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1 Introduction and results

The Batalin-Vilkovisky (BV) formalism [1, 2] gives a formulation of any classical field
theory as a differential Qpy = {Spv, —} on the graded commutative algebra generated by
fields, antifields, ghosts, antifields of ghosts etc. and all of their derivatives. Here, Qpy is
called the BV differential, Sy is the BV action and the Poisson bracket is induced by the
canonical symplectic form on BV field space. This differential graded commutative algebra
is precisely the dual of a strong homotopy Lie algebra or Ly -algebra, for short, cf. [3] and
references therein.

Recall that an L.-algebra £ consists of a graded vector space £ = ®,czL, together
with a set of higher products p, : £ — £ for all n € N*. The lowest product pq is a
differential. For an L..-algebra arising from a field theory, it encodes the free, linearized
aspects of the theory, such as gauge symmetries and equations of motion. All higher
products p,>2 describe interactions, covariantizations of linearized gauge symmetries, etc.

This perspective is useful for a number of applications, in particular for discussing
perturbative quantum field theories, see e.g. [4-9]. Any L.-algebra comes with a family
of quasi-isomorphic (read: equivalent) L..-algebras known as minimal models. For an L -
algebra corresponding to a field theory, the graded vector space underlying the minimal
models contains the asymptotically free fields while the higher products are precisely the
tree level scattering amplitudes [3, 4, 6, 10]. Explicitly, the minimal model is computed
via the homological perturbation lemma [11-13], see also [14-16], and this lemma produces
the tree level perturbation expansion usually employed in quantum field theory.

As pointed out in [16, 17], the BV formalism gives a clear indication of how to extend
the homological perturbation lemma to capture also the full quantum case. This leads
to a construction of minimal models of quantum or loop homotopy algebras as introduced



n [18, 19]. While the focus in [16, 17] was mostly on computing the effective action via
the homological perturbation lemma in the BV picture, the dual, coalgebra picture was
explored in [8], where very general recursion relations for quantum scattering amplitudes
were derived. Both perspectives generate the familiar expansion in Feynman diagrams,
merely in two opposite and dual directions.

An evident question in this context is if and how precisely the homological perturbation
lemma reproduces the exact symmetry factors of the individual Feynman diagrams. It is
the main goal of this paper to provide an elementary and direct answer to this question.

We start with a review of scattering amplitudes, homotopy algebras and the homo-
logical perturbation lemma. We explain in detail how the homology algebraic approach
leads to what we call HPL-diagrams, which are closely related to Feynman diagrams. To
be explicit and expose the crucial aspects of the approach, we limit ourselves to real scalar
field theories with polynomial potentials. This also allows us to use As.-algebras over

o-algebras, which makes our discussion even simpler and more direct.

Next, we give a concise formula for general symmetry factors of Feynman diagrams for
general scalar field theories, using the usual generating functional approach and extending
the result of [20]. We then begin the comparison with HPL-diagrams with a few examples,
proving a number of lemmata about their shapes and symmetry factors. Altogether, these
lemmata show that in the computation of quantum scattering amplitudes via the homo-
logical perturbation lemma, all Feynman diagrams are indeed taken into account with the
correct symmetry factors.

While our result is certainly not surprising, we hope that our direct and explicit discus-
sion, which is complemented by many examples, is helpful for readers trying to understand
the relation between the homological algebraic approach to scattering amplitudes and the
traditional Feynman diagrammatic one.

2 Scattering amplitudes from the homological perturbation lemma

In this section, we briefly review how the homological perturbation lemma produces the
scattering amplitudes of a quantum field theory, cf. [3, 4, 6, 8, 16] as well as [21] for
a pedagogical review. We highlight the effect of the antisymmetry in the contracting
homotopy, which leads to the cancellation of many diagrams.

