14, Sect. 17.1] or [15, Sect. 21.4-5]. Picto-
rially, we have the following three identities:

4 Yo
m%m@ - %...@..: 0; (1)
4 Bo
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where the blob stands for the 1PI Green’s function corresponding to the indicated external
structure. In the Hopf algebraic setting of renormalization, this motivates the following
definition.

Definition 25. The Slavnov-Taylor elements are defined by
ST' =G =G~ -G *G —;
ST =G =G~ -G *G ;
ST =g =g~ _g*g=

Note that these elements involve both a linear and quadratic part, for instance,

Iy
Z Sym Z Sym(F Z Sym(F1 Sym(T'9)

Iy
Z Sym Z Sym Z Sym (T1)Sym(Ty)

The choice for using the same labelling I, II, III for the Slavnov—Taylor identities as for
the admissible steps in Lemma 24 is not coincidental, but motivated by the next lemma.
First, define for vectors 7 = (m,),cg and i = (n,),cg the following constant:

m my me+n, —1
cl-)= I I ny! I I ne! .
n ny ne
VERYy eeREp

A glance back at Sect. 2.2 makes one realize that whenever 7 and 7 arise from two
graphs I and y (i.e. m = mrp,n = ii,), this constant becomes the number I" | y of

insertion places of y in I'. We also introduce the following standard basis { fr},e R of
vectors corresponding to the elements r € R by setting (f;-),» = 8,,.

Lemma 26. The following equation holds for A =1, 11, III:

() Dl - 2 ) e

Y

Proof. First observe that Cases I and II can be treated simultaneously by exchanging
external electron lines with external ghost lines. After applying Pascal’s rule (16) eight
times, we obtain

M+ om! m\ m— f m— s m— fx
C( il >C<ﬁ)_nC<ﬁ—f>nxc<ﬁ—fx>+nxnc<ﬁ—fx—f>

N g C Tﬁ—fx N Tﬁ—fx Tl g C ﬁ-‘_ f}(_‘
Jr/u{/(ﬁ_fm{)Jr m<l<ﬁ_fm<>+ = ..{/<ﬁ_fm<_fm{>.

Now, the analogue of Eq. (10) in the setting of QCD yields, when applied to these six
terms, precisely the above formula in the case A = I (and similarly for A = II).
In like manner, one shows that
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m + omil m\ m— fsw m— fw m— fw
C( i )76(77) _nwc<ﬁ—fw>nxc<ﬁ—fx>+nxnwc(ﬁ—fx—fw>
+ 21 wg (‘(2_}3) +7’Lm{(n..g—1) c (%ﬁ_2}2>7

from which, with the proper analogue of Eq. (10), one concludes the above formula for
A=1. O

The above lemma will be essential in the proof of our main result, stating compatibility
between the Slavnov—Taylor elements and the Hopf algebra structure of renormalization.

Theorem 27. The ideal I generated by the Slavnov-Taylor elements is a Hopfideal, i.e.
ANCI®H+H®I, €I)=0, SU)cI.

Proof. By the very definition of the ideal I the second condition is trivially satisfied
whereas the third follows from the first, by the recursive formula for the antipode in
Eq. (3). It is thus enough to show that ASTYH CI®QH+HQI for A=1, II, IIL
Clearly, the primitive part of the coproduct A(ST#) is of the desired form, by the very
definition of being the primitive part. We will apply Proposition 16 to determine the
non-primitive part. Starting with the second term in ST', we find that,

Fl I Y Fl | vy
A T IPER
( ) Z Sym Sym(y)Sym(Ty) (EIEDY Sym(7)Sym(T;)Sym(Ts) | 2® 11
4,0, % 0, —#0
Iy | Y Ty | o'
T T, T
i Z _Sym()8ym(Ta) Tt XZ Sym(y)Sym(Ty)Sym(Ty) 192
Pl 7,0 % Ty —#0
T [y T2 ]7)
- Z 772 @ I'1lo. (12)
y § r ym (T
(r172)2(0.0) Sym(y1)Sym(vy2)Sym(T';)Sym(T'2)
le»r27¢0

