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Abstract We elaborate on the structure of the conformal
anomaly effective action up to 4-th order, in an expansion in
the gravitational fluctuations (%) of the background metric,
in the flat spacetime limit. For this purpose we discuss the
renormalization of 4-point functions containing insertions of
stress-energy tensors (4T), in conformal field theories in four
spacetime dimensions with the goal of identifying the struc-
ture of the anomaly action. We focus on a separation of the
correlator into its transverse/traceless and longitudinal com-
ponents, applied to the trace and conservation Ward identities
(WI) in momentum space. These are sufficient to identify,
from their hierarchical structure, the anomaly contribution,
without the need to proceed with a complete determination of
all of its independent form factors. Renormalization induces
sequential bilinear graviton-scalar mixings on single, double
and multiple trace terms, corresponding to RCJ ™! interactions
of the scalar curvature, with intermediate virtual massless
exchanges. These dilaton-like terms couple to the conformal
anomaly, as for the chiral anomalous WIs. We show that at
4T level a new traceless component appears after renormal-
ization. We comment on future extensions of this result to
more general backgrounds, with possible applications to non
local cosmologies.
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1 Introduction

The analysis of multi-point correlation functions in confor-
mal field theory (CFT) in higher dimensions (D > 2) plays
an important role in the attempt to understand such symmetry
at quantum level. In this class of theories, lower-point corre-
lators are fixed up to 3-point functions, except for few con-
stants. Higher point functions, on the other end, are expected
to be determined in terms of their “conformal data”, and
constrained by their associated conformal Ward identities
(CWT’s) [1].

In the more general case of n-point functions, the CWI’s
predict a specific structure of the correlators, except for some
arbitrary functions of the conformal invariant ratios, whose
number depends on 7.

Most of such investigations, in the past, have been per-
formed in coordinate space, but more recently there has
been considerable interest in extending these approaches to
momentum space. This has spurred a significant activity and
has allowed to proceed with the characterization of their
salient features [2—-10].

Examples are the classification of the minimal number
of form factors present in their expansions in the external
momenta, the identification of the arbitrary functions which
appear in the solution of the corresponding CWIs for n > 3,
[11-14], or the search for exact solutions in the presence of
dual conformal symmetry [15].

Among these correlators, an important role is played by
those involving the stress energy tensor, due to the appearance
of aconformal (trace) anomaly in even spacetime dimensions
(see [16] for a general discussion). Examples which have
been investigated are those involving multiple 7 insertions
(nT), or combined with scalars (O) and/or conserved vectors
currents (J). In particular, nT correlators play a special role
and represent the essential part of the generating functional
which characterize the coupling of a conformal field theory
to gravity.

Indeed, in any CFT a crucial role is played by the stress
energy tensor 7),, and by its trace, both in the definition of
the CFT and in the description of its breaking, due to the pres-
ence of a conformal anomaly in even spacetime dimensions
[16]. nT correlators characterize the functional expansion of
the anomaly effective action, which collects such contribu-
tions for any integer n, and is significantly constrained by the
underlying CWT’s.

We believe that these analysis are necessary in order to
nail down the structure of the anomaly action using a direct
approach, independently of those entertained so far, based
on the variational solutions of the anomaly functional, which
take either to a non local Riegert action [17] or, alternatively,
to local ones, such those derived by the Noether (leaking)
method (see for instance [18,19]), with the inclusion of an
asymptotic dilaton. The analysis of the conformal constraints
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and the way they impact the structure of the anomaly action
is the main goal of our work.

For this purpose, we recall that variational solutions of the
anomaly equations are naturally limited by the mathematical
procedure of integration of the underlying action, since they
differ by arbitrary Weyl-invariant contributions.

As shown in several previous analysis, such a breaking is
characterised by the appearance of massless poles [20-24] in
specific form factors of correlation functions involving one
or more stress energy tensors, in the form of bilinear mix-
ings. Such contributions are ubiquitous in all the (chiral, con-
formal, superconformal) correlation functions investigated
so far, indicating that their appearance is directly linked to
an explicitly broken phase induced by the anomaly, due to
renormalization. Our approach defines a way to isolate such
contributions to the anomaly action, working up to n = 4,
extending previous analysis [1,25-27].

1.1 Bilinear mixings

Bilinear mixings are, even in ordinary field theory, the sig-
nature that the functional expansion of the effective action is
taking place in a nontrivial vacuum, as for the Higgs mech-
anism.

In an ordinary gauge theory such mixings are removed by
a suitable gauge choice, such as the ‘t Hooft or the unitary
gauge. In the conformal case, a massless pole represents a
virtual (nonlocal) interaction, which is directly coupled to
the anomaly and defines a skeleton expansion which can be
taken as a possible definition the anomaly action.

As we are going to elaborate in a following section, such
terms correspond to an expansion of the same action - in
coordinate space and in the flat limit- in the dimensionless
variable RJ~!. Here, R is the scalar curvature, which has
very often appeared in the analysis of nonlocal cosmologies,
such as in f(R O~1) models [28]. In this case, the goal has
been that of explaining the late-time dark energy dominance
of our universe.

These analysis have been limited in the past to 3-point
functions [13,15,29]. Four-point functions have received
attention only more recently [29,30]. For 3-point functions,
the analysis of conformal and non-conformal correlators in
realistic theories such as QED and QCD, at one-loop, has
covered the TJJ and the TTT (37T) [20,23,27,31].

In this work we are going to show that this feature is
generic. No complete solution of the CWIs at quartic level
(O(h*) in flat space, with & the metric fluctuation) is needed
in order to extract such behaviour, at least in flat space,
once the contribution of the anomaly is correctly taken into
account.

Notice that the advantage of solving explicitly the CWIs,
as in the case of conformal 3-point functions, beside its indis-
putable value, is that it gives the opportunity to apply and
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Fig. 1 Expansion of the
anomaly contributions to the
renormalized vertex for the 3T

verify the renormalization procedure on the solution, using
the known gravitational counterterms, as given in Eq. (3.19)
below. However, for the rest, the method becomes increas-
ingly prohibitive if the goal is to infer the all-order behaviour
of the anomaly action.

The purpose of our paper is to show that a certain amount
of information is hidden in the structure of the WIs, if we
assume that they can be renormalized using the standard
(known) counterterms typical of the anomaly functional. We
work our way from this assumption backward, in order to
characterize the structure of the CWIs and identify the impli-
cations for the structure of the anomaly action to a given order
in h*¥ (h), the fluctuation of the metric around its flat space-
time limit.

Our approach is, in a way, quite direct, and can be extended
to n-point functions and to any spacetime dimension, follow-
ing the same strategy. More details on these further develop-
ments will be presented in forthcoming work. Here we intend
to characterize the method in its simplest formulation, by
working in d = 4 spacetime dimensions, and relying on
an expansion of the anomaly functional around a flat back-
ground in Dimensional Regularization (DR).

1.2 Nonlocal interactions in the 3T

In the case of the 3T all the contributions to the trace anomaly
of the renormalized vertex can be summarised by the three
diagrams shown in Fig. 1 and will be discussed below.

In this figure, the dashed lines indicate the inclusion of an
operator

v nv 2

at =g p — ptp® (1.1)

on the external lines, which projects on the subspace trans-
verse to a given momentum p. The projector is accompanied
by a pole. Together, 7 and the pole define the ordinary trans-
verse projector

1
WY _ A~
o’ =g 5

p

(1.2)

inserted on all the external lines in one, two and three copies.
Poles in separate variables 1/ pl.z, 1/( pi2 p?)(i # j) and
1/( p% p% p%), are connected to separate external graviton
lines, and each momentum invariant appears as a single pole.
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This result had been obtained in [27] by performing a
complete perturbative analysis of the same vertex using free
field theory realizations. In this case, the inclusion of 3 sec-
tors, a scalar, a fermion and a spin 1, allows to obtain the most
general expression of this correlator, and its renormalization,
performed by the addition of the general counterterm (3.19),
has been verified.

Our goal in the next few sections will be to show that the
Weyl-variant contribution to S4 can be identified directly
from the CWIs, under the assumption that S;;, as defined
in (3.19), is all that is needed in order to proceed with the
renormalization of a 3- or a 4-point function of correlators
of stress energy tensors in d = 4, in the flat spacetime limit.

If we move to coordinate space from momentum space
and attach the metric fluctuations 2#*" on the external lines,
it is easy to show that the inclusion of a projector of the form
(1.2) induces a bilinear mixing between the graviton and a
virtual scalar propagating in the intermediate virtual (dashed)
line. The interaction takes the form

Lzﬁﬂv o r L

. = (1.3)

In the 3T case, as one can immediately figure out from Fig. 1,
such expressions can be easily traced back to nonlocal terms
in the anomaly action S4 of the form

Sa ~ f d*xd*yRW(x) (é) (x, )

(v EP 0 + b)), (1.4)
where the labels (1), (2) refer to the first and second variations
of the invariants R, the scalar curvature, C2 and Ey.

Analogously, in the case of the TJJ correlator in QED, the
anomaly contribution, extracted by a complete perturbative
analysis, is shown in Fig. 2 and takes the form

Sa ~ Ble) f d*xd*y RV (x) <é) (x, V) F™ Fup (),

(1.5)
with F*¥ being the QED field strength and B(e) the corre-
sponding beta-function of the gauge coupling. Notice that in

both examples the intermediate propagating virtual state is
directly coupled to the anomaly.

@ Springer
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Fig. 2 Expansion of the
anomaly contributions to the
renormalized vertex for the TJJ.
Left: The collinear region in
AAARARARAAAF — === === ===

momentum space responsible
for the origin of the pole. Right:
Its interpretation as a scalar
exchange

This characterization of the anomaly action S,4 at cubic
order, in each of the two cases, has been obtained by a com-
plete analysis of the conformal constraints, using the explicit
expression of their solutions, which for 3 point functions
depends only on three constant for the 3T and on two for the
TJJ. In both cases, the solutions, which are given by hyper-
geometric functions Fy4, can be mapped to general free field
theory realizations, characterized by the inclusion at 1-loop
level of an arbitrary number of scalars, fermions and spin-1
fields in the Feynman expansion. The map between the two
approaches is an exact one ind = 3, 5.

In [25] it has been shown that such nonzero trace contri-
butions are automatically generated by a nonlocal conformal
anomaly action of Riegert type [32] expanded to first order
in §g and to second order in the external gauge field A,
respectively.

As we move from 3- to 4-point functions, the solutions of
the CWISs are affected by the appearance of arbitrary func-
tions, which is a general feature of CFT, and this approach is
not of immediate help, in the sense that even if such bilinear
mixings would be found in the perturbative description of a
certain correlator, they would not find an immediate counter-
part in the general solution of the conformal constraints.

Obviously, we would like to provide a proof of such
behaviour with no reference to free field theory. We recall
that the CWIs’ impose, at any n, hierarchical relations con-
necting n to n — 1 point functions, which we are going to
investigate in great detail in momentum space. While these
relations are not sufficient, for a generic CFT, to reconstruct
the expression of S(g) beyond 0(8g3) (i.e. n = 3), they
nevertheless constrain significantly its structure after renor-
malization.

As we are going to show, the CWIs predict a well-defined
structure for the anomaly contribution to S4 at the level of
the 4T, once we assume that their renormalization proceeds
via the counterterm action (3.19). As already mentioned, this
analysis does not require a complete classification of all the
form factors which appear in the correlator, but just a careful
study of the structure of the CWIs satisfied by it and by the
3T.

For this reason, we are going to illustrate how this simpli-
fied procedure works first in the case of the 3T, before moving
to the 4T in this new approach, showing how the structures
of Sy is constrained by the renormalized CWIs to assume a
form very similar to the 3T case.

@ Springer

As in previous studies in momentum space, we will rely
on decompositions of the 3T and 4T into a transverse trace-
less, a longitudinal, and a trace part, extending the approach
formulated in [11] for 3-point functions to 4-point functions.

1.3 Content of our work

Our work is organised as follows. We will define our conven-
tions and characterise the main features of the anomaly action
in Sect. 2, highlighting all the simplifications that are present
when we consider the flat spacetime limit in the definition of
the correlation functions. Conveniently, the discussion, in this
section, is carried out in full generality in regard to the choice
of the background metric, and provides a wider perspective
on the structure of the effective action (S) for arbitrary met-
rics, and on the increased complexity of the CWIs around
such backgrounds.

It is well known that in more general backgrounds, for
instance for Weyl flat/conformally flat metrics, the struc-
ture of the quantum average of the energy momentum tensor
(its one-point function), is affected by tadpole contributions
which are fixed by the anomaly, and need to be included in
the analysis, and call for a generalization of our method.

Then we will review the structure of the CWIs in the lon-
gitudinal/transverse separation introduced in [11] and devel-
oped further in [12,14,33], followed by the analysis of the
anomalous CWT’s. In Sect. 6.3 a new derivation, performed
directly in d = 4, of the special CWT’s is presented for the
4T . The approach extends the one developed in [25] for the
3T to the new case.

The renormalization of the 4T and its longitudinal/
transverse decomposition is worked out in a following sec-
tion, where, just for completeness, we also classify the sin-
gular form factors which are affected by renormalization.

The structure of the anomaly action is slowly built starting
from the 2-point function, that we review. The vanishing of
the anomaly contribution to the anomaly action S at 0 (h?)
is illustrated in great detail. Then we derive the structure
of the local (i.e. f;. or longitudinal stress energy tensor)
contributions to the CWI in the renormalization procedure,
and separate the anomaly contributions from the unknown
but finite, renormalized parts. This is the content of Sect. 9.4.

Even if the finite local terms are not explicitly given, we
show that they are not necessary in order to identify the struc-
ture of the anomaly action at the level of the 4T.
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The result is obtained by working directly with the longi-
tudinal components 77, of the counterterms to the same 4T
correlator, combined with their trace WIs. We show that a
structure with bilinear mixings appears quite naturally from
the decomposition, together with an extra, trace-free con-
tribution. This extra term, absent in the 3-point function,
appears for the first time at the level of the 4T. A comment
on our result follows next, before our Conclusions.

2 The anomaly action

In general, the effective action for a given Lagrangian CFT,
S(g) (for former discussions of S(g) see [34-36]) which
is a functional of the external metric background g, can be
generated, for instance, by integrating out some conformal
matter in the path integral, leaving the external metric arbi-
trary. The simplest realization is provided, for instance, by
a scalar free field theory coupled to gravity, as discussed in
several perturbative studies [27,30,31].

Compared to Sakharov’s induced gravity, where integra-
tion over ordinary matter, for a generic metric g, is expected
to generate terms of the form [37]

Sefy ~ / d'x g (A +e@R + e RY), @1

corresponding to a cosmological constant, the Einstein-
Hilbert action and to generic “R?>” terms, the integration over
conformal matter should not introduce any scale, if the result
of the integration turns out to be finite.

This turns out to be the case, in d spacetime dimensions,
at least for a scalar theory, as far as we stay away from even
dimensions, but a renormalization procedure is required in
the limitd — 4, with the inclusion of a renormalization scale
.

This appears as a balancing factor £~ ¢ - withe =d — 4 -
in the structure of the counterterms, which are expressed in
terms of Weyl-invariant operators in d = 4.

The renormalized action then acquires a log k2 /u? depen-
dence, where k is a generic momentum, determining the
breaking of dilatation invariance. The trace anomaly part is
simply associated to a well-defined pole structure, on which
we are going to elaborate below. This is associated to the
emergence of the RC1~! dimensionless operator attached to
the external legs of the correlator. We will come back to com-
ment on this result in a final section.