2.1 Scattering amplitudes and homotopy algebras

For simplicity, we focus on a general scalar field theory on d-dimensional Minkowski R4~1
space with action

s= [t (Lot L) = [t (;qzs(x)(m o) + 3 erdh(a) ) RENCRY
k>3
As explained e.g. in [3, 6], this scalar field theory can be encoded in a cyclic Loo-algebra
£5, which is simultaneously a cyclic Ao-algebra A,
Recall that an Leo-algebra £ comes with higher products p,, : £ — £ of degree |, | =
2—n, where £ is a graded vector space £ = ®,czL,. Similarly, an A,.-algebra A = ®,czU,



comes with higher products m, : A®" — 2 of degree |m,| = 2 —n. The two types of
higher products then satisfy a higher or homotopy version of the Jacobi identity and the
associativity relation, respectively. The precise details of these relations are irrelevant for
our discussion.

In a generalization of the relation between matrix algebras and matrix Lie algebras,
antisymmetrizing the higher products m,, of an Ay-algebra 2 leads to higher products for
an Ly,-algebra on the same graded vector space:

Mn(ala"'aan): Z X(U;ala"'7an)mn(aa(1)7"'7aa(n))7 a; €A, (22)

gES,
where the sum is taken over all permutations of the a; and the Koszul sign x(o; 41, ...,4y,) is
the sign arising from permuting the graded arguments a4 (1), ..., @q(,) into canonical order.

In the homotopy algebras £5 and 2 encoding the field theory (2.1), the subspaces
g7 = A7 and €5 = A are the field and antifield spaces, respectively. The non-trivial
differentials 1 = my are given by the kinematical operator,

p(p) =mi(¢) = (@O-m’)pc &5, ¢egl. (2.3)

Furthermore, the non-trivial higher products o, 3, ... of £% encode the various interac-
tions:

[ (D1, dn) =nlmy(d1, ..., dn) = —Cpy101... 00 € L5, S €LT.  (24)

Both £% and 2A° come with non-degenerate bilinear pairings (—,—) of degree —3,
which pair fields, i.e. elements of £7 = Qlf , with antifields, i.e. elements of Sg = ng , in
the canonical way, producing a number. These pairings are compatible with the higher
products in that they are cyclic:

(Pns1s in (D1, On)) = (Dj, in(Djst1, - - s Png1, B1s- -, Dj—1)) - (2.5)

In general, each homotopy algebra comes with quasi-isomorphic (i.e. equivalent) min-
imal models with vanishing differential. These minimal models are all isomorphic to each
other in an ordinary sense, and we will therefore often speak of the minimal model. The
equivalence between the minimal model £5° of £5 and £° itself translates into a classical
equivalence of the corresponding field theories and the only theory equivalent to (2.1) with-
out kinematical term is one in which the interaction vertices are the tree level scattering
amplitudes. Computing the tree level scattering amplitudes is therefore tantamount to
computing the minimal model of the L..-algebra £°.

Explicitly, the formula for tree level amplitudes is

'A<¢17 e ¢n+1> = <¢n+17 M%(éh EERE) ¢n)>o = Z <¢n+17 m;(ga(l)v S 7£U(n))>o ) (2'6)

O'GSTL

where a o indicates the higher products and the cyclic structure in £5° and 2°°. Note that
cyclicity of the bilinear pairing corresponds to the usual cyclic permutation symmetry of
scattering amplitudes.



2.2 The homological perturbation lemma at tree level

The homological perturbation lemma reproduces precisely the usual perturbative expansion
of quantum field theory at tree level and, with a deformed perturbation, also at loop level.
In the following, we outline this construction, starting with tree level.

The field space § = 215 decomposes into a direct sum of asymptotic, on-shell fields Ftree
given by the kernel of the kinematic operator u; as well as the interacting fields iyt which

propagate in the interior of a Feynman diagram, cf. [6]. The chain complex underlying £°
(and A%) is then

=k — Fivee D Fint —— Ftrce B Fint — * —> ... . (2.7)

£3 /fields £5 /antifields

We note that there is an inverse to p; on Finy C £§ , the propagator h, which we trivially
continue to a map of degree —1 on all of £5 and £° by setting it to zero everywhere else.
In particular, §iy is the image of h for scalar field theory.
The minimal models £%° of £5 (and A% of A¥) have underlying chain complex
0

coo =k = Ffree — Stree — ko, (28)
—— ——
£3° /fields £5 /antifields
and we have the trivial projection and embedding
p: 29— 2% and e:£% < 5 with poe=id. (2.9a)