The first two terms combine, since

NN 'y iy mp mr vy
vl = ; o I ) 1 L,
Z Sym(y Z Sym )Sym I‘g) 2 Z; ¢ n My, — ¢ iy — f )| Sym(y)

=S¢ <7ﬁr1 N f*) 2 ol (13a)

~

by an application of Pascal’s rule (16). On the other hand, the second two terms contribute
with

F2\“/ N (mr +fx) gl
I = c 2 . 13b
Z Sym(y Z Sym()Sym(T'y) s ; Ty Sym(7y) (13b)

Finally, the quadratic terms become

Z z c (n_irl) ¢ (’h;l“z) Z (mF1 +mF2) 4
) i 1) Sym(y) ny Sym(y)’

Y ﬂ1+fi2:nV Y
(13¢)
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using Vandermonde’s identity (17). Unfortunately, the three coefficients in Eq. (13) do
not coincide, and it is thus not immediately clear how to combine the terms in Eq. (12)
in order to obtain (7 ¥~ on the second leg of the tensor product. However, we claim
that they differ by a finite number of combinations of the steps I, IT and III, so that they
can be combined at the cost of adding terms in I @ H, exactly those that appear in
Lemma 26. Indeed, in the case of (13b) one rewrites trivially,

. (m@ fx) . ((mpz Hix+ T —f) |

Ty Tiy

and observes that the vector mir, + f?x + f‘i is (L — K, %) -admissible if y is at loop
order K. Also, regarding Eq. (13c), one notes that 77ir, +7ir, + fis(L— K, %) -
admissible. Since mr, is (L — K, %) -admissible by definition, an application of
Lemma 24 in combination with Lemma 26 shows that all terms in Eq. (12) can be
combined to give j, @ ¢ ¥ — plus elements of the form ) , STAh/A ® h'; for some

h,h', and K’y in H. In like manner one shows that A'(G <@ %) can be written as

h@G <G <+, STAg, @4y with that same h and some g, g’ € H. Hence, we
can write

AST) =h@ST' + D ST (g}, ® gy — by @ h'p),
A

which is indeed an elementin H ® I + [ ® H. A completely analogous argument shows
that the same conclusion holds for ST and ST, 0

5. Conclusions

After having derived the necessary combinatorial identities, and obtained a formula for
the coproduct on 1PI Green’s functions, we have showed that the Slavnov—Taylor identi-
ties in quantum chromodynamics can be implemented on the Hopf algebra of Feynman
graphs as relations defining a Hopf ideal /. Let us work in the dimensional regularization
scheme with minimal subtraction. Since the map ¢ : H — K defined by the (regular-
ized) Feynman rules vanishes on the ideal /, it factors through an algebra map from the
quotient Hopf algebra H := H/I to the field K of Laurent series in the regularization
parameter. Since H is still a commutative connected Hopf algebra, there is a Birkhoff
factorization ¢ = ¢:1 * ¢4 [2, Theorem 4] for the convolution product * in the group
Hom(H, K). The two algebra maps ¢4+ : H — K are given on 1PI graphs by the
following recursive formulas:

(D) =-T [¢M)+ D ¢_()oT/y)|.
yGr
¢+(T) = (D) + - (D) + D~ ¢ (N$(T/),
yGr
where T is the projection on the pole partin K . It was realized in [2] that ¢, (") and ¢_ (I")
precisely give the renormalized Feynman amplitude and the counterterms, respectively,

corresponding to the graph I'. Since they are algebra maps from H to K, we conclude
that they automatically satisfy the Slavnov—Taylor identities.
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Moreover, the compatibility of the Slavnov—Taylor identities with the Hopf algebra
structure implies validity of the ‘gauge theory theorem’ in [6, Thm. 5] (see also [7]).
The latter states that there exists a certain sub Hopf algebra and that the map BY : H —
Hijin, X +— > - n'(y, X, T), where n’ is a normalized version of n defined just above
Eq. (5), is a closed Hochschild cocycle.