For a general CFT, when no Lagrangian is present, the con-
straints induced by the CWI’s are identical to those derived
from the functional integral (Lagrangian) approach. In this
case S(g) can be simply defined to be the functional which
collects all the correlation functions with single and multiple
T- insertions, and it is clearly not related to a path integral

formulation. Therefore, the CWIs remain identical both for
Lagrangian and non-Lagrangian CFTs.

In the latter case, however, one could resort to the opera-
torial formulation of the theory and, for primary fields such
as the stress energy tensor, derive the CWIs in a completely
independent manner (see for instance [31,38,39] for coordi-
nate and momentum space derivations of tensorial correla-
tors).

We recall that in an ordinary field theory the relation
between the partition function and the functional of all the
connected correlators is obviously given by the functional
relation

e S® — Z(g) < S(g) = —log Z(g). (2.2)

As mentioned, Z(g) can be thought of as related to a func-
tional integral in which we integrate the action of a generic
CFT over a field (¢), or in general, a collection of fields, in
a background metric gy,

Z(g) = N/ Dpe 0&P 7)) =1. (2.3)
Its logarithm, S(g), is our definition of the effective action.
So(g, ¢) is the classical action. As usual Z(g), in the Feyn-
man diagrammatic expansion, will contain both connected
and disconnected graphs, while S(g) collects only connected
graphs. Itis easy to verify that this collection corresponds also
to 1PI (1 particle irreducible) graphs only in the case of free
field theories embedded in external (classical) gravity.

The emergence of bilinear mixing on the external graviton
lines, as we are going to realize at the end of our analysis,
should then be interpreted as a dynamical response of the
theory, induced by the process of renormalization, with the
generation of an intermediate dynamical degree of freedom
propagating with the 1/ operator. For this reason, the pres-
ence of such terms does not invalidate the 1PI nature of this
functional.

As a reference for our discussion, as already mentioned,
we may assume that So(¢, g) describes, for instance, a free
scalar field ¢ in a generic background. The action, in this
case, is given by

1
So(g, @) = 5 / d'x =g [¢" V410 — x R9?| 24

where we have included a conformal coupling x(d) =
%%, and R is the scalar curvature. This choice of y (d)
guarantees the conformal invariance of this actionin d dimen-
sions as well as introduces a term of improvement for the
stress-energy tensor in the flat limit, which becomes sym-
metric and traceless. A general perturbative analysis of this
term and its role in the renormalization of the stress energy
tensor of the Standard Model, which requires a conformally

coupled Higgs sector, can be found in [40,41].

@ Springer
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Dimensional counting on this action can be performed,
as usual, in two ways, either by considering the canonical
dimension of the fields - as determined by their kinetic term
in the Lagrangian - or by their response to Weyl transforma-
tions. In the first case we have

Xu = AXy v —> &uv ¢ — A(lfd/z)dx 2.5)

The dimensional counting for the Weyl scaling proceeds dif-
ferently. The scaling of a length scale ds? (ds> — A’ds?),
is accounted for only by the metric

8y — )‘Zg;w» (2.6)

while keeping the same scale dimensions of the scalar field,
and one obtains

Xy = x0T 20 ¢ — AT,

The locality of the transformation is ensured with A = "
for an arbitrary function o (x).

S(g), in this example, is the functional that collects corre-
lation functions with multiple insertions of the stress energy
tensor

2 88 1
w = N AR PV Vpo
ya%

1
+x I:g’“’D — VAVY + > g™ R — R“”] ¢2.

(2.8)

2.7)

scalar

the free field theory realization stays conformal at quantum
level, modulo the appearance of an anomaly in even dimen-
sions. In the interacting case, things turn out to be different.
Anomalous dimensions appear as soon as we switch-on a
marginal interaction in (2.4).

For instance, a Ao¢* /4! potential will induce anomalous
dimensions and a 8 function which in flat space (d = 4 —2¢)
take the form

A, =922 &l +0Md)
¢ = 12(47)* 0
A ;
r0) = —2€ho +3—2_ + 0D, 2.9
BU0) = —2eky + 30 + 00 (2.9)

causing a breaking of the classical conformal symmetry. For
this reason we stick to the Lo = O case.

Sl[g] can be computed in a generic background, but its
structure and the conditions that it has to satisfy vary consid-
erably with the choice of g.

If we consider a generic metric background, there are sig-
nificant changes on the structure of the CWIs. The flat space-
time limit corresponds to the simplest nontrivial case. Results
obtained in this case, using the gravitational formulation of
Slg], are equivalent to those obtained for ordinary confor-
mal field theory in flat space, which can be naturally defined
without any reference to gravity.

@ Springer

It is also clear, from this correspondence, that the renor-
malization of these theories, in the flat limit, should involve
only counterterms of mass dimension four.

In the most general case, one can derive CWI’s in back-
grounds of the form (g,,), with g, =g, +8g,v (88"" =
h*"), and the formalism that we are going to discuss needs
to be extended in order to encompass also this scenario.

In general, the variation (2.6) on the functional S(g) takes
to the relation

58 23S

= V8 gu (T), (T"") = (2.10)
8o (x) V8 NI
and its invariance under Weyl
80g;w = 2ng,u (2.11)
and diffeomorphisms
Seguv = —Vyu€y — Vyey, (2.12)
summarised by the relations
3:S=0 6&5=0, (2.13)

take to trace and conservation conditions of the quantum
averages of T

(TH) =0 V,(T") =0. (2.14)

Trace and conformal WI’s can be derived from the equations
above by functional differentiations of S(g) with respect
to the metric background. However, the relations above are
modified in the presence of an anomaly.

The anomalous trace WIs can be derived by allowing for
an anomaly contribution on the rhs of the ¢ variationin (2.13)
858 = fd4x go A(x) (T)) = Ax), (2.15)
which violates Weyl invariance. Here, ./g A(x) is the
anomaly. Functional differentiations of this relation take to
the hierarchy of trace W1s that we will be defining below.

The identification of the special CWIs in the formalism
of the effective action, in the presence of an anomaly, is less
straightforward compared to space, and can be addressed in
this formulation by defining currents which are associated to
symmetries of S. An example is the current

(J*y = BN Hry, (2.16)

where el(LK) (x) is a Killing vector field of the metric g, which
is conserved. The proof follows closely the classical geomet-
ric derivation of the conservation of such current. For this
purpose, we recall that e,SK)(x) characterizes the isometries
of g

ds)? =ds)* < Vel + Ve =0 (2.17)

Then, the requirement of diffeomorphism invariance of the
effective action S(g), summarised by the second condition
in (2.14), take to the conservation equation

V. (J)=0. (2.18)
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Such equation can be re-obtained by requiring the invari-
ance of S under a specific variation respect to Killing vectors
(KVs) EI(LK) of the form

SkyS = 0. (2.19)

If we require that the metric background allows conformal
Killing vectors (CKVs) and the effective action is invariant
under such transformations, then we have the possibility to
take into account the anomaly contribution to the equations.
We recall that the CKVs are solution of the equation

ds)? = Wds)? < Vel + Ve =206,

o= lV-G(K).

Z (2.20)

Notice that if we introduce a conformal current J.., defined as
in (2.16) but now using the CKVs of the background metric,
if conditions (2.14) are respected by S, then J, is conserved
as in the isometric case (2.18).

Things are slightly different if we allow for a Weyl-variant
term in S as in (2.15), which takes place in d = 4, after
renormalization.

In this case the anomaly induces a nonzero trace, and mod-
ifies the semiclassical condition (2.18) into the new form
V. (J.) = iv-e(K)(T,f)—i-eﬁK)Vu(T“”). (2.21)
Notice that this relation can still be imposed as a conservation
equation on correlators of the form J.T in d dimensions,
since the anomaly contribution is induced only at d = 4
while the stress energy tensor is always conserved. This will
be the approach exploited by us and described in Sect. 6.2
for the derivation of the anomalous CWIs.

Notice that o (x) is, at the beginning, a generic scalar func-
tion, which in a Taylor expansion around a given point x*
is characterized by an infinite and arbitrary number of con-
stants. Their number gets drastically reduced if we require
that the spacetime manifold with metric g allows a tangent
space at each of its points, endowed with a flat conformal
symmetry.

Indeed, in flat space, the conformal Killing equation takes
to CKVs €" which are at most quadratic in x, expressed in
terms of the 15 parameters (a”, o*’, A5, b*) of the confor-
mal group, indicated as K" (x)

e"(x) ’flat — K*(x)

=a% + o"x" + Agx* + b*x? — 2xMb - x. (2.22)
Using such CKVs, the derivation of the special CWIs, fol-
lowing the approach of [25], can be performed directly in
d = 4, and takes to anomalous special CWIs.

Coming to the definition of our correlators, in our conven-
tions, n-point correlation functions will be defined as

(THY (xp) .. TH (xy))
2 2 8"S(g)

T VB 20 88 (K188 ua0s (X2) - - - 8800 (Xn)
(2.23)

with /g1 = ,/|det g,,,, (x1) and so on.

S(g) in (2.2) collects all the connected contributions of the
correlation functions in the expansion respect to the metric
fluctuations, and may as well be expressed in a covariant
expansion as

1
2"n!

o0
S =S@+Y /ddx1 7T
n=1
oS8R (TP L T“n“n>§8gmul (x1) .- 88upv, (Xn)-
(2.24)

Diagrammatically, for a scalar theory in a flat background, it
takes the form

© (n-point)

(2.25)

where the external weavy lines represent gravitational fluc-
tuations, in terms of contributions that are classified as tad-
poles, 2-point, 3-point and n-point correlation functions of
stress energy tensors. Tadpoles are removed in DR in flat
space, and the sum in (2.25) starts from 2-point functions.
The anomaly contributions to the trace of the correlators start
from 3-point functions.

Expression (2.25) needs to be renormalized by suitable
counterterms. In a free-field theory realization the expansion
covers only one-loop diagrams and the origin of the anomaly
lies entirely in the renormalization of such contributions. The
structure of the counterterms is crucial in order to identify its
renormalized expression.

2.1 The expansion in a general background

The correlation functions collected into S(g) are obviously
affected by contact terms, which can be clearly identified.
These are generated from the definition of the n'T’s correlators
—due to the inclusion of the /g /2 prefactor in (2.8) — but also
from the quantum averages of multiple functional derivatives
of the stress energy tensor, that we are going to classify.

We generalize the example discussed above, by turning
to the expansion of a generic functional of the metric, still
denoted as S(g), now for a generic CFT.

S(g), as already mentioned, collects all the nT’s multi-
point functions, which are hierarchically constrained by the
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symmetry of the corresponding CFT. The expansion, simi-
larly to the free-field theory example in (2.25), also in this
case can be conveniently thought as generated by the inte-
gration of a conformal theory with a fundamental action S.
In order to simplify the index structure of the equations,
we will introduce some notations. For instance we define

§"Z(g) §"Z(g)

= , (2.26)
881...88n 8gu1v1(xl)~~-3gu,,v,,(xn)

to indicate the functional derivatives of the partition functions
Z, as well for the effective action S(g). As mentioned, since
the conformal matter ¢ in (2.2) and (2.3) is integrated out, it
is quite obvious that no scale should appear in all the quantum
averages. If a specific scale pops out, it will be automatically
related to the renormalization of S, inducing a violation of
the Weyl symmetry.

For the moment we keep our background generic and
investigate the structure of the correlation functions and of
their contact terms.

The usual relation between Z and S in (2.2) gives, in the
case of the 3-point correlator (3T) the expansion

saseains =25 e (o) * s
881082883 381/ \682/\dg;3 381082623
[\ (ini%) (i%ina%y

3g3 [\ dg1 g, 381 882 8g3

§So\ [ 8%So 88y 8%So
+{— —\ + sym
383 [ 1381882 383 081882

(2.27)

In the case of the 4-point correlator, which will be relevant
for our discussion, we have a similar expansion, which in
terms of the averages of the classical action and its derivatives
takes the form

)
581082683084 5g1/\8g2/\6g3 [\ g4
(o el Gersee) * (5ee) G v
8g3[\0ga [ \dg1 082 8ga[\8g1 g2 0g3
+<@@><@@> _<5so 880 850 6So>

591884/ \5g2 88|  \8g1 8g2 5g3 g4

2l e ) - (o) i)
5g3/ \dga/\6 g18g2 dga [ \dg3 821082
8280 \ /880 850 88088y 828
<8glagz><6g3 8g4> <@@8g18g2>
8280 8250 828 8%Sy

<5g18g4 ><8g25g3> <3g13g4 8g23g3>
8So 838y 8So  8°So

<5g4><8g15325g3> <@8g15g2583>

84 >
+{—————) +sym, (2.28)
<8g15g25g35g4
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where the symmetrization is performed only on those terms
which are not explicitly symmetric. For instance we have

<5So><550><8$()550>

683/ \884/\881 082

= (3,4,12) — (3,4, 12) + (1,2,34) +
+(2, 3, 14) 4+ (1,4, 23) + (1, 3, 24)

(2,4,13)
(2.29)

and so on. They can be re-expressed in terms of correlators of

lower orders (2- and 3- point functions) and of contact inter-

actions. Diagrammatically, the expansion of the 4T correlator
of S takes the form

< S ) _
091092093694

(2.30)

where the averages correspond to direct insertions of 6.5/3g
operators for each separate external graviton vertex. Notice
that the “S” correlators, which contain insertions of single
and multiple derivatives of the fundamental action, do not
correspond, according to the definition (2.23), to insertions
of stress energy tensors, but differ from the latter by a certain
number of contact terms, that we intend to identify.

It is convenient, for this purpose, to introduce some con-
densed notation, in order to avoid, at least in part, the pro-
liferation of indices in the analysis below. For instance, the
relation

N

— T = e (xa) 87 (xa)8 (g — xp), (231
Sgubvb (xp) 2
will be summarized below in the expression
8 /d
; fb ()a ,/dg(a ) g(@)8(a, b), (2.32)

where dg(a) = g(x,) denotes the metric determinant at point
Xq, (@a=1,2,3,4)and 8(a, b) = 5(x, — xp).
Differentiation is performed, in our conventions, with
respect to the metric with covariant indices (gy,v,) on the
left-hand side of the equations, but the result on the right-
hand side has all the indices contravariant, e.g. g(a) = gh«",
T (a) = THava,
Contact terms are generated either by differentiation of the
metric, as above, or by multiple differentiation of the action
S. Using the notation above, the stress energy tensor 7 is
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related to S in the form

< 0% >= L Jag@\(1 @),

dg(a) 2

and by differentiating with respect to the metric this relation,
we obtain the identity

(2.33)

<—‘32S° > VagBig )b, (T @)
= — ,a a
53 (b)3g () g
8 T(a)>
+ \/ (2.34)
<5 g(b)
where the differentiation of the stress energy tensor (g ;(f)) > ~

c(g)é(a, b) introduces one contact term. Contact terms of
higher orders are present in the other derivatives, for example

1 §T
> = V&G0, a)< e >
g(c)

1 8 T(a)
+ Zvdg(C)g(C)é(c, a)< 52(0) >

1 82T (a)
TaveE@ <8g(b>ag(c>>

1
+ gg(b)\/ dg(c)g(e)d(b, a)d(c, b)(T (a))

8358
3g(c)ég(b)sg(a)

+ %\/dg(b)é(b, a)é(c, b)s(c, b)(T (a)),

(2.35)
where
s(a, b) = SHavakbVh(x)
1
= —5 (8" @™ (1) + 8" (g (1) ).
(2.36)
and
8. SHaVvalts Vb
s(c,a,b) = —(x)
5811(;/3(-()’)
:—l (M Vavb(x)+wguaub(x)
88acp. () 88acp. ()
) HaVh S Vallp
g—(x)g"aﬂb (x) + g—(x)gﬂavh (x))
88acp.(¥) 38acp. (¥)
= —%Sd(x — y)(S“ﬁMlMg"lW + S“ﬁ”lvzgmuz

+ Saﬁmvzngz + Saﬁvngum). (2.37)
Contact terms generated by higher derivatives of the funda-
mental action can be found in Appendix A.