We can use the propagator to make the quasi-isomorphism between both chain complexes
explicit. That is, h is a contracting homotopy between the identity on £% and the concate-
nation eo p:

id—eop=mjoh+homj. (2.9b)

Furthermore, h can always be chosen such that
poh=hoe=hoh=0, pom;=mjoe=0. (2.9¢)

The homological perturbation lemma (HPL) [11-13] can now be used to lift this quasi-
isomorphism of chain complexes (£, 1) = (£5°,0) to a quasi-isomorphism of L..-algebras
(£5, o) = (£5°, ul) by regarding pia, i3, . . . as perturbations. Since these describe precisely
the interaction terms in (2.1), and thus the perturbations of the free theory, it is not
surprising that we recover the usual perturbative expansion.

The treatment of perturbations is technically somewhat simpler! for A-algebras, and
we restrict ourselves to these in the following. Moreover, for the link to Feynman diagrams,
it is helpful to discuss the HPL using the coalgebra description of A..-algebras. Here, we
consider the tensor algebra of the grade-shifted vector space V = @,czV,, with V,, i= £° 1

o0
*V=PV*=RaevVaeVeV)e.... (2.10)
k=0

!Note that this is a pedagogical choice. Conceptually, the discussion for L..-algebra is also straightfor-
ward: one merely has to insert symmetrizers in all compositions of maps. These, however, would awkwardly
distort and lengthen all formulas.



Note that in the case of scalar field theory, only Vg and V; are non-trivial, describing fields
and antifields, respectively. Taking into account the degree shift, the higher products m,,
are now all of degree 1 and can be extended to coderivations,

n—k
Me(@1,- o 0n) = D 1@ ... Q¢ @ mp(djr1,. s hjak) @ Gjrit1 ® ... @y, (2.11)
Jj=0

which combine into the codifferential
D=Dg+Dint, Dg=M; and Djy=Mo+M3g+.... (212)

This codifferential satisfies D?> = 0, which is equivalent to the homotopy associativity
conditions.

The maps p, e and h are readily lifted to the coalgebra picture as follows:?

PO‘ b = p®k , E0’ k — @k , H0’ ky, ‘= id®’ ®h® (e o p)®j , (213)
\% Ve \%
® ® @V 2

and we have the relations
id—EgoPyg=DgoHg+HyoDg,
PO o) E(] =id 5

PooHy=HpoEy =HgoHp=0,
P()ODO:D()OEO:O.

(2.14)

The homological perturbation lemma then states that we also have a contracting ho-
motopy H after perturbing Dy to D = Dy 4 Djnt with the following maps:

P = Pg o (id + Diys 0 Ho) 7%, H = Hg o (id 4 Dipg o Ho) ™!, (2.15)
E=(id+HpoDi) 'oEy, D°=PoDiyoE, '
where
D°=DS+D5+..., (2.16)

is the full codifferential on the minimal model. The inverse of the map id 4+ Djn; o Hg exist
because Djy is a small perturbation, and this inverse is to be regarded as the evident
geometric series.

Recall that D° encodes the higher products m; of the minimal model and thus the tree
level scattering amplitudes (2.6). Because of (2.15), we can compute D° from the recursion

D°=PgoDjnoE, E=Ey—rhoE with h:=HyoDjy. (2.17)

2This is known as the “tensor trick”.



2.3 Example: the four-point amplitude

To illustrate the above constructions, let us discuss an example. For computing the four-
point amplitude A(¢1,...,¢4), we need to determine ms$, cf. the general formula (2.6).
This higher product can be extracted from D°, if we know the latter’s action on three
input fields. The relevant terms in the recursion for D° are

P © Dint © (Eo — Ho © Din 0 Eg) = Pg o Dint © (Eg— th oEy), (2.18)

which is a truncation of (2.17) after one iteration. We represent an element of V§® V§® V§
diagrammatically in what we call an HPL diagram by three parallel lines (HPL diagrams
are always read from bottom to top),

] (219)
¢1 2 93

For interactions to take place, we have to use Eg to embed Vg ® Vg ®@ Vg in VOV ®V, but
we usually do not label this embedding separately in diagrams:

e e e (220)
¢ P2 3 ¢ 92 93

Similarly, we do not depict the projection p from V; down to V] in any diagram.
On V®V®V, the action of Dy agrees with Mo + M3z and on this subspace of the
tensor algebra, we can depict these operators in HPL diagrams as follows:

Me= X | + | A . M= R . (2.21)

Here, a zigzag line denotes an antifield, i.e. an element in V;. While the antifield resulting
from M3 will be paired off with a field in the final amplitude, the antifields produced by
My are turned back into fields by a propagator h produced by

Holvey =h® (eop) +id@h. (2.22)

In the composition Hy o Ms, we produce two different types of fields: the straight line
stands for an element in e(Vy) C V, and on this subspace id = e o p because of eopoe =e
which is a consequence of (2.9¢). The straight line is thus simply an on-shell field, i.e. an
element of §ree. Because of h o e = 0, however, the output of a propagator is always an
interacting field, i.e. an element of §iy. It will be important to distinguish these, and in
HPL diagrams, we depict fields in §i, by a dotted line:

h

R*%:/S\+/S\

HO e} MQ = (223)



Together with the facts that Dj,; vanishes on V (single fields cannot interact) and that
antifields are paired off with fields in V° by the cyclic pairing, the formula (2.18) produces
HPL diagrams corresponding to three of the usual four Feynman diagrams for four-point

¢4 o
; 3 ¢4
AN AN o1 ¢2 @3
®2 ®3

o1 b2 @3 ®1

amplitudes:

The remaining diagram (as well as copies of the above diagrams to obtain the correct total
factors) are produced by the permutations of the fields ¢ 23 in formula (2.6).

An important point to notice is that the asymmetry in the definition of Hp in (2.13)
between left and right sides of the propagator h implies cancellations. Any interaction
vertex to the left of a dotted line leads to an operator e o p acting on an element of
Sint = im(h), which vanishes. That is, any summand in the recursion (2.17) that is depicted
by an HPL diagram containing rows of the form

1

0 (2.25)

———-- --
———--a --

MWW T e
I

necessarily vanishes. Here, the dashed lines represent an arbitrary element in §gee ® Fint-

2.4 Loop level scattering amplitudes

After the above discussion, the transition to loop or full quantum level is rather straight-
forward. Note that we will completely ignore any issues related to regularization; we are
merely interested in combinatorial aspects and the relation of our construction to Feynman
diagrams.

Recall that in the BV formalism, switching from the classical to the quantum master
equation essentially amounts to replacing the BV differential by the sum of the BV differ-
ential and the BV Laplacian. We are in the dual, coalgebra picture, and we thus introduce
the operator iAA* which inserts a full pair of fields and antifields:

n n
A (01®...Qdn) =YY $1®..00;0¢" @diy1...0;RPARGj11®...Qbn. (2.26)
i=0 j=i
Here, A is a DeWitt indices which, for scalar field theory, can be taken to be a momentum
mode label combined with a label distinguishing fields from antifields. Just as for Di,, a
subsequent operator Hy then maps the antifield back to fields. Due to the asymmetry in
H, the contribution of iAA* is only non-vanishing, if ¢* is a field and ¢4 is an antifield
in (2.26). For simplicity, we define

U = Hg o (ihA¥) (2.27)



and in terms of HPL diagrams, we have e.g.

U |§j h eop id id h id id h
= LR SR I
o | T s ¢ ¢W | e
1 1
! (2.28)
T/ ceseesss - + ...... ‘ ..... . —'I_ ........ -
¢1 ®1 o1

Note that the DeWitt index A in (2.26) can be chosen such that it splits into a field /antifield
label and two labels pee and pint, where pree € R ! labels a free on-shell field with corre-
sponding (d — 1)-momentum while pi,; € R4~ labels an interacting field with correspond-
ing four-momentum. The presence of the propagator h in U, however, annihilates the free
on-shell fields and therefore the fields produced by U are always in Fint.

The scattering amplitudes are then extracted from formula (2.6), but the higher prod-
ucts p, and m,, are now those combining into an operator® D° computed by the recursion

D° =PgoDjptoE, E=Ey—rthoE—-UoE. (2.29)

Each U operator produces a loop, and the number of loops is therefore counted by the
powers of A.