Acknowledgements. The author would like to thank Matilde Marcolli for several discussions and an anony-
mous referee for useful comments.

A. An Alternative Proof of Theorem 20

We give an alternative proof of the above theorem stating compatibility of the Ward iden-
tities with the coproduct, which is based on our previous result [11] on the compatibility
of the so-called Ward—Takahashi identities with the coproduct. Such Ward—Takahashi
identities are identities between individual graphs, and an expression of the above Ward
elements W in terms of the Ward-Takahashi elements (to be introduced below) allows
us to deduce Theorem 20 from this result.

Let us start by introducing a map similar to A, defined in Sect. 2.2. For a disjoint
union of 1PI graphs y and a 1PI electron self-energy graph y,, we define on a 1PI
graph I,

AL D)= > T/yYED,
y'vecl
Y'Vexyve

where ['/y'y)(€') is the graph /'y, with an external photon line attached to the edge
¢ correspondmg to y, in the quotlent In the case that y is the empty graph, this map
will be denoted by Ae = Aj b.7% and when in addition y, = T", we set AL.(I") = ). Two

examples that might help the reader to see what is going on are,

s (L) - £ L A
A@,L(%} T

The analogue of n(T", y, I'’) is given by n¢(T, v, I'’); it is defined to be the number of
subgraphs y’ of the electron self-energy graph I' that are isomorphic to the electron
self-energy graph y, and such that I'/y’(e’) is isomorphic to the vertex graph I''.

We also introduce the following combinatorial factor, to be used below. The compat-
ibility of the so-called Ward—Takahashi identities with the coproduct was derived in [11]
and will be recalled in Proposition 28 below; for completeness, we also restate its proof.
It gives relations between individual graphs, and will be used in the alternative proof of
Theorem 20, involving relations between Green’s functions. We first recall some of the
notation in that paper.

Given any electron self-energy graph I', we can label the internal electron edges from
1 to mp, —. If we fix such a labelling, we denote by I'(i) the graph I" with an external
photon line attached to the electron line i.
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Proposition 28. Let  — be a 1PI electron self-energy graphs and define the corre-
sponding Ward-Takahashi element by W(I') = >, I'(i) + T, with the sum over internal
electron lines in T'. Moreover, set W () = 0. Then,

Awr) =Y ﬁ Wrehy ® A, (1) + 3 ﬁ 7 & W(A(T)),

where the sum is over disjoint unions of 1PI graphs y (including the empty graph) and
1PI electron self-energy graphs y,.

Proof. We start by computing A (Zl ra )); we split the sum over subgraphs into two
terms, those for which y contains the electron line i, and those for which it does not,

A(Tro)= X ¥ eron-¥ (Zv(i)®F(i)/v(i)+ZV®F(Z')/W)-,

i=1 ~CI'(i) ~yCI' \ievp i¢ry

where yg denotes the disjoint union of the electron self-energy graphs in y. The absence
of terms in which i € y — yg is due to the fact that there are no vertices with more
than one photon line, so that the corresponding graph (y — y£)(i) does not appear as a
subgraph of I'(i) in the coproduct.

The first term can be written as,

DD vORTO/yi) =D D (=¥ D7 ®T/yvele),

yClieyg yCI' YeCy €Y,

by decomposing the sum over all i that are part of the subgraph yg into the connected
components y, of yg, thereby also noting that if i € y,, the quotient I"(i)/y, (i) is
nothing other than a I'/y, (e).

On the other hand, the second term can be split into two parts, one for which i is an
external electron edge for one of the electron self-energy graphs in y, and one for which
it is not,

DD vRTO/y=2 | D veT@/v+ D, v®T/y()

yCr i¢y yCI' \iedyg i¢yUdyE
=D D =7V ®T/(y —vve(@+y® D T/r()).
yCI YeCy Jjerly

Here we used the fact that although an electron self-energy graph has two external elec-
tron edges, they might be in common with another electron self-energy graph that is also
part of y. This means that for a block of electron self-energy graphs that sit inside I" by
concatenation, there is a term (y — ye)Ye ® I'/(y — ¥e)ve(e) for each such graph, plus
one for the closing “fence pole”. Indeed, the number of external electron edges of such
a block is precisely the number of its constituents plus one. The extra term combines
with the second term, since it precisely gives the term I'/y (j) with j the electron edge
corresponding to Y, so as to complete the sum over all internal electron edges in the last
term. O

Proposition 29. There are the following relations between W (I") and the Ward elements
Wi,
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1
Wy = FZ_Sym(F) w(T).