Correlators with multiple 7’s and those with S-insertions
are then related by contact terms involving expectation values
of asingle T and of their derivatives. For instance, for 2-point
functions, the relation between the S and T correlators, the
latter defined by (2.23), takes the form

< 8So ) >
38 u1vy (X1) 8850, (X2)

_ N8 (x1) \ 2(x2)(T’“"‘(x1)T“2”2(x2)>
z <8T“1”1(X1)>
2 aguzvz(-xz)
g(X1 g(xz

(TH )(TH2" (x2)

—_

vg(m)g“m(m)S(m —x0)(TH" (x1)),  (2.38)

&1

where we have used the tadpole relation (2.34). The expres-
sion above shows that the 2-point function of stress energy
tensors — defined as (7 T') — and the result obtained by direct
S-insertions, agree if we are allowed to remove all the tad-
poles from the expansion of the functional.

Since we will be defining the hierarchy of the CWTI’s in flat
space, this is possible if we adopt a regularization scheme in
which the tadpoles vanish. This requirement, in the context
of a conformal theory, has a deep physical meaning and is
regularization dependent, for being associated to a diverging
quartic contribution, if the computation is performed covari-
antly with the inclusion of a UV cutoff (A*). Such cutoff
dependence epitomizes the hierarchy problem for the cos-
mological constant, which is clearly hidden in DR, since
massless tadpoles, in this regularization scheme, are set to
Zero0.

A recent analysis [42] has concluded that this issue, even
if the computation is performed covariantly and by a cutoff,
can be ameliorated by the inclusion of extra singular interac-
tions coming from the path integral measure, not considered
before.

Since our analysis is performed in flat space, we will
proceed eliminating such contributions, by adopting a DR
scheme.

There is a large list of such contributions which are
removed from our analysis as g — 4§, for a flat background.
In this case we obtain

) <(SS() 850><550 BSO> <550 8§80 850 5SO>

( 5*S
881082883884 8g1 884 [\ 082 8g3 8g1 882 883 884

| (sso 1) (5009 B |
881882 \ g3 884 8g3 084 881082

< 828, >< 828, > < 828y 828, >
881884 [ \8g20g3 881884 682083

+

§So 5350

)+ {sersessea)
—(— + + sym.
884 681082083 381082083584

(2.39)

where all the correlators are computed in Euclidean space.
The expression of the contact terms are traced back to the
contributions
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880 _ l _
<5g(a)> = {T@) =0, (2.40)
2
< 8°So >= l<5T(b)>, 2.41)
dg(a)ég(b) 2\ dg(a)
83So 1 8T(a)>
00 VL lses(e
<8g<a)5g(b)ag<c>> o a)<8g(b)
1, 8T()\ 1] 8T(a)
3000 a)<6g<c>>+ 5<6g(b>8g<c>>’ (242

where §¢ = §#«¥a, obtained by the flat limit g(a) — 8¢, and
in a general background these contact terms would be related
to additional conformal data, not present in our analysis.

Notice that (2.39), in a diagrammatic expansion, defines
a connected functional if we resort to free field theory and
allow the ordinary Wick contractions of the corresponding
operators on its rhs to take place.

Indeed, in the case of the scalar free field theory presented
above, the topological contributions coming from the 4-T are
just summarized by the vertices

Silgl = +

(2.43)

which can be directly computed in perturbation theory [30].
If we indicate by (...). the connected contributions to this
expansion, then the expression of the 4T in the flat limit,
using DR, takes the form

(Tll-l VI T H2V2 T H3V3 TIL4V4>

_ 16( <SS() 880 6So (SS()> <35() 880 8250 >
c ¢

51822 5g3 8ga /. \ g3 824 521522
8380 >
c

< 828y 828 > <8So

381084 082083 [, \0g4 881882883
(sasestez. o)
———— ) +sym|.
8681082883884/

(2.44)

A similar result holds for the 3-point function 3T, from (2.27)

(Tlll Vi Tll«zvz TM3V3>

<<sso 8508S0> <8So 828 > )
=l {— ) —(— +sym | .
dg1 682 dg3 [, \0g3dg18g2/.

(2.45)

Notice that (2.44) and (2.45) are derived from a path integral
realization of a certain CFT, in the flat spacetime limit. The
condition of integrating out the conformal matter in the path
integral forces us to consider only one-loop terms generated

@ Springer

by the ordinary Wick contractions, accompanied by an arbi-
trary number of external graviton lines. This is equivalent to
going from a general expansion (2.30) to the simplified one
(2.43).

It is also clear that this result is specific for the flat back-
ground case. For instance, in the conformally flat (Weyl-flat)
case where

guv =€, (2.46)

this expansion requires the inclusion of massless tadpoles.
In particular, the expansion of the dominant contribution to
S would start with a single insertion of stress energy tensor
contracted with the gravitational fluctuation ~ (T - h), and
would be entirely defined by the anomaly functional. The
tadpoles would contribute to all orders in an expansion #.
This is related to the fact that the entire stress energy tensor is
proportional to the anomaly coefficient of the Gauss—Bonnet
term, as discussed in [43,44].

3 The counterterms

If we expand around a flat metric background and rely on
a mass-independent regularization scheme, then the struc-
ture of the counterterms is simply polynomial in momentum
space.

Indeed, in general, the breaking of Weyl invariance takes
to the anomalous variation

35S

/d4x\/§a (c1Ryvpos R*P? + 2R,y RMY

3.1)

T @n)?
+c3R? + cs0OR)

which is constrained by the Wess—Zumino consistency con-
dition

[601: 602 ] S =0 (3.2)
to take the form
858 = ! /d4x\/§a

(47)?

x (blc,g“v)mc(‘““”ﬂ“ +byE4+ b3DR> . (33)

given in terms of the dimension-4 curvature invariants

E4 = RuvapR""P — 4R, R*" + R? (3.4)

1
(CD)? = Ryyyap R — 2R, R™ + gRz, (3.5)

which are the Euler—Gauss—Bonnet (GB) invariant and the
square of the Weyl conformal tensor, respectively, in d = 4.
We pause for few comments. From now on, when referring to
C? without any subscript, we will be indicating the (C(4))?
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expression of this invariant, with a parametric dependence
ond

4
COBYICl) = RV Rypys — —— R Ry

d—2
+ 2 R? (3.6)
d—-2)d-1) '
where
d 1
Céﬂ)ya = Ropys — m(gay Rsp
—8as Ryp — 88y Rsa + 885 Rya)
1
(8as 8yp — 8ay 838)R. (3.7

Cd-1d-2)

The choice of (C@)2 = 2 instead of (C®)? in the coun-
terterm action that we will define below, takes to variations
which are deprived of total derivative (LJR) term in (3.3).
With such a choice of (C@)2, one derives the relation

1)
@Tiﬁiﬁ/ﬁ%v_“cwf=v—ﬂcwf, (38)
which differs from an analogous one

; d — (4—€)\2
(d — )50 (x) /d *=s ()
= \/__g<(c(4))2 - %DR) (3.9)

obtained by the replacement of (C@)? — (C“*#~9)2 in the
integrand, followed by an expansion of the parametric depen-
dence on ¢, which induces a finite renormalization of the
effective action. Explicitly

1
C(d)aﬂVBC(d)aﬂyg = RaﬂV‘sRaﬂyg — ZRaﬂRaﬁ + §R2

5
+€ (-RaﬂRaﬁ + ER2> . (3.10)
that is

3 (3.11)

Using the property that the integration measure scales in d
dimensions as

(C4N2 = (CD)? 4 ¢ <—(Ruv)2 + iR2> .

g =detgop = € Hlgo, L. gopy — 2o g (3.12)

and the fact that both C@ and C™ carry the same Weyl
scaling

C)\p,vp = 3206)»#14) CM/W'D = 6_606)\’“4) (3.13)

one obtains

)
S0 (x) fddx«/__g(c4))2(x) :eﬂ(c(4))2’

as well as

5 5 /ddx,/—g(c“)z(x) = €. /g(CD)2,
o(x)

(3.14)

(3.15)

Using
) /ddx«/—g -R2 + iR2
8o (x) w18

2
= —EG@DR

one finally derives the relation (3.9), with the inclusion of a
local (scheme dependent) term L1R.

The result shows that the expansion in the parametric
dependence of C® on d, around d = 4, and the Weyl vari-
ation do not commute.

The number of such invariants depends on the dimension.
For instance, the case of d = 6 is discussed in [45].

One can derive an anomaly action of the Wess—Zumino
form starting from these invariants using the Weyl gauging
approach [46,47]. An example, in the case of d = 6, can
be found in [19]. However, the procedure followed in any
approach based on the implementation of a Weyl-gauging, is
quite different from the one formulated in this work, in which
the anomaly action is directly identified from the anomalous
CWIs in an expansion with respect to the fluctuations around
a certain external background.

Indeed, all the approaches based on Weyl gauging require
the addition of one extra degree of freedom in the spec-
trum (a dilaton) and correspond to variational solutions of
the anomaly equation (2.15).

The result of that variational method is a local action,
with extra interactions induced by the dilaton field, whose
structure depends on the spacetime dimensions.

All of this is avoided in our approach, since we retain into
S(g) only the genuine constraints coming from the anoma-
lous CWT’s, with no inclusion of any extra, intermediate com-
pensator field.

In generic (even) spacetime dimensions, the structure of
the counterterm Lagrangian, is modified accordingly, with
the Euler/Gauss—Bonnet density, given by

(3.16)

V],
E SV1vd RMIMZU

— Md—1HKd
d = 537711k o R

(3.17)

Vd—1V4

which, for d = 4, is quadratic in the curvatures, and is indeed
given by (3.4). It is the latter, together with the other invariant
C?, the only extra, additional operator present in d = 4,
that has to be varied around d = 4 in order to generate the
counterterms needed for the renormalization of S(g). We
recall that the Gauss—Bonnet term satisfies the relation

5 y B
d — 450 (x) /d sk = v—gEa

and it is topological only in d = 4.

From (3.8) and (3.18) we will be deriving a series of impor-
tant functional constraints, as we are going to see next. In the
expressions above, all the traces are performed in d space-
time dimensions, as in ordinary DR, and the renormalization
of the entire functional is then obtained by the addition of the

(3.18)
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counterterm action. Unless explicitly stated, in all the equa-
tions that follow we will be referring to (C@)? simply as
C?. Specifically we will choose

—&

Sctz—'uT/ddx«/_—g (bC2+b’E), (3.19)

as in (3.4) and (3.5). The two Weyl-covariant terms intro-
duced by the renormalization procedure that we will be using
in our analysis below, can be separately defined in the form

Ver EM7€/ dx /=g C?

Vi E,ﬁ/ dix J=g E (3.20)

where p is a renormalization scale, while ¢ = d — 4 and
the counterterm vertices will be simply obtained by multiple
differentiations of the two expressions above.

As we are going to show, by performing an expansion of
VE with respect to d and using a dimensional reduction of
the result at d = 4, one can derive in a simple way that all
the functional derivatives (with open indices) of Vg vanish.

In the explicit empirical check of this result, one may
need to re-express the reduced Kronecker deltas 5;%) as 4-
dimensional § ,&43, written in terms of the external momenta p;
and of their orthogonal component n** (the n- p basis that will
be introduced below). This allows to account for the evanes-
cent terms which are present in the expansion of higher point
functions.

The anomaly contribution, in this formulation, is simply
generated by the derivative respect to d of Vg, once we per-
form a Weyl variation (i.e. a g,,6/3g,, operation) on this
functional. These points will be addressed in a section below.

3.1 The finite renormalization induced by Vg

It is quite obvious that the inclusion of Vg induces a finite
renormalization of the effective action in d = 4. This can be
simply shown by noticing that both Vg and V-2 manifest an
explicit dependence on ¢, i.e.

VE/CZ = VE/CZ(d), (321)

and the counterterm contributions can be expanded around
d = 4. For this purpose, given a scalar functional f(d), it will
be convenient to denote its Taylor expansion around d = 4
in the form

f@=1f1+¢[f] l=f@.[f]=r@ (G22
with coefficients which are square bracketed once they are
computed atd = 4. The expansion of Vg2 (d), using these
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notations, takes the form

1 pe / 2

Vijead) = — ([VE/CZ] te [VE/CZ] 1O )),
(3.23)

where the first correction to the residue at the pole in ¢
comes from the derivative respect to the dimension d. Notice
that [VEg] is a topological term and it is therefore metric-
independent. Its value is related to the global topology of the
spacetime and it is therefore a pure number. Then, it is clear
that the 1/¢ term will not contribute to the renormalization
of the bare 4-T vertex, since each counterterm vertex is gen-
erated by functional differentiation of (3.23) with respect to
the background metric.

The only contribution of the Vg as ¢ — 0 is related to
[Vg] and it is indeed finite, as a 0/0 contribution in &. There-
fore, the inclusion of Vg, will induce only a finite renor-
malization of the bare vertex, and henceforth of the entire
effective action, since this result remains valid to all orders.

Finally, we can relate [ V] to the anomaly by the equation

VEEX) = 2gas [V4] (3.24)

where the indices of [Vl’f]aﬂ run in four dimensions.

3.1.1 Open indices in Vg

We can investigate this point in more detail.

The extraction of a counterterm vertex, as mentioned
above, requires a functional differentiation of (3.23). It will
appear in the ¢ — 0 limit, in the form

1) 1) 1) ne
o VEe(d)
(sgmm (x1) 88#21}2 (x2) ‘Sg,unvn (xp) €
8 8 ,
[Ve]

aguzuz (x2) o 8gunvn (xn)
= [VE]“"" T (e x). (3.25)
The rhs of the this expression is clearly regular as ¢ — 0,
and defines a finite renormalization of the corresponding 7-
graviton vertex. Obviously, the same is not true for the V-2
counterterm since V(2] will be metric-dependent. In this
second case the analogous of (3.25) is

8 8 §  uE
—Vea(d)
ngm (x1) nguz (x2) ‘Sg,u,,v,l (xp) €
1
= - [V " )
[V e ). (3.26)

The second, finite term of this expression (Véz), will appear
in all the renormalized anomalous WI that we will present
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below, when we will perform the ¢ — 0 limit of those equa-
tions in a flat background.

One important comment concerns possible ambiguities
arising from the differentiation of terms such as [V/E] with
respect to the metric g,,,. We mention that such ambiguities
arise only in the presence of contractions with a metric, and
not otherwise. We will be dealing with this second case, in
the subsection below.

As in any practical application of DR, once the renormal-
ization of a vertex is completed, a tensor structure with open
indices, which is generated by the procedure, is automati-
cally dimensionally reduced to the d = 4 subspace, giving
the final, finite expression of such vertex.