3The perturbation by the second order differential operator A* implies that D° no longer defines an
ordinary homotopy algebra, but a quantum or loop homotopy algebra. Also, the other maps P and E
appearing in the homological perturbation lemma are no longer ordinary coalgebra morphisms.



As a reasonably simple example, let us consider how the HPL produces the two-
loop contribution to the 2-point amplitude. (In the quantum case, the 2-point amplitude
encoded by m$ only vanishes to zeroth order in h.) Specifically, let us consider the diagram

b2
(2.30)
$1
The recursion gives us
D°=PgoDjo(hothohoUolU + thomolUorthoU)+..., (2.31)

where ... stands for terms not contributing to this Feynman diagram. We end up with
eight non-vanishing HPL diagrams:

®2 P2 ¢2 ®2

.....
........
.....

. . . .
. . . .
R T T - PP P P PP P PP P P P P PP PP PP PP PP P PP PP
.\ / . :
. .
.
. . K .
. : . H
...........................
. . . .
: : . .
Seccccccee L Seccccccee e ! eessees | eesesscseccscccce
™.
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:
.
.
.
\ .\ / /
5
. .
. . . .
. . .
: H H -
H H Q
RIS
. . . .
. . . .
............................. H TR P P S -
. .
Seccccccee L . . Seccsccccccsqocee . LEE R TRY EX TR .



where we did not connect lines to clearly indicate the action of the operators th and U. All
other HPL diagrams are either of different topology to (2.30) or vanish, mostly due to an
operator e o p hitting a dotted line.

3 Symmetry factors of Feynman diagrams

3.1 Generating functional

Recall the generating functional for connected n-point correlation functions in real scalar
field theory,

tortar] ob [ d%yd?z](y)Galy—2)J(2)

WIJ| = eifddw[’i“t[ 7 (3.1)
from which we extract the correlation functions
(6(21) .. Oa)) = — ) (3.2)
1)--- n 5J(1‘1)5J($n> - .

after Taylor expanding the exponentials in W[J]. We normalize the coupling constants cj
in the interaction Lagrangian as

Linglp(x)] = %ckgbk(a:) , (3.3)

k>3

cf. (2.1), which will allow us to extract the symmetry factor Xp of a Feynman diagram I"
in the straightforward, usual manner presented in quantum field theory textbooks.

We note that even though the Feynman diagrams contributing to scattering amplitudes
have amputated external legs, we will always consider un-amputated diagrams to compute
the symmetry factors from the generating functional for the corresponding amputated ones.

For a Feynman diagram I" with v; i-ary vertices and p propagators (no amputations of
external legs), the Taylor expansion leads to the following denominator Dr of the symmetry

o= (o) W (5) &

i

factor:

The numerator N now counts the number of distinct actions of the functional derivatives

on the Taylor-expanded exponentials to produce the Feynman diagram under consideration.

As is well known, the total symmetry factor is therefore the quotient by the automorphism
group Aut(T") of the Feynman diagram:

Nr 1

o= = 3.5

= D JAut(D) (35)

A general and convenient formula for Yp for general field theories with cubic and

quartic potentials has been given in [20]. We now extend it to the general real scalar field

theory with arbitrary polynomial potential. Non-trivial symmetry factors arise as follows:

1. A factor of Flu’ where 7, is the number of permutations of internal vertices so that
all propagators remain connected to the same propagators. For example, the two
vertices in the middle of the diagram (2.30) can be permuted and thus m, = 2!.

~10 -



2. A factor of ﬁ for any ¢; propagators connecting to the same vertex, i.e. subdiagrams

of the form

(3.6)

This is easily seen: the numerator from the Taylor expansion for k external legs is

1 1 1
(k + £;)! 26+t (| +20,)!1°

Ny = (3.7)

We have (kzt;i)!2k ways of connecting the external vertices to propagators. There
are then (k+k2zi)k! ways of connecting the vertex to these propagators. It remains to
connect the 2¢; derivatives left over from the vertex with the 2¢; fields of the remaining
£; propagators, which can be done in 2¢;! ways. Putting everything together, we are

left with the given symmetry factor.