Proof. Since every vertex graph can be written as I"(i) for an electron self-energy graph
I, we only have to check that the symmetry factors turn out right. We first observe that
Sym(T" (7)) coincides with the order of the isotropy group Aut(I"); of the electron edge
i in Aut(I"). Moreover, two graphs I" (i) and I"(i’) are isomorphic if and only if i and i’
are in the same orbit under the action of Aut(I"). An application of the orbit-stabilizer
theorem shows that such an orbit has length |Aut(I")i| = Sym(I")/|Aut(I");], so that,

1
FZ_Z Sym(F) Z Z |[Aut(T) |Sym(F z)) Z Sym(T" L

from which the result follows at once. O

Before continuing our derivation of Theorem 20 from Proposition 28, we prove a
result analogous to Lemma 15 for the map Af, | . Instead of the insertion of graphs of
Definition 8 that appeared in Lemma 15, it involves insertion of an electron self-energy
graph into a vertex graph, defined as follows.

Definition 30. An insertion of a 1PI electron self-energy graph y into a 1PI vertex graph

" is given by an isomorphism ¢ from ye[;t] to the two electron lines connected to the ver-
tex to which the external photon line is attached, after removal of this photon line. The
resulting electron self-energy graph is denoted by I #4 y.

For example,

f”;““s#¢ﬁ:m

Lemma 31. Let y and y, be as above and let n-, ~ denote the number of 1PI vertex
graphs in y as before. Then,

e _ e _ =
Ay ye = Ay Ay, = Pyyes

where p,, y, is defined in terms of the vertex graph V1 -+ Vn, ¢ iny by,

~ ‘(v #p VesYes W) 10 F Yelv e
p e T A - e’

7 Z Z n(y — ;) ilv Tw #e
Proof. Similar to the proof of Lemma 15, we introduce a map ,'5),%; it corrects for the
overcounting in the cases that there is a subgraph 7 of I' containing y, > y,, such that
Y/v.(€') ~ y.Indeed, quotienting I" by such a ¥ does not appear in A7, (I), although
itdoesin A, A;g (I'"). We then write,

B nC(Vi F#¢ Yes Yea V1) |71 #Ho Velv
Z FM Z Z (7 M ’Yl) |71\v A'ev—vmz #o ’Ye(l—‘)’
yLCHCr =1 [4] ’

F/ve(e) =y
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since each such graph ¥ has to be isomorphic to the graph obtained by inserting v,

(using #) into one of the vertex graph components ”Vlu< of y, with an additional factor
of n®(y1 #4 Ve, Ve, y1) due to the multiplicity arising on the left-hand-side. On the other
hand, division by n(y — y;, y;) corrects for insertions of y, into isomorphic y;; indeed, if
v1 = yp thenclearly y; #4 ve = yr #4 ve. Finally, the factor |y; #4 ye|v /|yi|v arises from
the difference of summing over subgraphs isomorphic to y; and subgraphs isomorphic
toy #p5 ve. O

Theorem 20. For any L > 0, we have

AW = 3 WKZWWGL P o e e 1K

K+K'= V! K=0 7x

'Y@W/L K-
Sym(v

Consequently, the ideal 1 generated by the Ward elements Wy, for every L is a Hopf
ideal in H,
AD)CIQH+H®I, €I)=0, SU)cl.

Proof. Firstly, with W, being related to W(I") by the above Eq. (29) (and understood
to be zero for L = 0), Proposition 28 implies that

1 - 1
A= 2 2 Tl 09SO (M| 3 gy A0

L
"/KU'YS?