Indeed, expanding around d = 4, (3.23) can be rewritten
in the form

1) 1)
‘Sg,u|v1 (x1) (Sguzvz (x2) (Sgu.nvn (xn)

= [VEIIV IR ey xg) + 8 [VE Y G ),
(3.27)

VE(d)

which in the d — 4 limit vanishes, since the two terms on the
rhs vanish separately. Notice that the first term [ Vg ]#1V1-Hnvn
is topological and is simply obtained by the differentiation
of Vg ind = 4. As far as we leave all the indices open, then
the following relation holds

1) )
lim ( .. Vg (d))
d—4 ngm (x1) Sguzvz (x2) Sg;l.nv,, (xn)

) 1)
= o lim Vg (d)
ngul (x1) Sgum (x2) Sg/tnvn (xp) d—4

=0.

(3.28)

In other words, the operation of functional differentiation
with open indices and limit to d = 4 commute. The topo-
logical nature of this part of the 3-point vertex counterterm
was originally noted in [38] (see also [48]). The explicit
check of this topological relation requires the dimensional
reduction of the (SZU to 8&4,,) , using the n-p basis (discussed
in Sect. 3.1.4) to take into account momentum degeneracies
in specific dimensions), and indeed it has been verified for
n =3 and n = 4 [14,30], i.e. for three- and four-point func-
tions. We stress once again that (3.28) holds as far as we do
not perform any contraction of the tensor indices with the
external metric.

In the presence of metric contractions, these results can be
re-addressed using a Weyl variation. We are going to illustrate
this point in some detail below, defining a straightforward
procedure in order to handle this second case correctly.

Contributions proportional to V. will be present once we
contract the WIs with the X projector defined below in (7.11),
using the longitudinal-trace/ transverse-traceless decompo-
sition of the correlators. One finds, by a direct computation,

the emergence of virtual scalar exchanges (or mixing terms)
in the decomposed WI, which signal the breaking of the con-
formal symmetry induced by the conformal anomaly. Such
terms are easy to derive simply due to the presence of a com-
bined V8% projector in ¥, in each of the external legs of
the gravitational vertex. This defines a coupling of a scalar
pole to the anomaly functional.

3.1.2 Closed indices

The analysis of relations involving the topological countert-
erm Vg in the presence of contraction with the metric cannot
be performed as above, but, as we have mentioned, can be
addressed correctly by relating the contraction to a Weyl vari-
ation. For this purpose consider the Weyl scaling relations

Jg=e¢"Jg E=¢"E, (3.29)
from which we derive the constraints
1) 1) 1)
o (x3) do (xp) o (x1)
= &7 JRES (x1 — x2)8% (x2 — x3) (3.30)

which can be generalized to any multiple derivative
8 8 8
80 (xp) 80 (x2) 80 (x1)
=" JGES! (x1 — x2)89(x2 — x3) ... 8 (X1 — Xn).

(3.31)
If we use
) )
2 _— = 3.32
8 Seap 80 (x) (5-32)
and
g" (x1) = —2g"8% (x2 — x1) (3.33)
o (x2)

we derive several relations. For instance, expanding the left-
hand side of (3.31) for n = 2 we obtain

8 8

Vi =4g,, VEY (x1)8% (x1 —
50 (ea) 50 (1) £ =48 Vg (x1)8° (x1 — x2)

4 (02) v ) VEP (x2, x1)
=g E(x8%(x1 — x2).  (3.34)

The expression above can be evaluated in the flat limit both
in 4 and d dimensions. Consider, for instance, the flat limit
with d generic. We use the fact that E and V" vanish in the
flat limit to obtain the constraint

5@y — o,

aff v (3.35)

which remains valid for d = 4 since the equation is analytic
in d, and in particular in d = 4. Similarly, one can derive
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relations for the traces of higher point functions, which are
discussed in the Appendix B.

3.1.3 Open and closed indices

We can generalize the method and perform combined varia-
tions respect to o and to the metric in order to derive some
additional relations. For this purpose we consider the expres-
sion
JH2v2i3v3avs
) ) 1) 1)
o (x1) Sg;nuz (x2) 88/1,3113 (x3) 88/L4V4 (x4)

Ve. (3.36)

We can use the commutation relation

8 8
, Vi = —=2VF2(x,)8% (x1 — x2)
|:50(x1) nguz(xz)} £ £ ? e

(3.37)
to rearrange the differentiations in the form

8 8 8 8 Vg
(Sg;l,zvz (x2) 58;13113 (x3) 6gl/«4‘)4 (x4) 8o (x1)
_ zvgsz}vwwzt (x2, X3, X4)
X (6d(x1 —x2) + Sd(xl —x3) + 8d(x1 — X4)>
(3.38)

JH2V2[3VIiavs

and use (3.18) to derive the constraint

JH2V2HIVIAVE (g 4) (ﬂE)M2U2#3v3ﬂ4v4 (X2, X3, X4)

V2 L3 V3[4 V. d
— QYR (1) e xg) (5 (x1 — x2)

+86%(x) — x3) + 8% (x1 — x4)> ;
(3.39)

which is (4.12) in coordinate space. The second term in
the expression above, related to the pinched contributions
8(x1 —x;) (i = 2,3,4) is also d-dimensional and needs to
be expanded around d = 4. The expansion is performed as
in (3.23)

3 3 V23 V3 [4V4
yH2V2R3VIHave [VH2V2M3V%H4V4] +e [V’ M2 ] )
E E E

(3.40)

Notice that the first contribution vanishes for being purely
topological, while the second, transformed to momentum
space, will appear in all the renormalized anomalous CWIs
that we will discuss in the sections below

d—4) [V’ “2V2M3V3M4V4]
— (d - 4)[ PR (L p4)]

It accounts for a finite 0/0 contribution in the expansion of
the 1/e Vg (d) counterterm in the variable ¢.

(3.41)
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3.1.4 Simplifications in the n-p basis

Simplifications in the structure of the renormalized 4-point
function are possible once we re-express all the contributions
of the previous section in terms of the tensorial basis formed
by the n** and pi, p» and p3 four-vectors

nht — e““ﬂypi,apj,ﬁpk,y, i#j#k=1,2,3,4, (342

with (n#, p;, pj, pr) forming a tetrad that can be used as a
basis of expansion in Minkowski space. The n- p parametriza-
tion is also discussed in Appendix A.1. We just recall that in
the computation of the residue of the ~ Vg counterterm, we
need to parameterize the Kronecker §,, in this basis in the
form

5 = Zp, Pz i, (3.43)

where (Z71) ji is the inverse of the Gram matrix, defined as
_ . 1d
= [pi - pj]i,jzl'

Using the expression of "V in the n-p basis, denoted as 8,(:‘1,)

@ _ 1 2
8. =7 2pi py (p3p1 “p2—p1 ~p3pz~p3)

+2p}" py’

(p%pl - p3—p1-pap2- pa)
+2p3 py (prz - p3—p1-papi 'P3>
+ pi'pY ((pz p3)? — p2p3)

+phpy ((Pl p3)? —plps)

+ P4 p} ((m p2)? — plpz) + n“n”) (3.44)

one derives several relations in d = 4. We easily derive the
constraint

Mg 5 (pininf
_HIM“U( ) 2 Bi i) 2 . .. . .
= a;i pi \Pi Pj Pp \PiPj Pk — DPi" PkPi"Pj
+pf p, ((p, )’ —p,pk)

+ il ((p, P’ - p?p?) ) (3.45)

while the relation SS) I(p )(4)“ i = 0 is obviously sat-
isfied in the new basis. Using these relations, it is possible
to show the vanishing of [V#1V1-HaVn] which is obviously
defined at d = 4. An explicit check has been discussed in
[30] for n = 4, using the n—p decomposition. As we have
elaborated above, this results holds in general, due to (3.28).
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4 Renormalization in momentum space

For a generic nT correlator, the only counterterm needed for
its renormalization, is obtained by the inclusion of a classical
gravitational vertex generated by the differentiation of (3.19)
n times.

The renormalized effective action Sk is then defined by the
sum of the two terms

Sr(g) = S(8) + Sei(8) 4.1

Sur = + .
4.2)

with S;; shown in (4.2). Both terms of Sg(g) are expanded
in the metric fluctuations as in (4.2). If we resort to a path
integral definition of a certain CFT, it is clear that any renor-
malized correlation function appearing in the expansion of
Sr(g) would be expressed in terms of a bare contribution
accompanied by a counterterm vertex.

The correlation functions extracted by the renormalized
action can be expressed as the sum of a finite ( f) correlator
and of an anomaly term (anomaly) in the form

LIV] U2 V2 Up V)
(Tt TR pn

bare

— |: (Tﬂlvl TH2v2 TMnVn>

+ (THIVI T,UZVZ . Tlinvn)caunti|
d—4

— <TM1V| TIJ-2V2 L TM”V")§(4:4)

+ (T//«IVI T H2v2 . T/tnvpz)(d:4)

anomaly (4.3)
The renormalized correlator shown above satisfies anoma-
lous CWIs.

To characterize the anomaly contribution to each correlation
function, we start from the 1-point function. In a generic
background g, the 1-point function is decomposed as

2 8Sg _
(TH) Ron = —= —= —(TH) 4 + (T"") ¢ (4.4)
V& 88
J7aY
with
S 58,4 8
g 5ghv =g" 5ghv = Tg;w<le>A (4.5)

being the trace anomaly equation, and (T’w) 7 is the Weyl-
invariant (traceless) term.

Following the discussion in (3.3), these scaling violations
may be written for the 1-point function in the form

(TF,(x)) = A(x) (4.6)
—having dropped the suffix Ren from the renormalized stress
energy tensor — where the finite terms on the right hand side
of this equation denote the anomaly contribution with

Ax) = /—g(x) |:b C%(x) + b’E(x)]

%))

being the anomaly functional. We will be needing several dif-
ferentiation of this functional, evaluated in the flat limit. This
procedure generates expressions which are polynomial in the
momenta, that can be found in the Appendix D. In general,
one also finds additional dimension-4 local invariants £;, if
there are couplings to other background fields, as for instance
in the QED and QCD cases, with coefficients related to the
B functions of the corresponding gauge couplings.

For n-point functions the trace anomaly, as well as all the
other CWIs, are far more involved, and take a hierarchical
structure.

For all the other WIs, in DR the structure of the equations
can be analyzed in two different frameworks.

In one of them, we are allowed to investigate the correla-
tors directly in d spacetime dimensions, deriving ordinary
(anomaly-free) CWT’s, which are then modified by the inclu-
sion of the 4-dimensional counterterm as d — 4. In this limit,
the conformal constraints become anomalous and the hierar-
chical equations are modified by the presence of extra terms
which are anomaly-related.

Alternatively, it is possible to circumvent this limiting proce-
dure by working out the equations directly in d = 4, with the
inclusion of the contributions coming from the anomaly func-
tional, as we are going to show below. This second approach
has been formulated in [25] and will be extended to the 4-
point function in Sect. 6.2.

We recall that the counterterm vertex for the nT correlator,
in DR, in momentum space takes the form

(THY (py) ... TH"n (Pn)) count

[T v v,
= (b e )

&

+' VT (L 13n)>, (4.8)

where

Ve (ps - )
=" [H CZ]MIVlu-HnVn (Pl, o ﬁn)
=2”/ d%x ... d%, d%x
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" ( 8" (=gC?)(x)

e—i(l’l X1+ PnXn)
‘ngvl (x1)... Sgu”u,, (xn) =3

(4.9)
and
Vgl”l-uﬂnvn (pla el ﬁ)’l)
=2"[V=g E]""""" (pr. - )
=2”/ d% ... d%, d%x
" ( 8" (V=8 E)(x) ) =i (P1 X1+ Py
5gu|v1 (X1)~~~8gunun(xn) =3 '
(4.10)

are the expressions of the two contributions present in (4.8)
in momentum space. One can also verify the following trace
relations

JLLV] e iV,
chl ! "1y -es Pn)

_ 2}1—1 (d _ 4) |: ,__gCZ:IMZVZ---MnVn

- 2[\/53“”"“””" (p1+ p2, P35 Pn)

8,"‘1”1

(p2’ R pn)
+ VI (D, py A 3 P)
+ VP (pa, p3, s 1 +pn)i| @.11)

Vn(plv--~apn)
— 2n—l(d _ 4) [ /_gE]ﬂ2V2---ll-nVn (p2’ L

- 2["52%'“"”" (p1+p2,p3,---.Pn)

H1V]---Hn
Sﬂlvl VE

’ pn)

VR (o Py 3 P)

+ Vg (pa pa o pr + Pn):| (4.12)

that hold in general d dimensions.

Obviously, the effective action that results from the renormal-
ization can be clearly separated in terms of two contributions,
as evident from (4.4),

Sr(g) = Sa(g) +Sr(8), (4.13)

corresponding to an anomaly part S4 [¢] and to a finite, Weyl-
invariant term, which can be expanded in terms of fluctua-
tions over a background g as for the entire effective action

S(9)

1
T fddxl ...ddx,“/g1

o8 (TP L THAY ¢80 (X1) + . 88w, (X0)-
(4.14)

Sp@)=S@+)_
n=1
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This functional collects finite correlators (4.3)ind = 4. A
similar expansion holds also for S4, the anomaly part.

The anomaly effective action S, that results from this anal-
ysis in momentum space is a rational function of the exter-
nal momenta, characterised by well-defined tensor structures,
and it is free of logarithmic terms, as shown in direct pertur-
bative studies of the TJJ and 3T [20,22,23].

5 Conservation Ward identities

The anomaly action S4(g) is constrained by a hierarchical
set of equations which can be derived by the symmetries
of the general effective action S. We proceed assuming that
the correlation functions can be derived by varying the path
integral definition of S(g) (2.2), (2.3) as in (2.23).

Starting from the covariant definition of the stress-energy
tensor, expressed in terms of a fundamental action as in (2.8),
but for the rest, generic

2 88(9)
v _
EAVE TP E

this 1-point function satisfies the fundamental Ward identity
of covariant conservation in an arbitrary background g

5.1)

OV, (TH(x), =0, ie 858 =0 (5.2)

as a consequence of the invariance of S(g) under diffeomor-
phisms. Here &) V., denotes the covariant derivative in the
general background metric g, (x). It can be expressed in the
form

, <—5S(g) ) +35x< 25(e) ) =0,
38w (x) 8¢ (x)

where I" f , is the Christoffel connection for the general back-
ground metric gy (x)-

Our definitions and conventions are summarised in an
Appendix C. In order to derive the conservation Wls for
higher point correlation functions, one has to consider addi-
tional variations with respect to the metric of (5.2) and then
move to flat space, obtaining

(5.3)

By (TH e TH2Y2 () T3 (x3) TH™ (34)

ST (x1) ,
=-|2 ] (T () TH3 (x3) T4 (xa)) + (23) + (24)
‘Sguzvz (x2) -

82k (x1)
— 42— (TP @DT () + 24 + (B4 |
5guzu2(x2)sgugv3(x3) P

(5.4)

where

8Ty, (x1) 1
—1 — —(smigm) g s Lgmuigh)y 5
(ngvf (x;) ¢=s 2< v a0 + % OviOxix;
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_5;“1' 552) P S )

82T (x1)
(Sgll.iv,‘ (Xi )(Sg/l._,' Vj (xj)

(5.5)

— _@(wl(lti(gw)é
2
§=%

(5 ) (15 ¢v7) 1y o)
x (3!”55{ iy + 80987 B84y, — 80 831 aeaxlx‘,)

+ (@j), (5.6)
are the first and second functional derivatives of the con-
nection, in the flat limit. We have explicitly indicated the
symmetrization with respect to the relevant indices using the
permutation (ij) = (i <> j). We have defined 8&‘”85’3 =
1/2(847 8,0 + 8,781, and introduced a simplified notation
for the Dirac delta 6y, X = d(x; —x;). All the derivative (e.g.