1
n
subdiagrams of the form

3. A factor of = for any n; propagators between the same two distinct vertices, i.e.

(3.8)

Let us assume that there are k external legs and two vertices of degree d; and dy =
k4 2¢ — dy. We further assume that d; # do so that the vertices are distinguishable.
Otherwise, there is an additional factor of % in the numerator which is compensated
by a factor of 2 coming from permuting the two vertices. The numerator is then

1 1 11

/A S S
r (k+ ’I’LJ)' 2k+15 dy ! dy!

(3.9)

There are again Lok ways of connecting the external vertices to propagators.

(k?-‘rnj)
n;!
Note that ki = di — n; and k3 = do — n; of the external legs are connected to
vertex 1 and 2, respectively. There are (Zi)kﬂ(i;)kg! ways of doing this. Finally, we
can connect the first vertex with the remaining n; propagators, which can be done in
n;!2" possible ways, and the second vertex to them which is done in n;! ways. We

are left with a total symmetry factor of ni],

Altogether, we have the following formula:

Yr = Flv (H &'12‘> H— : (3.10)

n;!

- 11 -



As a corollary, we have the familiar textbook statement:

Corollary 3.1. All diagrams I" contributing to tree level amplitudes have a symmetry factor
of Xr = 1.

Proof. All vertices and propagators are distinguished by their position relative to the la-
beled output legs. Therefore, there are no two different permutations of vertices and
propagators leading to the same diagram. This means m, = 1 and all the factors in the
Taylor expansion of the generating function (3.1) are absorbed. More abstractly, the au-
tomorphism group of the Feynman diagram is trivial.

It will be useful to have a concrete algorithm for evaluating the contributions of the
correlators (3.2) to a concrete Feynman diagram.

Algorithm 3.2. To evaluate a given Feynman diagram contributing to the correlators (3.2),
we proceed as follows:

1. We start from the functional derivative with respect to J(xp+1), connect it to a prop-
agator and to a suitable vertex. We call the external leg corresponding to ¢(xyn41) the

origin of our graph.

2. We pair off any legs leading to external legs in the vertices connected so far to the
origin.

3. We close off all loops between vertices connected so far to the origin.

4. If there are no vertices left, we are done. Otherwise, we take the vertex with remaining
unpaired functional derivatives which we added last. We then pair this vertexr with a
propagator and a remaining vertex. (Note that all legs leading to loops and exernal
legs have already been paired off.) We then continue with 2.

Because any (un-amputated) Feynman diagram contributes to a correlator, it is clear
that the above algorithm will be suitable for any Feynman diagram.

3.2 Homological perturbation lemma: examples

We want to show that the homological perturbation lemma reproduces the combinatorics
of scattering amplitudes. That is, each Feynman diagram I' is produced by the homological
perturbation lemma with the appropriate symmetry factor Y. Before stating the general
proof, let us discuss a few illustrative examples.

As a first, non-trivial example, consider again the diagram (2.30), which has a sym-
metry factor of Yp = % The HPL reproduces this diagram in eight possible ways, cf. the
HPL-diagrams (2.32). Each of the four vertices comes with a factor of! 3, and the total

factor we obtain is thus 82%1, as expected.

4We shall always drop the coupling constants ¢, when talking about the factors; they are evidently
reproduced in the correct way.

- 12 —



As a second example, we consider the diagram

= (3.11)

which comes with a symmetry factor of ¥ = 1. Since it has again four vertices contributing

4
a factor of (%) , the HPL needs to produce this diagram in 16 distinct ways. Consider
some of the realizations of this diagram by the homological perturbation lemma:

AW
AW
AW

(3.12)
We note that each realization comes with a factor of 2, because we can invert the order
of the input legs (cf. first and second diagram). They come with a further factor of 2
because the lowest cubic vertex can always be flipped (cf. first and third diagram). In fact,
all the vertices except for the very first one can be flipped, one merely has to select the
appropriate different (and unique) permutation of the input labels (cf. fourth diagram).
The first vertex cannot be flipped as this would bring a loop line to the right of a vertex
which vanishes due to the form of H, cf. (2.25). Altogether, we have 23 ways of flipping

4
vertices and 2 ways of choosing the order of input labels, compensating the factor of (%)
and giving an overall symmetry factor of Y = 1.

Lemma 3.3. The HPL produces the correct symmetry factor X for the 1-loop diagrams
of the form

n+1

N

1 2 ..on

(3.13)

which is Y = % forn=1and Xr =1 else.