The second term can be easily written in the desired form since with Proposition 16,

(id@ W) Z Sym Z > &m 'y)Sym(F) v @ W(T)

r— ’YI‘FLK
Sy s
ym(~y
=0 7k

which is indeed an element in H ® /. For the first term, we derive the result from the
following equation:
1 o(L-—K-K'~)
- Ae I\ — ) ,
FZ_ [77VelvSym(T) 76 (1) 2 Sym(ve)Sym(y)Sym(I")
L

(14)

for two graphs y and y, at respective loop order K’ and K. In fact, validity of this
equation implies that

oL-K—-K'"7)
Yo Y e WhneAl, (D)= Y Wk Y Sl
KK 1= Irve |vSYm( ) kr ”FL___(K_K/Sym( y)Sym(T)
VK Yok

which, on its turn, is an element in / ® H. We prove that Eq. (14) holds by induction
on the number 7, « of 1PI vertex graphs in y. If this number is zero, Lemma 31 takes
a simple form and we conclude that in this case,
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1 ~

1
—— AL ()= — A, (),
2 Frdsmnm 20 = 2 Cismmtsmm 2 09

since for each 1PI vertex graph f, there are precisely |y.|v|Aut(I');| = |ye|vSym(I'(i))
many electron self-energy graphs I' that result in I" after quotienting by a subgraph
isomorphic to y, and connecting an external photon line to the corresponding inter-
nal electron line. Thus, an application of Eq. (6) shows validity of Eq. (14), since by
definition (L — K — K',7) =(L — K — K', =) | 7.

Let us then suppose that Eq. (14) holds for ny, ~« = n and number the vertex graphs
iny by yi, ..., ¥u. If 541 is another 1PI vertex graph, then Lemma 31 yields

1 1
___ A° ) = _ A, A (T
FX_:IV%H%\VSym(F) e () rz_:\wn+we|v5ynl(F) i 85 ()
L L
n+1

. Z Z Z (Y #e Yer Ver ) Z o),
[YYn+1 — lv b o 1= #e Ve

i v #6 YelvyelvSym(T)n(vyns1 — v, m)

after insertion of the definition of © and an application of Definition 3. The first term can
be reduced by applying Eq. (15) to A7 and Eq. (6) to Ay, ,,. For the second term, we
can apply the induction hypothesis, since y y,,+1 — y; has n 1PI vertex graph components.
With the following two equalities for the combinatorial factors:

1Y VYurt = ¥, YOSYM(y)SYym(y yps1 — v1) = Sym(y yu+1);
Sym(y; #g ve) = Sym(ye)Sym(yi) n(vi #¢ Ve, Ve, V1)
which can be obtained from Eq. (2) and the observation that n¢(y #4 ¥, Ve, y) counts

precisely the automorphisms of y; #4 y. that do not come from an automorphism of y;
or y,, we derive

1 cn@= Y Dl oS el K Ky )
— |7+ 17elvSym(T) Sym(ve)Sym(yyn+1)Sym(T')

rr

<
L-K-K'

Note that the sum over [¢] has been cancelled against the factor |y, |y in the denominator.
A glance back at the recursive definition of ¢ in Eq. (9) then completes the proof. O

B. Some Combinatorial Identities

For completeness, we list some combinatorial identities used throughout the text. Firstly,
there is the well-known Pascal rule:

(T)=0)-(5)

which can be conveniently rewritten as

(k+l—2):(k+l—l)_(k+l—2)’ (16b)
[ l [—1

for combinations with repetition.
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Another identity used in the text is due to Vandermonde, stating that

q
kq ko _ ki + ko
>()()=("7) am

which can be proved by expanding both sides of (1 + nkitk = (1 + )k (1 + 1)k2. The
analogous result for combinations with repetition is,

q
ki+1— 1\ [k —[—1 ki +k —1

Z 1+ 2t+4q _ 1tk2+tq . (17b)

1=0 ! q-1 4

This can be proved by equating both sides of (1 —¢)%17%2 = (1 —r) %1 (1 —r)~*2, where
1-n"=3, ("+rr_1)t’ is the generating function for combinations with repetition.
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