0,,) are taken with respect to the coordinate x| (e.g.d/ E)xf‘).
We Fourier transform to momentum space with the conven-
tion

(THY ()T (p) T (p) T (By)
— / d4x1d4x2d4X3eﬂ'(”1 “X1+Pp2-X2+p3-x3)

X (THIV ) T2 () T (e) TH%(0)) . (5.7)

Here we have used the translational invariance of the correla-
tor in flat space, which allows to use momentum conservation
to express one of the momenta (in our convention p,) as com-
bination of the remaining ones ps = —p1 — p2» — p3. Details
on the elimination of one of the momenta in the derivation of
the CWIs and on the modification of the Leibnitz rule in the
differentiation of such correlators in momentum space can
be found in [31].

The conservation Ward Identity (5.4) in flat spacetime may
be Fourier transformed, giving the CWIs in momentum space

Pro (T (p)TH2 (p2) TH3% (p3) TH4™ (pa))
_ [4BMA1}] VIV
X AT (py 4 pa -+ p T (59) + (34) + (24
+ [ZC’“M’“”(pz)

X AT (p1+ p)TH" (p3) T4 (pa) + (23) + (24)],
(5.8)

where we have defined

123 H2V2 43 V3
B~ (P2, p3)

= _lgm(my}z)é

x (534335?) 3+ 52/435;3) P3v — Siusaxls) p3€) +(23)
5.9)

Cﬂl)\vl H2v2 (P2)

1

(5111(/425]\))]2) pas+ SM(MSXZ)PZW _ 5§\M5512)P§“> 7
(5.10)

N |

related to the second and first functional derivatives of the
Christoffel, connection respectively.

5.1 Conservation WI’s for the counterterms

To illustrate the conservation WI in detail, we turn to the
expression of the counterterm action (3.19), which generates
counterterm vertices of the form

(THY (p) T2 (p2) T3 (p3) T (54)) connt

we >
== (b V[ MRS (py, pa, p3, pa)

+ b/ VgleM2V2M3U3M4V4(p1’ P2, 3. [34)), (511)

where on the rhs of the expression above we have introduced
the counterterm vertices (with P = p1 + - - pa)
Vg (py, pa. 3. pa) 8%(P)

= 168%(P) [/=g C2]"1 "I (b1 by, b3, pa)
= 16/ dxy d¥xyd%x3d%xqd?x

8 ( 3 (/=gCH ) )
‘Sgulvl (xl)Sg;szz(XZ)‘Sgp_gw(x3)58y.4\)4(x4) g=38

x ¢t P1X1+p2 X2+p3 X3+ paxa)

Vgl”lﬂ2v2ﬂ3v3ﬂ4v4(p1, P2, P3s [54)84(}))
=16 8*(P)[ =g E]""""HE B (o1, pa, p3, pa)

= 16f d%x; d%x) d%xsyd¥xsd?x

o 3 (/—2E)(x)
58;;, vy (Xl)sgp,zvz (XZ)‘Sgu;v_q (x3)8gu4v_1 (x4) g=3
—i(p1 x1+p2x2+p3 X3+ paxs)

X e (5.12)
evaluated in the flat spacetime limit. These vertices share
some properties when contracted with flat metric tensors and
the external momenta as we have already seen. In particular,
from (4.11) and (4.12), when n = 4 and in d dimensions we
have

(p1, P2, P3, P4)
H2V2 L3 V344V
—8(d —4) [«/—ng]

H2V2U3V3 L4 V4
-2V
Cc?

5mv1 Vé‘zl"ll‘2“2“3”3“4"4
(P2, P3, p4)
(p1 + p2, 3. p4)
(P2, p1 + p3, pa)

— 2V (b, p3, p1 + pa),

— QY Hav21aVsIavs
Cc?

(5.13)
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Suyw V' MRISRI (b pa, p3, pa)
=8(d —4) [V=gE]""™"""*™ (p2. p3. pa)

— 2V PRI (py - pa, 3, pa)

— 2V52V2M3V3M4V4(p2’ P1+ p3, pa)

— VPRI (py, 3, 1+ Pa), (5.14)

which play a key role in the renormalization procedure. Fur-
thermore, the contraction of these vertices with the external
momenta generates conservation WIs in d dimensions, sim-
ilar to (5.8),

Proy VEHERIESRIER (py pa, p3, pa)
= [48“1M1“2v2“3‘}3(p2, PV (py + pa + pa. pa)
+(34) + (24)]
+ [ZC’“M1 H22 (o) VISRV () 4 po. pa. pa)
+23) + %) (5.15)
pry Vi HERISSES (b pa, pa, pa)
= [46"1M MYy pa) VM (1 + pa + . pa)
+(34) + (24)]
+ [2 M, 2 (p) VY (py + pa, p, pa)

+(23)+ (24)], (5.16)

where C and B are given in (5.9) and (5.10). These equations
can be generalized to the case of n-point functions.

6 Conformal Ward identities

Turning to the ordinary (i.e. non anomalous) trace and con-
formal WIS, these can be obtained directly in flat space using
the expression of operators of the dilatation and special con-
formal transformations. The dilatation W1I’s for the 4T can be
easily constructed from the condition of Weyl invariance of
the effective action S, or equivalently, in the ordinary oper-
atorial approach (see [31])

4

a

4+ ¥
j=1

J

X (T o) T2 () T (x3) T (x)) = 0, (6.1)

where we have used the explicit expression of the scaling
dimension of the stress energy tensor A7 = d. Analogously,
the special conformal WIs, corresponding to special con-
formal transformations, can be derived in the operatorial
approach, applied to an ordinary CFT in flat space, relying on
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the change of 7#" under a special conformal transformation,
with a generic parameter b, and 0 = —2b - x

STHY (x) = —(b%x? — 2x%b - x) 3, T (x)
—A7oTH (x) + 2(bpxe — bex, )T

+2(byxg — baxy) TH* (x). (6.2)

The action of the special conformal operator X“ on T in its
finite form is obtained differentiating respect to the parameter
by

)
KETHY (x) = 8, TV (x) = — (8TM
() = 8T () = 7 (5T
= — (28 — 2xex - DTH(x) + 2A7x, T (x)
+2(8;ucxa - aakxu)Tav(x)

+2(vxq — 3akxv)lel~ (6.3)

By using the Leibniz rule for the variation on correlation
functions of multiple T’s, it can be distributed over the entire
correlator as

KT ) TH2" () T (i) TP (x9))

4
=Y (T@)...8T(x) ... T(x4)) =0 (6.4)
i=1
which takes the form
- 9 9
— k K o _ 42
0 _2 (dej + 2xj x5 o x5 3x/-k>
]:
X (TP (x)TH2"2 (x) TH3" (x3) TH4™ (x4))
4
+2) ] [(xf)“j‘s'% - x?j‘ng]
Jj=1
X (TH (xy) .. TV (xj) ... TH (xg))
4
+2) ] [(xf)“j‘wj - xjv'j‘szj]
Jj=1
) (TH (xy) .. TRI% (xj) .. T (xg)) (6.5)

where « is now a free Lorentz index. Notice that in order
to be allowed to use an operatorial approach, one needs to
rely on correlators defined via direct insertions of T’s. Such
correlation functions, are, in general, different from the def-
inition given above in (2.23) due to possible contact terms
and the presence of nonvanishing tadpoles, not contemplated
in (6.4).

For this reason the CWI’s derived by this operatorial method
and by the functional method that we will present below,
are naive expressions which are perfectly well-defined and
equivalent, only in the presence of a suitable regularization
scheme and of a flat background. In DR, which is well-
defined in a flat spacetime, the vanishing of the 1-point func-
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tion and the inclusion of vertex counterterms shows that we
don’t need to worry about such issues.

Notice that these constraints are directly written in momen-
tum space as

0 =D (TH™ (p)T"**(p2) T (p3) T+ (p4))

3
0
o
=|d=2_ P53
= Pj

X (T ()T (p) TH (p) T (pg))  (6.6)

and

0 =K (TH " (p)TH" (p) T3 (p3) TH™ (pa)

3
9 3 0
K 2 C{__
=) ((m) 9 9pja pj o 8ij>

j=l
x (THH(p)TH22 () TH3V (p3) TH4™ (pa))

4(81((,(/4 0 _ 5 S(Ml 0 )
aptt Ut dpia

X (T (p)TH2"2 (pr) TH3% (p3) TH4% (pa))

ad ad
+4 8'(([1,2_ _ sk 8(#2_
( apy? 2t op

X (T2 (po) THY (1) TH (p3) T4 ()

+4<5K(M3 9 _ s 5(M3L)
opss U O

% <TV3)0[3 (p3)T/“vl (pl)Tﬂzvz(pz)T/t4v4(]§4)) R

+

6.7)

in terms of a dilatation operator D and a special conformal
transformation operator K. The action of the differential
operators on the momenta is implicit on the 4th momentum,
as discussed in the case of 3-point functions in previous works
[11,31,49], with a modification of the Leibnitz rule.

6.1 Trace and conformal anomalous Ward identities

The CWIs become anomalous as we move from d spacetime
dimensions to 4. In d dimensions the conformal symmetry
of the correlator 4T is preserved and this property is reflected
in the trace identity

(T7,0) , = guv (TH () = (6.8)
which generates, as we have already mentioned, a hierarchy
of equations by functional differentiation of this result respect
to the background metric g. Equivalently, the same equations

can be derived from the condition of Weyl invariance of the
effective action.

Following the same procedure as for the conservation W1s,
we may derive the trace Ward identities for the four-point
function 4T, in general d dimensions, as

Sy (THH () TH2™2 (x2) TH3Y (x3) TH4™ (x4))

= =280y (TH22 ()T () T4 (1) + 23) + (24,
6.9)

that may be written in momentum space, after a Fourier trans-
form, as

Sy (TH (T (p2) TH (p3)TH™ (Pa))
= =2(T"*"(p1 + p2) T (p3) T (pa))
= 2(T"2(p) T (p1 + p3)TH™ (pa)

= 2(T"2 (p) T (p3) T (p1 + pa)) . (6.10)

We have omitted an overall § function, having replaced p4
with pq4.

Ind = 4 the equations need to be renormalized, by adding
local covariant counterterms which will be generated from
the action (3.19).

If general covariance is respected by this procedure, the
conservation WIs remain valid for the renormalized effective
action and for its variations. This is reflected on the hierar-
chical structure of the equations, which remain identical to
the bare (naive) case.

Trace identities of the correlation functions involving at
least three stress energy tensor operators are instead affected
by the anomaly, due to the scaling violations induced by
the regularization/renormalization procedure. In d = 4 the
corresponding anomalous Ward identities for the trace can
be obtained by a functional variation of the Eq. (4.6) with
respect to the background metric.

In this case (6.9) is characterised by new contributions on
its rhs, coming from the anomaly .A(x)

Sy (THH(p) T2 (p2) T3V (p3) TH4™ (pa))
= —=2(T"2"2(py + p2) T3 (p3) T4 (pa))
= 2(T"2"2(p2)TH3" (p1 + p3)TH4™ (pa))
— 2{T"(p2)TH3" (p3) TH4™ (p1 + pa))

8 ARVIVIHA (po e ) (6.11)

where the trace anomaly functional A is given in Eq. (4.7),
and the Fourier transform of its variation in the flat spacetime
limit takes the form

AV () p3, p)8*(P)

= / d*x1d*xad* x3d* x4
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83 Ax1)
Sguzvz (x2)88u3V3 (x?))aguzxm (X4) flat,d=4

6.12)

In the following we will also be using the simpler general
definition

ARt (py L pn)
) H1VY---UnVn
E[a/—_g(bc +b/E)} (Pr-eespa) (6.13)

to denote the anomaly contributions to 3- and 4-point func-
tions. Notice that these are genuine 4-dimensional terms, left
over by the procedure of renormalization.

6.2 The anomalous CWT’s using conformal Killing vectors

The expressions of the anomalous conformal WIs can be
derived in an alternative way following the formulation of
[25], that here we are going to extend to the 4-point function
case.

The derivation of such identities relies uniquely on the effec-
tive action and can be obtained as follows. We illustrate it
first in the TT case, and then move to the 4T.

We start from the conservation of the conformal current as
derived in (2.18)

2 58S
dix. /g v* <ea— )
/ Ve V8 38

= /d4x\/§VM (eaT*") = 0.

Inthe TT case the derivation of the special CWIs is simplified,
since there is no trace anomaly if the counterterm action is
defined as in (3.19), a point that we will address in Sect. 9.
We rely on the fact that the conservation of the conformal
current J(’j() implies the conservation equation

(6.14)

0= / d*x /=8 Vi (I, () TH (x1)) . (6.15)

By making explicit the expression J*(x) = K, (x) T*"(x),

with € — K in the flat limit, the previous relation takes the
form

0= / d’x <8MKU (TH (x) TH™ (x1))
+ Ky 8y (TH (x) THY (x1)) ) (6.16)

We recall that K, satisfies the conformal Killing equation in
flat space

2
0Ky + 0Ky = 2000 (- K). (6.17)

@ Springer

el (P11t paxs)

and by using this equation (6.16) can be re-written in the
form

0= / d‘x (Kva“ (THY (x) TM (x1))

1
+ 3(3 - K) (T (x) Tf“”'(xl)>>. (6.18)

We can use in this previous expression the conservation and
trace Ward identities for the two-point function (7'7T'), that in
the flat spacetime limit are explicitly given by

O (THY )T (x1))

= (8}[“8;‘)8”8@ —x1) — 28" 59, 8(x — xl)) (T (x)),
(6.19)
8w (THY (x)TH™ (x1))

=TT (x1)) = =28(x — x) (T"" (x)) (6.20)

and the explicit expression of the Killing vector K Sc) for the
special conformal transformations

C 2
K;(L )k =2x"x, —x 8,’;

3 K©F =24 x* ©2D

where k = 1,...,d. By using (6.21) in the integral (6.18),
we can rewrite that expression as

0= f d“x [(ZxK Xy — X285)8, (T (x) THY (x1))
+2x" (T (x) T’“‘”(xl))], (6.22)

A final integrating by parts finally gives the relations

+xl2

0
2d x4 2% Xt —
< 1 1 laxf

ale) (TH" (x1)

+ Z(xu Sk — xf“ag) (TH (x1))

+2<xu sV —xl”us;) (TH*(x1)) =0 (6.23)

that are the special CWIs for the 1-point function (741! (x1)).

6.3 4-Point functions

The derivation above can be extended to n-point functions,
starting from the identity

/ddx\/?Va(x)(Jc‘."(x)T““" (xX1) ... T (x,)) = 0.
(6.24)
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We have used the conservation of the conformal current in
d dimensions under variations of the metric, induced by the
conformal Killing vectors.