~13 -



Proof. The case n > 1 is evident from the argument above for diagram (3.11) which readily
generalize to the (n + 1)-point case. For n = 1, there is just a single way of permuting the
single input label, i.e. half as many ways as for n > 1, which leads to ¥r = %

3.3 Homological perturbation lemma: main theorem

We now come to our main result.

Theorem 3.4. The HPL reproduces each Feynman diagram I' with the correct symmetry
factor Xp.

The proof is based on the fact that each step in the algorithm 3.2 has a clear corre-
spondence in the construction of HPL diagrams, in inverse operational order: step one is
just the final combination of operators P o Dj,. Step two does not require any operator
insertion, while steps three and four correspond to actions of operators U and m, respec-
tively. The sensitive issues are around the order of the incoming legs of vertices, which is
asymmetric due to (2.25).

We begin the proof with the fact that any Feynman diagram is indeed produced by
the homological perturbation lemma.

Lemma 3.5. The HPL reproduces each Feynman diagram at least once in a non-vanish-

ng way.

Proof. This is evident from algorithm 3.2 with the additional prescription® in steps 2, 3 and
4 that open incoming legs always have to be filled from right to left. This guarantees that
no propagator is produced to the left of an existing line which would cause the diagram to
vanish by (2.25).

Next, we present a sequence of lemmata in which each lemma shows that symmetry
factors of more complicated Feynman diagrams are reproduced by the HPL, if this is true for
simpler diagrams. To streamline the argument, we allow for diagrams with binary vertices
as well as tadpole diagrams in our considerations. We end up with tadpole diagrams with
no loops involving a single vertex, and a final lemma shows that all their symmetry factors
are obtained from the HPL.

We start with tree diagrams:

Lemma 3.6. The HPL creates each tree diagram I' in the tree level scattering amplitude
with a symmetry factor of ¥ = 1.

Proof. Tt is clear that each (n 4 1)-point tree diagram can be turned into a valid HPL
diagram by selecting the first n external legs as inputs and the last leg as an output.
Note that for the HPL diagram not to be vanishing by identity (2.25), it is enough that
the operator th always acts as far to the left as possible to produce the desired diagram.

®Only temporarily imposed for this proof.
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For example, the first two diagrams below contribute, while the last one is vanishing due
to (2.25):

. . .
.............
...........
..........
------

| A
A A
|

| |

| |

| ]
¢ P2 93 da P5 P P5 P1 P2 @3 ¢ P2 93 1 P5

(3.14)

Thus, once the shape of the tree level HPL diagram and its input legs are fixed, it is
produced in precisely one way from the recursion formula (2.17) of the homological per-
turbation lemma.

Each (n+1)-ary vertex produced by th comes with a symmetry factor of % M contains
Dint, which is the sum of the extended, grade-shifted m, and the latter come with this
factor, cf. (2.5). This factor is compensated by the fact that the input legs of any vertex
can be permuted in an arbitrary way. This may require upwards and downwards shifts of
subtrees in order to avoid the cancellation by (2.25) as exemplified in the first two diagrams
of (3.14). Also, it may lead to a permutation of the input legs of the diagram; but any
permutation of the input legs of the diagram contributes equally with a factor of 1, cf.
equation (2.6).

Having trees under control, we can regard general Feynman diagrams as trees involving

6

one particle irreducible Feynman diagrams® as nodes.

Lemma 3.7. If the HPL reproduces all one particle irreducible (1PI) Feynman diagrams
correctly, it reproduces all Feynman diagrams correctly.

Proof. The proof is evident from the proof of lemma 3.6: any permutation of input legs of
vertices connected to subtrees leads to a diagram which is produced in a unique way from
the recursion relation (2.29) up to arbitrariness stemming from the 1PI diagrams.

Next, we can remove all incoming external legs without affecting the combinatorics:

Lemma 3.8. If the HPL reproduces all 1PI tadpole diagrams’ correctly, then it produces
all 1PI diagrams correctly.