In absence of an anomaly, the conservation of the current
J¥ follows from the conservation of the stress energy tensor
plus the zero trace condition, as discussed in Sect. 2. As in
the example illustrated above, we consider (6.24) in the flat
limit

/dxd 0y |:Kﬂ(x) (T (xX)THI (xy) ... TH4Y (x4)) ] =0,
(6.25)

where we are assuming that the surface terms vanish, due
to the fast fall-off behaviour of the correlation function at
infinity. Expanding (6.25) we obtain an expression similar to
(6.18)

0= /ddx{Ku(x)av (THY )TV (x1) . TH4Y (xq))

+$(8 . K)SW (T (x)TH™" (x1) ... T”‘“"‘(m))} .
(6.26)

Starting from this expression, the dilatation CWI is obtained
by the choice of the CKV characterising the dilatations

KPP =x,, 9-KP=d (6.27)
and (6.26) becomes
0= /ddx{xu 3y (TH () TH (x1) ... TH4Y (xq))

4 8,00 (TH (X)THV (x1) ... TH4Y (xq)) } (6.28)

At this stage, we use the conservation and trace Ward iden-
tities in d = 4 for the 4-point function written as

W (TH () THI" (x1) ... THY(x4))
= —8{ [P ]2 (1, xa, x3)
X (T () TH™ (xq)) + (14) 4 (24) + (34>}
- 4{ [T5 )] (x4, x2)
X (TH () TH3Y (x3) TH4™ (x4))
+(13)+23)+ (14) + (24) + (34)}

— 2{ [T5 )] (x1)

X (™ (x)TH2"2 (x2) TH3Y3 (x3) TH4Y (x4))

+ (12) + (13) + (14)} (6.29)
and
Sy (THY )T (xy) ... TH™ (xa))
= —2{8“1 (TH™ ) TH2 (x2) .. TH™ (x4))
+(12)+ (13) + (14)}
+ 24 AT (L ). (6.30)

to finally derive the dilatation WI from (6.28) in the form

4
0
4d+ E X?ax—a <TM1VI(X1)...TM4U4()C4))
j=1 J

:24/dx[A(x)]“‘”l'“““”“(xl,...,x4) (6.31)

where d = 4. It is worth mentioning that (6.31) is valid in
any even spacetime dimension if we take into account the
particular structure of the trace anomaly in that particular
dimension.

The special CWIs correspond to the d special conformal
Killing vectors in flat space given in (6.21), as in the 7T
case. Also in this case we derive the identity

0= / ddx{(Zx" Xy — X285) 3y (THY ()T (xy) ... THY (xy))

2058, (THY () THY (x) .. TH™ (xg)) } (6.32)

By using the relations (6.29) and (6.30) and performing
the integration over x explicitly in the equation above, the
anomalous special CWIs for the 4-point function take the
form

4
ad a
K o 2 ok
Z|:2)CJ (d—l—xjax—a)—xj(S 8)(_0{1|
j=l1 J J

X (TH () .. TH™ (xg))

4
+ ZZ ((SK”’/)C]'O( — (ngj%j)
j=1

) (THMY (xy) .. TV (x)) .. T (xg))

4
+23° (a”“ija - sng”.-")

j=1
X (THY (xy) .. TR (x)) . THY (xg))

=25 /dx XA (L xa), (6.33)
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where the presence of the anomaly term, as discussed in
Sect. 2, comes from the inclusion of the trace WI, exactly
as in the TT case.

At this stage, these equations can be transformed to
momentum space, giving the final expressions of the CWIs
in the form

3
( Z a) T//-1v1 (pl)T’“Uz(pz)T‘“'”(p3)T“4v“(p4))

j= J

= 2F AIVIRRISSINY (b1 p, ps, ) (6.34)

for the dilatation, and

Z P a2 o ]
: 1 op5opja T Op%apji

j=1
x (TH" (p)TH22 (p2) TH3% (p3) TH4™ (pa))

3
#2360
o oyl

Bp,a
X (THY (py) ... TVi%(pj) ... T*Y(ps))
+2Z<5K”/ — & au_)
pja ap;’
X (THY (pr) ... THY(p;) ... TH" (pa))

:_25 |:33 Aulvlltzvzuwwwzt(pl D2, P3s p4):|
Pdi Pa=—p1—p2—p3

(6.35)

for the special CWT’s, having used the definition (6.13).
When this procedure is applied to the n-point function, one
finds that the anomalous CWIs are written as

T (pn))

n—1 9
- « (T (py). ..
> 7 (T (p1)

— 2}’1 AM]V]...MnVn (plv e, ﬁn) (6.36)

for the dilatation and

n—1 2

ad ad
Z pI; a —2p? o
i1 3pj IPja 8[7]- apji

X (THY (pr) .. T ()
+2Z <Wf — 8 i)
P« ap
X (T“l”‘(pl).--T"f“(pj) T (py)
i KVj 8 K a
XATH™ (pr) ... TH%(pj) ... TH"" (pn))

@ Springer

_2l’l+l |:8 Aulvl MnVn (p] . pn)i| ,
D Pn=Dn

6.37)

for the special conformal Ward identities, where p, =
-y 1 pi and we have used the definition (6.13).

7 Decomposition of the 4T

The analysis in momentum space allows to identify the con-
tributions generated by the breaking of the conformal sym-
metry, after renormalization, in a direct manner. For this pur-
pose we will be using the longitudinal transverse L/T decom-
position of the correlator presented in [11] for 3-point func-
tions, extending it to the 4T. This procedure has been inves-
tigated in detail for 3-point functions in [27] in the context
of a perturbative approach [26]. The perturbative analysis
in free field theory shows how renormalization acts on the
two L/T subspaces, forcing the emergence of a trace in the
longitudinal sector.

Due to the constraint imposed by conformal symmetry (i.e.
their CWT’s), the correlation functions can be decomposed
into a transverse-traceless and a semilocal part. The term
semilocal refers to contributions which are obtained from
the conservation and trace Ward identities. Of an external
off- shell graviton only its spin-2 component will couple to
transverse-traceless part.

In general, by decomposing the gravitational fluctuations into
their transverse-traceless and spin-1 and spin-0 components
one finds an interesting separation of the anomaly effective
action which can be useful also in a phenomenological con-
text. We will address this point in a forthcoming paper.

The split of the energy momentum operator in terms of a
transverse traceless (¢¢) part and of a longitudinal (local) part
[11] is defined in the form

THY (pi) =tV (pi) + 11, (pi) (7.D
with

11 (py) = gl (p) TP (pi) (7.2)
foe (Pi) = Zygi (P) TP (p). (7.3)

We have introduced the transverse-traceless (IT), transverse-
trace () and longitudinal (Z) projectors, given respectively
by

P pa ~
o

Ho_ i
ot =68 —
o o ’

p?

e (7.4)

1 1
M, = 3 (né‘ng +n§n&’) . 17TW77043’ (7.5)

1
Taip = 5apo (P00 + '8
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JTAseY)
_dl’_al(w +@-22P )) (7.6)
- P
1
T =5 (T + ) g =Ares )
1
"= 2 (p"8a + p"84
JTY}
e @ =T ) (7.8)
1
Tiy = 5 (psZi + puT}") (7.9)
with
33‘5;) =}, + T4y (7.10)
it = T+ <l = | 2801 s
i
. Pia; PiB; SHivi 4 d—2) le’plvz
d-1) P}
+ - I)N”i”i(Pi)Saiﬂi- (7.11)

Notice that we have combined together the operators Z and
T into a projector ¥ which defines the local components of
a given tensor 7', according to (7.2), which are proportional
both to a given momentum p (the longitudinal contribution)
and to the trace parts. Both IT and 7 are transverse by con-
struction, while 7 is longitudinal and of zero trace.

The projectors induce a decomposition respect to a spe-
cific momentum p;. By using (7.1), the entire correlator is
written as

(T (P T2 (p2) T (p3) T4 ()
= (1 (I ()" (pa) 4 ()

+ (THY (p)TH22 (p2) TH3" (p3) TH4™ (P4)) 0
(7.12)

where the first contribution is the transverse-traceless part
which satisfies by construction the conditions

Pi s (1 (PR (po)th33 (p3) 4™ (py)) = 0, i =1,2,3,4,
Sy (I (P22 (p2)1"3Y3 (p3)e"¥4 (py)) =0, i =1,2,3,4.
(7.13)

It is clear now that only the second term in (7.12) contributes
entirely to the conservation WIs. Thus, the proper new infor-
mation on the form factors of the 4-point function is entirely
encoded in its transverse-traceless (¢¢) part, since the remain-
ing longitudinal + trace contributions, corresponding to the
local term, are related to lower point functions.

7.1 Projecting the conformal Ward identities

The action of D and K on the 4T in (6.6) and (6.7), after the
projection on the transverse traceless component, simplifies.
We start by considering at the dilatation operator D which
has the property of leaving unchanged the two subspaces
identified by the IT and X projectors. These properties can
be summarized by the relations

EL0H(pi) D (M (p)et 2 (p2)t3 T (p3) 4 (pa)) = 0,
Y (pi) D (T (p)TH2"2 (p2) T3 (p3) T4 (p4)) g = O,

having used the properties of orthogonality and idempotence
of the projectors.

For this reason, if one wants to project the dilatation equa-
tion (6.6), by using the transverse-traceless and longitudinal
projectors, there are only two ways of doing it. These are
the cases where we have either four IT’s or four X’s, due to
the relations in (7.14). Therefore, the only relevant projected
dilatation WIs are

0 (p L2 2 (po)TIE2 3 (p3) L4 (pa) D

aiBi a2 a3 f3 4Py
X (TP (p) TP (p2) TP (p3) TP () = 0
(7.15)

St (P DL (PO T35 (p3) Dl (o) D

a1 P a2 a3 f3 o4 B4
X (TP (p) TP (po) TP (p3) T*P4(pa)) = 0
(7.16)

that can be simplified as

0 (p L2 (po) 1L (p3) L4 (pa) D

a1 B fs a3f3 aapfy
X (P ()P (po)ea P (p3)1*4P (pa)) = 0,
s (PD Zaps (02 Zoss) (p3) Bl (pa) D

a1 B a2 a3 f3 o4 B4
x (TP (p) T2 (p) TP (p3) TP+ (p4)) e = O,
(7.18)

(7.17)

once we insert the decomposition of the 4T and use
Egs. (7.14). It is worth mentioning that (7.18) does not
impose any additional constraints on the 4-point function.
This because the longitudinal part of the correlator is explic-
itly given in terms of lower point functions, and (7.18) is
related to the dilatation WIs of the 3- and 2-point functions.
The constraints on the 4-point function will be derived from
(7.17), which is related to the transverse traceless part of the
correlator.

Turning our attention towards the special CWIs, we
observe that the action of the X operator on the transverse-
traceless part gives a result that it is still transverse and trace-
less
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P K (e (p) O (pa) ™ (p)) =0,
Sugu ICE (VL (p)EH22 (o) t#3¥3 (p3)tH4™ (pg)) = 0 T
(7.19)

This can be shown exactly as in the case of the 3T discussed
in previous works. This property of K allows us to identify
the relevant subspace where the special CWIs act.

As already pointed out, the transverse-traceless part of the
4T is the only part of the correlator which is really unknown.
Indeed, the longitudinal components can be expressed in
terms of 2- and 3-point functions, by using the conservation
and trace WIs. Therefore, the special CWIs will be constrain-
ing that unknown part, which can be parametrized in terms
of a certain number of independent for factors, as in the 3T
case.

By using the properties of the projectors ¥ and I1, from
(7.19) one derives the relation

LT (p) Kt (p)th ()it (p3) i (pa)) = 0,

i=1,...,4, (7.20)

since the action of K*, as just mentioned, is endomorphic on
the transverse traceless sector. With this result in mind, using
the projectors IT and X we project (6.7) into all the possible
subspaces and observe that when at least one X is present,
the equations reduce to the form

0= Z{% (PR (TMY (p)T™2 (p) T (p3) T4 (pa)

= X0 (Pi)KK[<TMU1 (P22 (p)t"3%3 (p3)1H4¥™ (py))

A+ {(TH (py)TH22 (pg) THY (p3) TH4% (p4>>m]

— E0% ()K" ( (THY (p)TH22 () T (p3) TH (p4)) e )

i=1,...,4 (7.21)
The equations that result
E(pK*
<<T’“v‘ (Pl)T“m(m)T’””(P3)T“4v4(p4))1m~) =0,
i=1,...,4 (7.22)

will involve only 3- and 2-point functions, via the canonical
Ward identities. For this reason, being the structure of the
equations hierarchical, if we have already solved for the cor-
relators of lower orders, no new constraint will be induced
by (7.22).

The only significant constraint will be derived when acting
with 4 IT projectors. For this reason we are interested in
studying the equation

G 5 (POTL g (p2) T (p3) T, gt (Pa) K€

< (T“”B' (pl)T“2ﬁ2(pz)T"‘3ﬁ3(p3)T°‘4ﬂ4(134)) =0.

@ Springer

(7.23)

If we insert the decomposition (7.12) into the equation above,
one can prove that terms containing two or more f;,, oper-
ators will vanish when projected on the transverse traceless
component, for instance

M (PO () T2 (p) L4 () K

a1 afa a3f3 o4 Ba

(1P ()2 (po) THB3 (p3) TP (py)) = 0, (7.24)

where the definitions (7.5) and (7.11) have been used.

Proceeding with the reconstruction program, we need the
action of the special conformal transformations on the cor-
relators with a single #;,., after projecting on the transverse
traceless sector. After a lengthy but straightforward calcula-
tions we obtain

Iy o (PO (p) T g (p3) TGt () K€

X (TP (p) TP (po) TP (p3)i P ()

=411, (pOTL 2 (p2) T, (p3) T4 (Pa)

{[(d — 1)sFes 4 L'lcom + L;M + Lgm]
4

x (”;‘;’ (TP (pOT* (o) T (p) T74H+ (134)))

4 (SKM)"‘I ” (p;§4 <Tmﬂ1 (pl)TaZﬁz(pz)Ta3ﬂ3(p3)Tp4ﬁ4(134)
4

)
+(5)", (p;;’ (TP ()T (p) TP (p3) T4+ (134)))
4

)]

+ (5 (” TP (TP (p) TP (p3) T ()

Py
(7.25)

where

a
LE = it

, 1=1,2,3
Opi«

(7.26)
8[71' 7

are the SO (4) (Lorentz) generators and Sy, is the spin part,
for which

(S#U)pg — §HP§Vo _ §HO VP (7.27)

By using the Lorentz Ward identities we obtain the expression

T (T2 (p) T2 () Tt (a) K
X (TP (p) TP (po) TP (p3)i24P ()
= Hs:;: (m)Hﬁjgj (Pz)nf;;;; (P3)HZ:Ei (ps)
4d _
(z 8 papy (TP (pOT*P (p2) T (p) T#% (pa) | -

Py
(7.28)
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Analogous results are obtained for the other terms involving
one f,c operator.

In summary, when we project (6.7) on the transverse traceless
components we find

0 =M1} 5 (PO, (p) Ty 5 (p3) Tt (pa) K€

X (TP ()T () TP (p3) T ()
= T T o) T o o |
X (1P ()12 (pa)1 3 (p3)e*s ()

4d _
+— 8% piy, <Tp|ﬂ1 (pl)TaZﬁz(pz)Ta3/33(p3)Ta4/34(p4))

P

4d

+ =8
P>

+ % 80{3/(
p3

o AT PY ()T PP (o) TP (p3) TP (jy))
P3ps (TP (p)TO2P2 (o) TP3P (p3) T4 ()

+ % saar
Py

(7.29)

It is worth mentioning that the last four terms in the previous
equations are completely expressible in terms of lower point
functions via the longitudinal WIs. Then, (7.29) imposes
some constraints on the transverse traceless part of the 4T
and connects this part of the correlator with the lower point
functions 3T and T'T.

8 Identifying the divergent form factors and their
reductionind = 4

The general expression of the 77-contributions can be identi-
fied by imposing the transversality and trace-free (7.13) con-
ditions on all the possible tensor structures which are allowed
by the symmetries of the correlation function. In this section
we are going first to proceed with the classification of the
divergent ones which are present in the decomposition and
are affected by the renormalization.
We introduce a general decomposition of the counterterm
for the 4T in general d dimensions, in order to identify such
form factors. Their number gets reduced once we move to
d = 4, due to the possibility of expressing the Kronecker
§™Y in terms of 3 of the 4 momenta of the correlator, and of
a linearly independent 4-vector n**. The latter is defined via
a generalization of the external product by the €/"°? as we
are going to illustrate below (see [11] for the case d = 3)
The decomposition can be generically written in the form

(tH (p)t? 22 (po)th3Y3 (p3)tH4™ (p4))
= HZ;E} (Pl)ngjgi (pz)Hngi (P3)ng,‘§j (p4)

AT ¥ x

a,be(2,3} c,de{3,4} e, feld,1} g,he{l,2}

@p)
Aabcdefgh

Papy (TP (1) TP2 (o) T3P3 (p3) TP4P4 (py)) }

x pai ' p pl p pl ple ply
(6p)
SESD D VD DI DR

ae{2,3} be(3,4} c,def{4,1} e, f€{1,2}

X Pfl Pb 28 pdﬂ3 pt p I +(permutat10ns)i|

> ALh

+ |:50410t25ﬂ1ﬂ2
a,be{d,1} c,def{l,2}

x p¥ pll)% P pd +(permutat10nS)]

+|:50!10t28/32;33 Z Z Z Afllhl;jtf)

aef2,3) be(d, 1} ¢,de{l,2}

X Pg ! Pb po 54 + (permutations)]
(I11,4p)
HEEED YD M YD W
a€e{2,3} be(3,4} ce{4,1} def1,2}

X P’3 : P;, pf3 pd + (permutatlons)}

(1.2p)
+[5a1ﬁ25a2ﬂ35a351 Y Al
a,be{l,2}

X po pf“ + (permutations)i|

+|:3¢¥1ﬁ250tzﬂ15d3014 Z Z A(IbI,Zp)
a
ae{4,1} be{l,2}
2 P53 pyt+ (permutatlons):|
_|_|:5061ﬂ250tz/345a4/33 Z Z A(Ibll,zp)
a
ae{2,3} be{d,1}

X pa’31 pb + (permutat10ns)i|
+ [5“1 Pr g3 gousba gabr AUOP) (permutations)j|

+ [8“1528”‘2’31 sosbageabs AU1.0P) 4 (permutations)} }

8.1)

in terms of form factors A. We have explicitly labeled the
form factors with an index counting the number of momenta
that each of them multiplies in the decomposition. This nota-
tion will be useful in our discussion below. The choice of
the independent momenta of the expansion, similarly to the
case of 3-point functions, can be different for each set of
uncontracted tensor indices. We will choose

(a1, B1) < p2. p3, (a2, B2) <> p3, pa
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(a3, B3) <> pa, p1, (a4, B4) < p1, p2, (8.2)
as basis of the expansion for each pair of indices shown above.
The linear dependence of p4, which we will impose at a later
stage, is not in contradiction with this choice, which allows
to reduce the number of form factors, due to the presence
of a single #¢ projector for each external momentum. This
strategy has been introduced in [11] for 3-point functions
and it allows to reduce the number of form factors. These, in
Eq. (8.1) are functions of the six kinematic invariants

pi=ypf i=12734,
s =4/(p1+ p2)? t =/ (p2+ p3)?

or equivalently, in a completely symmetric formulation, they
are functions of the six invariants

(8.3)

sij =+/pi-pj, 1#FJ€{l,2,3,4} (8.4)

As already mentioned, the local part of the 4T can be
expressed entirely in terms of three- and two-point functions

due to the transverse and trace WIs. The explicit form of the
local contribution is indeed given by the expression

(THYY (p)TH22 (p2) TH3 (p3) TH4Y (D)) 1pe

= [(tff,'cul (pOT"" (p2) T3 (p3)TH*™ (Pa))
+(12)+(13)+(14)]
- [(tff,lcvl (PD1ge 2 (p2)THY (p3) TH4™ (pa))
+AH+AH+ 23+ 2+ 3)(24)}
+ [ (Uloe (P > (P10 (p3) TH4™ (pa))

+H+2H+ (34)]

— U PO e ). 89

where the insertion of #;,. gives

(1 (pOTH2"2 (o) THY (p3) THH (pa))

1
(v _p1)
= — 260 o 1)
P1

M1 Vi
Play P18 v Py Py
— A PR (g — )L L ]
@1 < ”

« (Talﬁl (pl)T;sz (P2)TM3U3 (p3)TH~4U4 (134))
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+ TN (p1) 8y gy

d—-1

X (TP ()T (p) TH" (p) T (p)) . (8.6)

Notice that the right-hand-side of (8.6) is entirely expressed
in terms of lower-point correlation functions, due to the WI’s
(5.8) and (6.10). Similar relations hold for all the other con-
tributions contained in (8.5).

8.1 Divergences and renormalization

In order to investigate the implications of the CWIs on the
anomaly contributions of the 4T, we turn to 4 spacetime
dimensions and discuss the anomaly form of such equations.
We start from the dilatation Wls.

The scale invariance of the correlator is expressed through
the Dilatation Ward Identity (6.6), which in terms of the cor-
responding form factors takes to scalar equations of the form

3
el
(403 stagg ) a7 =0
1

i=1

8.7

where 7, is the number of momenta multiplying the form fac-
tors in the decomposition (8.1). Eqs. (8.7) characterize the
scaling behaviour of the form factors, and allow to identify
quite easily those among all which will be manifestly diver-
gent in the UV. For instance, the form factor corresponding
to eight momenta in (8.1) has degree d — 8 and is finite in
d = 4. This simple dimensional counting can be done for all
the form factors allowed by the symmetry of the correlator.

We have summarised the UV behaviour in the table below

Form Factor AGP A6P) G AC) 40P
Degree d—8 d—6 d—-4 d-2 d
UV divergentind =4 X X 4 v v

The expected form factors that will manifest divergences
in d = 4 are those of the form A“P), ACP) and AOP) in
(8.1), which will show up as single poles in the regulator ¢.
The procedure of renormalization, obtained by the inclusion
of the counterterm (3.19), will remove these divergences and
will generate an anomaly. An explicit check of this cancella-
tion is contained in [30], in the case of a conformally coupled
free scalar theory.

8.2 Explicit form of the divergences

Being the anomaly generated by the renormalization proce-
dure, it is possible to derive the structure of the anomaly con-
tributions and the form of the anomalous CWIs’ by applying
the reconstruction procedure to the counterterms.
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One can also work out the explicit structure of the coun-
terterms for each of the divergent form factors A"”) iden-
tified above. Their renormalization is obviously guaranteed
by the general counterterm Lagrangian (3.19). For example,
considering the decomposition identified in (8.1), the corre-
sponding counterterms to the A"P) form factors, expanded
in series of power in ¢ = d + 4, can be determined in the
form

A s =28+ OE) (8.8)
AL =26+ 0 (8.9)
AL == 2 (b= 6b) + 0() (8.10)
A ot = = % [b (Pt —4p3 + p3 + 357+ 31%)
=V (pi+4p3+ i +4pi =57 = 1%) |+ 0()
(8.11)
Al = L [% (7P} +7p3 + 603 + 6p3 — 95?)
(2 - sz)] + 0@ (8.12)

arrzp _ 1 2 2 2 ) 2
A34,coum :E[b (pl — Py - 217’3 - 6]74 — S )

+b (3p? + p3 +2p3 —2p3 +s2)] +0@E%  (8.13)
ALon g{g [12p]‘ + p%(z(p% +pD) +8p3 —10(s% + tz))

+12p3 + p3 (203 +8pF — 10 (% + %) )

+p3(2n =107 +1%))

+12p§ — 10 p3 (s> +12)

+12p4 + 10s* + 452% + 10;4]

4

b
w23 ) #2000
-3

4
(3 +3 (2 +1%) +2(p3)’
—pi (P3+

(

2
3
$H3(s+17)

+p3 (2} =3 (7 + %) +2(pd)’
Fastp e g 3t4]} + 0@ (8.14)
24¢

+ 6p1 + 6p§

Al — 1 {b[ = (p1+13) (3 + pi +95%)
—9p3s” +6p3 — 9pis”
+6p] + 1554] —6b/[p% P>+ pip3
—s2t2—254—14—P?—Pg_P§_pi
+(pi + p3 + p3 + pd) (257 +f2)]}

+0("), (8.15)

where the finite contributions contain the scale dependence
. The scalar case, discussed in [30], can be obtained by
assigning specific values to the b and b’ coefficients of the
counterterms (3.19), expressed in terms of a scalar field con-
tent.

8.3 A simplified decomposition

Using (3.44) and the fact that the transverse traceless sector
is identified by a decomposition which is contracted with
four IT,; projectors, and for i # j # k # 1 =1,2,3,4
generates terms with different numbers of external momenta.
We illustrate the procedure for a couple of cases. For instance,
the form factor which in (8.1) is characterised by a single
Kronecker § and 6 tensorial momenta, will be re-expressed
in terms of tensorial expressions either with § momenta or
of nn terms times 6 momenta. At the end, the decomposition
will consist of terms proportional to tensor structures which
are independent of nY'; those which are proportional to nf‘nj’3

and will include a term proportional to n% nfinfinfi. The
last type of terms do not appear in the case of the 3-point
functions of stress energy tensors in d = 3 [11]. The new
decomposition can be written as

(7 (2 (p2)t™ (p3) 1™ (pa)
= My, (PO Mgy (PTG 1 (P3) Ty ()

(> ¥ ¥ % 8%

a be{2 3} c,de{3,4} e, fel(d.1) ghe{l 2)

pe pp pe pi p pf? pe pp!

et Y Sy
ac(2,3} be{3,4) c,def4,1} e, fe(1,2}

Pa sz pe 17,71/32 pe* Pf +(pemutat10ns)]

D S 3D I 3

ae{2,3} be(3,4} ce{4,1} defl1,2}

X

(6p)
Babcdef

Bi B3

Py p,, De pd +(permutat10ns)]} (8.16)

in terms of form factors B. By power counting, we see that in
(8.16), the only form factors that will manifest divergences
in d = 4 are those of form B#?)_ The B’s will be written in
terms of the form factors A’s of the general decomposition,
simplifying the divergent terms and leading a structure with
only one type of form factor divergent, i. e. B“P).

@ Springer
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9 Renormalization and anomaly ind =2 and d = 4:
the T'T case

It is clear, from the analysis presented in the previous sec-
tions, that Vg induces only a finite renormalization on the
n-point function. However, as we will be showing here using
the example of the correlator 77 in d = 2, it is consistent to
introduce a topological counterterm to renormalize a corre-
lator, even if this does not need one.

In d = 2 the TT does not exhibit any singularity, since a
1/¢ behaviour in a kinematical prefactor is accompanied by
a tensor structure which vanishes as d — 2. We describe the
steps in this case, and move to the case of d = 4 after that.
Ind = 2 the T'T does not exhibit any divergence. A one-loop
calculation yields the correlator of two conserved traceless
stress tensors as

c(d)

M1vy MHava e —
(TP =) = o

/2
(pz) Hé/;{l)\/lmvz ()

©.1)

where Iy is the transverse traceless projector defined in
general d dimensions and the constant c(d) is defined as

n>d/z @-npr2-4%)

cd) = 4er (— S 9.2)

4

with cr depending on the matter field realization of the con-
formal invariant action. It is worth noticing that the constant
c(d) is finite for any d > 1.

In dimensional regularization (9.1) the correlator in d =
2(1 + ¢) takes the following form

c(2+2¢) Ite
<TM1V1 (p)TMZVZ(_p)) — T (pz) Hl(ldllgf;;)(p)

9.3)

with the appearance of the UV divergence as 1/¢ pole after
the expansion around d = 2. However the limit ¢ — 0 is
ambiguous due to the fact that the transverse traceless pro-
jector in two dimensions goes to zero. This properties is the
consequence of the tensor degeneracy when n = d for an n-
point function. The way out of this indeterminacy is to intro-
duce a n-p decomposition of the Kronecker §,,, and perform
the limit to d = 2 of the entire tensor structure in order to
prove the finiteness of the result, as discussed in [50,51].

Indeed, for the case of the two point function in d = 2,
one could define the independent momentum n* using the
Levi-Civita tensor €" as
nt =e*p,, 9.4)
orthogonal to the other momentum p,. Having such two
independent momenta p,,, n,, then the metric is not an inde-

@ Springer

pendent tensor and we can rewrite it as

2
=" afat(z7")
Jk=1

9.5)

with qf = p"* and qg = n*, and Z is the gram matrix, i. e.
Zij = (qi - ‘1./')1'2,]':1- The Gram matrix is trivially Z = p2}¥,
because n? = p2. Then, the metric tensor can be written as

1
M= — (p"p" +n"n"), (9.6)
p
for which the transverse projector takes the form
jassy jry
jza% — QMUY p p _ n-n
T n(p) =t — —— = 0.7
(d=2) p? P2
and the transverse traceless projector in d = 2 vanishes as
HMIVIM2V2(p) — gHip2pv)ve _ pvigp v 9.8)

(d=2)

Starting from the transverse traceless projector defined in d
dimensions and taking into account this degeneracy ind = 2,
we write the projector around d = 2 as

[T 1vIH2Y2 — n/ﬂ(uzn\)z)w _ rHAVE g H2V2
d=242¢ (P) 1+ 2¢
e nMipViphapw
= T2 p4 , 9.9)

making the limit ¢ — 0 well defined. Notice that we are
expanding the parametric dependence of the projector in ¢
and then we are re-expressing the tensor structure in terms
of the non-degenerate n-p basis.

Inserting (9.9) in (9.1) one derives a finite resultas ¢ — 0

2+ 2 _
(THm (P)TM‘)Z(*P»(d:z) — 6(1%28) (pz)g 1 Vg v
&
1 Vi g2 V2
20 e (9.10)

]72

which violates the tracelessness condition, making manifest
the presence of the trace anomaly relation. The approach out-
lined above, is not relying on the introduction of any coun-
terterm, but we are simply exploiting the degeneracy of the
tensor structures in d = 2 in order to extract a renormal-
ized expression of the correlation function. Notice, beside
the generation of a trace anomaly in the renormalization pro-
cess, also the absence of any scale dependence in the result.
We are going to reproduce the same features of this result
using a different approach, which will require the inclusion
of a topological counterterm.

9.1 Dimensional regularization
This result can be obtained differently following the standard

procedure of dimensional regularization scheme and renor-
malization. The same approach will be used in d = 4.
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We start from the regulated expression of the 77T obtained
by an expansion of (9.3) in power of ¢, that gives

(Tﬂlv} (p)TMZVZ (_p)>Reg
@

_ 2 M1V 2V
=5, (P7) N3 ()

2
n c( )Hmvmzvz pz logp2 n pzc'(2) A2 L 0 e),

) )
©.11)

In this case we are not making use of the tensor degeneracies
in d = 2 yet. We introduce the only possible counterterm
action definable in d = 2 as

1 -
Ser ==~ B f dx /=g n’ R ©.12)
which will be included in the process of renormalization.
By considering two functional variations of this action with
respect to the metric, taking the flat space limit and after a
Fourier transform we obtain the contribution

(TH™H(P)T (=) Count
2 ,,d-2

Bep” 1t vy
- _ 5 (Hl(idl) 12 2(17)
—%n’“” (p)n'””(p)> , 9.13)

whose expansion in power of ¢ is

(Tﬂlv} (p)Tuzvz(_p»Count

2
— _IBCP (Hﬂlvmzvz(p) _

2¢ (2+42¢)

X (1+slogu2).