Proof. The proof here is simply the realization that in step 2 of algorithm 3.2, the k external
legs connected to a vertex with r incoming legs can be attached in any of (2) ways without

51.e. Feynman diagrams which do not become disconnected when removing a single arbitrary edge.
"I.e. diagrams with a single external leg.
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the diagram becoming vanishing. Thus, attaching k external legs reduces the combinatorial
factor of % of the vertex to %ﬁ The first factor is compensated by the fact that any
permutation of the external legs of the diagram contributes with a factor of 1 by (2.6).
The remaining second factor would have been the factor of the vertex if the external legs
had not been there to begin with.

The first advantage of considering exclusively tadpole diagrams is that we do not
have to consider permutations of input legs. The second advantage is that we no longer
distinguish between lines corresponding to interacting and free fields: all lines encode
interacting fields, and any right outgoing leg produced by U and any outgoing leg produced
by rh to the left of an existing line makes the diagram vanish by (2.25). Both the horizontal
(i.e. contracting the input legs of which vertices) and vertical (i.e. order in the recursion
relation (2.29)) position of the action of U is then unique for 1PI tadpole diagrams.

Lemma 3.9. Given a non-vanishing HPL diagram, corresponding to a 1PI tadpole diagram,
with all loop closures removed, any permutation of the order in which the loops are closed
and any change in the sequence of the order in which loops and vertices are created leads to
a vanishing HPL diagram by (2.25).

Proof. Pictorially, this is immediately clear:

..... (o> Luii o =0 and et A =000 (3.15)

Next, we consider loops more closely, in particular loops involving a single vertex of
type (3.6).

Lemma 3.10. If the HPL reproduces all 1PI tadpole diagrams without loops involving a
single vertex, it reproduces all 1PI tadpole diagrams.

Proof. These loops are produced in step 3 of the algorithm, and we may have a partially
drawn HPL diagrams before and after closing the loops:

¢n+1 ¢n+1

oo oo

o % DR

o . o .
o . o
o . o .

L (3.16)

..........
..........
..............
......

.......

Say that the vertex involving the loops has r open input legs and we have £ loops to close
off. Then we have (3) choices for the first loop, (7"52) choices for the second loop, etc. Also,
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pairing off the loops with the operator U only leads to a non-vanishing HPL diagram, if the
right leg generated by U is to the right of all previously generated right legs. That is, there
is a unique order in which the loops can be closed, and we have to divide our counting by
an additional factor of %. Altogether, we have

1(r\({r—2 r+2-—-20\1 1 1
- . . S 1
rl <2>< 2 ) ( 2 )8! 02l " (7 = 20)] (3.17)

The first factor is precisely the expected factor in (3.10) and the second factor would have
been the factor of the vertex if the loops we closed had not been there to begin with.

Finally, we can conclude with the following lemma:

Lemma 3.11. All 1PI tadpole diagrams without loops involving a single vertex are repro-
duced with the right symmetry factor.

Proof. This is now readily seen from a comparison of the HPL diagrams with algorithm 3.2
for constructing diagrams from the generating functional. We note that in the generating
functional approach in steps 3 and 4 we can use arbitrary input legs for closing loops or
attaching vertices, while in the HPL diagrams, there is an order: all legs connected to
input legs of vertices further below in the diagram have to be to the left of the legs leading
to output legs of other vertices or to input legs of vertices further up in the diagram, for

example:

(3.18)

For a vertex with n input legs, k of which link to outgoing legs of vertices below, the
total combinatorial factor for the allowed permutations is thus Wlk)' = (3), and it is this
non-trivial factor that is responsible for producing the remaining symmetry factors.

The ordering of the types of input legs for each vertex by the HPL now simply ensures
that identical contractions in the computation of correlators by the generating functional
approach (3.2) are not counted twice. For example, the following two HPL-diagrams de-
scribe the same contraction of functional derivatives and propagators in (3.2):

¢1 $1

and :.. ..: (3.19)

..........

17 -



but should be counted only once; the HPL does this by letting the right HPL-diagram
vanish by (2.25). In this manner, uniqueness of the closure of loops (corresponding to the
same contraction) is guaranteed by the asymmetry of Hy, which enforces the closure of all
loops to the bottom left of all involved vertices in the HPL diagrams.

Altogether, the HPL reproduces all Feynman diagrams corresponding to one particular
pairing of functional derivatives with sources in (2.25) precisely once.
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