T (p)m et (p))

(9.14)

2¢e
(1+2e)

Adding the counterterm contribution (9.14) to the regu-
larized correlator (9.11), and with the choice of B, = c(2)
we remove the divergence. We obtain a finite renormalized
result in the limit ¢ — 0 given by

(T (P)TH 2" (= p)) &)
() pyvipow P’
— AL p2 log L
) 2
+ pzc/(z) A2 4 () p2nu1v1 (p)h22(p).

)
9.15)

This result is not traceless, but is characterized by non zero
anomalous trace

(TL (DT (=p)) 1) = (@) p* w2 (p)

which coincides with the result of taking functional derivative
of trace anomaly of the two point function in two dimensions

A=c2)/—gR.

(9.16)

9.17)

While we have reproduced the correct structure of the
anomaly, as in the previous section, we need to recover by
this scheme the scale independence of the result in (9.15),
which is not apparent from that equation. Notice that c(2)
identifies a topological contribution and therefore should be
independent of any scale.

The apparent anomalous scale-dependence of the two point
function is

d
N«@ (T‘“Vl (p)Tszz(—p)) — —C(2) p2 H?zl)vlmvz’ (9.18)

that shows an apparent contradiction. It is sufficient, at this
stage, to use the degeneracy of the tensor structure IT{, """
to immediately realize that the rhs of (9.18) is zero. The use
of the counterterm, even if it is zero in the dimensions on
which we are going to project, of course, allows to obtain the
correct expression of the renormalized correlator with iooen
indices, while at the same time induces the correct expression
of its anomaly.

The advantage in following this procedure is evident espe-

cially for multi-point functions.

9.2 Longitudinal projectors in d = 4

To illustrate the emergence of longitudinal projectors in
multi-point correlation functions in d = 4, we start from the
case of the T'T, then move to the 3T and conclude our discus-
sion with the 4T. The simplest context in which to discuss the
renormalization of the T'T is in free field theory, and include
three independent sectors with ng scalars, ny fermions and
ng gauge fields. A direct perturbative computation gives

(TH" (p)TH2"2 (—p))
_ w’ p4 2N TTM1VIH2V2
——4(61_1)((1_’_1)BO(P)1_I (p)
x [Z(d — Dnp + Qd? = 3d — 8)ng + ns]
72 ptag

8@ 12— 9@ =27 () (p) Bo(p?)

(9.19)

+

where By (p?) is the scalar 2-point function defined as

1 1
Bo(pH =— | a&‘ (9.20)

Al —=——-
T2 2L — p)?
and (9.19) shows the separation of the result into a transverse-

traceless (IT) and longitudinal part (z#!"). Around d = 4,
the projectors are expanded according to the relation

[THIVIR2Y2 () = 1@ Hivipavs (p)

—gen“‘”l (p) T2 (p) + O(e?), (9.21)
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where the expansion is performed on the parametric depen-
dence of the projector IT(d). As usual in DR, the tensor
indices are continued to d dimensions and contracted with a
d-dimensional Euclidean metric (8!, = d).

Using (9.21) in (9.19), the latter takes the form

(THW™Y(p)TH22 (—p))

2 4 1
4” ( + Bo(p ))

(H(4)M1v1uzvz (p) — %g MV (p) 22 (p) + 0(82)>

4 22
( —8—!—0(8 ))np—i-(f——e—O—O(s )>nG

5 25
< ﬁ e+ 0(e ))ns]
72
_l’_

4 1 _
T2 TG pmv (pymha” (p) (g + BO(P2)>

57
p
8

[g r Lot o6 >} 9.22)

where TT* #1Vi#2v2 () g the transverse and traceless pro-
jector in d = 4 and Bo(pz) =2- log(pz) is the finite part
in d = 4 of the scalar integral in the M S scheme. The last
term of (9.22), generated by the addition of a non-conformal
sector (~ ng), vanishes separately as ¢ — 0. Finally, com-
bining all the terms we obtain the regulated (reg) expression
of the TT around d = 4 in the form

(TMI V1 (P)TMVZ (_p)>reg

720

_WH( )MIVIMZUZ(p) 6np + 12ng + ns)
.

+ 570 T (p)22 (p) (6nF + 12nG + ny)
2pts

~ 300 Bo(p?)ITHIHE22 (p) (30np + 60ng + 5ng)

72 p
— 0" " (p) (B6np — 198G + 16n5) + O(e)

(9.23)

The divergence in the previous expression can be removed
through the one loop counterterm Lagrangian (4.8). In fact,
the second functional derivative of S..,,; With respect to the
background metric gives

<TM1V1 (p)Tszz(_p))count
= _I’Lg_g<4b [\/__gcz]ﬂlleZUZ(p’ _p))

@I Th sp@ )

d—2) (9.24)
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having used the relation V5 '""*"(p, —p) = 0. In partic-
ular, expanding around d = 4 and using again (9.21) we
obtain

(THYH ()T (= P)) count

8b p* 2
_ Ep (H(4)M1V1H2U2(p) _ §8nmv1 (p) T2 (p) + 0(82)>

1ol +0(2)>
272 g Tmosk ¢

_ﬁp“ l-[(4)/l-w1/42v2(p) + 4bp4
&

x |:n(4)u1v1uzvz(p) + gnmm (p)nuzvz(p)] + 0(e) (9.25)

which cancels the divergence arising in the two point func-
tion, if one chooses the parameter b as
32 92 1872

= 720" T 360" T 360 1O

The renormalized 2-point function using (9.26) then takes
the form

(9.26)

(THMH(P)T"2 (= D)) Ren

= (T ()T (=p)) + (T (DT (= P)) count

2
g, (p 4122 (p) (615 + 120G + ns)
60 u?
”90’; [4V142%2 () (12605 — 1806 + 31ns).

9.27)

Notice that the final renormalized expression is transverse
and traceless. Obviously, this result holds in the case in which
we choose a counterterm in such a way that (3.8) is satisfied.
If we had chosen the C2 counterterm action to satisfy (3.9),
we would have found the relation

Sy (TH (P TH1™2 (= p1)) = A2 (py),

where on the right hand side we have the contribution of
the LIR term that can be removed by adding a local term
R? in the effective action, obtaining a finite renormalization
procedure. We will see that the same choice of parameters b
given in (9.26) and for b’ as

(9.28)

72 1172 3172

=2 n 2 G
720" T 720 "F T 360 €

removes the divergences in the three point function, as we are
going to discuss below. In fact, as we have seen, the expres-
sion of b is related to the renormalization of the two point
function, instead &’ is intrinsically related to the renormal-
ization of the 3-point function.

It is worth mentioning that the renormalized result of
the two point function (9.27) does not contain any trace
anomaly contributions but, due to the explicit presence of a

(9.29)
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u-dependence, it acquires anomalous dilatation Ward Iden-
tities written as

0
Mo (THH ()T (=P)) Ren

72 p
-2 [ o AR (p) (6np + 1206 + ns)] .
(9.30)

9.3 Three-point function

We can now move to the 3-point function. In this case we
start showing how the derivation of the anomaly part of the
correlator can be worked out directly from the CWT’s, in a
simplified way.

As pointed out in [11,27,50], the 3T correlator can be sepa-
rated into its transverse-traceless part and in its longitudinal
one by using the projectors (7.4), (7.8), (7.9) as

(THYY(p)TH2"2 (p2) TH3" (p3))
= (1M (p) 22 (pa) i3V (p3)

+ ( {tfor" (POT"2 (p) T3 (3)) + (cyclic perm))

- ( (# (pO2" (p2) TH (3)) + (cyclic perm))

+ (M (pOt2 (p)t P (p3)) (9.31)

where the transverse-traceless part is decomposed in terms
of form factors and independent tensor structures as

(1 (T2 (po) 1V (3))
= Ty (POT 5, (P Ty (53)

x {Al P pa B2 i s pl o Ap 8P1P2 pY1 p32 pts ptt
+ Az (p1 < p3) 8PP p pe pSt bt
+ Az (p2 < p3) 8PP pi pYt p% pl?
+ Az 802 ghiP2 pos pls
+ As(pr < p3) 892 5P2Bs pot ph
+ A3(pr < p3) 8931 553F1 p22 pl2
+ Ay soes geahs pht B
+ As(p1 < p3) 8% 531 pf pls
+ A4(p2 < p3) s ga1f2 pfs pgl

1 Ass1B250B3 gasbi }, (9.32)

while the longitudinal part is expressed in terms of lower
point functions by using the CWIs, and takes the form

Pivy (THV1(py) TH2"2 (pa) TH3Y3 (p3))
= —ph' (T""2(p1 + p)THV (p3))
— pyUATH22 (po)TH33 (py + p3))

+ paa [8"172(TH2% (p1 + p2)TH (p3))
+OUI (T (py + po) T (p3))]
+ p3a [8117(TH% (p1 + p3) TH22(p2))
+8HMIE (T (1 + p3) TH(p2))] .- (9.33)
Ind = 4 this correlator manifests divergences in the forms
of single polesin 1 /e (¢ = (4 — d)), as for any CFT affected
by the trace anomaly.
These divergences are present in both the transverse-traceless
and longitudinal parts. As discussed in detail in [27], the
counterterm (4.8), for the 3-point case, renormalizes the cor-
relator (9.31) by canceling all the divergences with the same
choice of the coefficients (9.26) and (9.29) but, at the same
time, gives extra contributions in the final renormalized 3T
from the local/longitudinal part. These extra contributions
defines the anomalous part of the correlator. In the case of
n = 4 (4.3) specializes in the obvious form

|: (Tlilm T H2v2 TM3V3>bare + <T’“v1 THZVZTM3U3>count ]
d—4
= (TH™ T“zva“3V3)(ﬁ:4)+(T‘“vl T/szzTM3v3)(d:4)

anomaly *

(9.34)

The anomaly part is given as

d=4
(TH ()T () T (pa)) ot

4
= (§ TV (pr) AF22ESY (py ) p3) + (perm.)>
4 vy y153%) azfausvy =
e gd (p1) T2 (p2) Say p, A 3 (p2, p3) + (perm.)

4 ) _ _
+ o7 TP T () T (B3) By ey A%2P25B3 (py | By,
(9.35)

which is the expression depicted in Fig. 1. The equation
above has indeed a clear and simple interpretation in terms
of anomaly poles extracted from the 7" projectors attached
to each of the external graviton legs. We can re-express it in
the form

N
(T (T () T (53)) oy

7 () : i
( S T (0T ()T (53 s + (perm.))

vy H2v2
_ (%@l) T 0T oo T (53) Sty + <Perm->)

TV (py) w22 (py) w3 (p3)
3 3 3

(TPOTPDT(33) pmay
(9.36)

from which it is clear that a contribution such as

— 4
(T(p)TH"2(p) TH ()01
— AM2V2N3V3 (p23 ﬁ3)
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= 4D/ [E]*2"213Y3 (py, p3) + 4b[C21H2213%3 (py | pa)
9.37)

where we trace one of the three stress energy tensors, is
obtained by differentiating the anomaly functional twice.
Similar results hold for the other contributions with double

-4
(T(POT (P T (53)) mmaty
= Sanpy APV (py, p3)
= Surp (AD'[ET2P2373 (ps, p3) + 4B[CP12P2133 (py, p3))

(9.38)
and triple traces
_ 4
(T(POT(PDT(P3)) omay
= 8(12/3280[3/33 Aa2ﬁ2a3ﬁ3 (p27 P_3)
= s Sy p5 (AU [E12P29355 (s j3)
+4b[C?172P25355 (py, p3)). (9.39)

Itis clear from these expressions that all the possible anomaly
contributions generated in the flat limit are associated with
single, double and triple traces of the 3T, where on each
external graviton leg we are allowing for a scalar exchange
due to the presence of the transverse 7 projector, as clear from
Fig. 1. This result is strongly reminiscent of the emergence
of an anomaly pole in the AVV chiral anomaly diagram for
a JsJ J correlator, with one axial-vector (Js5) and two vector
(J) currents, that manifests a similar pattern.

Indeed, an analogy with the behaviour of the 3T is present if
we decompose the AAA anomaly diagram as

AAA — 1/3(AVV + VAV + VVA) (9.40)

using its permutational symmetry on the axial-vector lines.
In both cases one encounters a scalar or a pseudoscalar mode,
respectively, via a bilinear mixing term attached to the exter-
nal graviton or gauge lines. This mode is directly coupled to
the (chiral/conformal) anomaly. Therefore, we encounter a
feature that unifies both the conformal and the chiral cases.
Notice that the spin-2 part of the gravitational fluctuations do
not couple to such bilinear mixing term in the 3T case, which
therefore mediates only spin-1 and spin-0 interactions.

It is also clear that this massless scalar interaction, in the 3T,
is not removed by the inclusion of other Weyl-invariant terms
which are obviously present in the complete expression of the
correlator, which are not identified by our method.

For this correlator the anomalous trace WI takes the form

Sy (THVN(p)TH22 (p2)TH3" (p3))
=4 AM22H3Y (py, p3) — 2 (TH272(p1 4+ p2) T3 (p3))
—2(TH""2(p)TH3% (p1 + p3))
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=4 [b (2] (pa. p3) + B [E]75" (o, Pz)}

—2(T""2(p1 + p2)T"3" (p3))

— 2 (T2 () T™ (p1 + p3)) . 9.41)

9.4 The four-point function

We will now come to illustrate the reconstruction procedure
for the renormalized 4T, showing how the separation of the
vertex into a transverse-traceless part, a longitudinal one and
an anomaly contribution takes place after renormalization.
Clearly, by construction, the transverse traceless sector of
the 4T is renormalized by adding the contribution coming
from the counterterm

[ (tﬂlvl tﬂZUQtﬂ3v3tﬂ4v4>bare + (tﬂlvl tluz‘)2tu3v}t#41)4>()()un[ }
d—4
= (pH1V1ph2v2 Y3 t/t4v4)§§1;4) (9.42)

If we consider a Lagrangian realization, the renormalization
of this part and the corresponding form factors are ensured
by the choice of the coefficients b and " as in (9.26) and
(9.29), where ny, I = S, F, G, are the number of scalar,
fermion and gauge fields running into the virtual corrections
of this correlator. For a general CFT, not directly related to a
specific free field theory realization, the b and b’ should be
interpreted as fundamental constants of that theory, and are
arbitrary.

Now, we turn to the longitudinal part of the correlator,
which is the most interesting component when the case d = 4
is considered, due to the appearance of the anomaly. For
instance, we study the bare part (f;, TTT) in (8.5) that is
explicitly written as

(" (PO T2 (p2) T (p3) T4 (pa)) 4y =
= Ig—llvl (Pl){ [43‘11 wlmvzmvs (PZa p3)

x (T (p1 + pa + p3)TH4" (pa)) + (34) + (24)]
+ [zcal Aﬂ]uzvz(pz) (Tkﬁl (Pl + pz)T“3U3 (p3)T“4”4(ﬁ4))

+(23) + (24)] }

TSI (”‘)[<W2(”1 + PO TH (p3)THY ()

+(23) + (24)]- (9.43)
This contribution in d = 4 manifests some divergences due
to the presence of the 3- and 2-point functions on its rhs.

A similar equation holds for the counterterm in (5.11), which
can be decomposed as well into the transverse-traceless part

and the longitudinal one. The contribution that renormalises
(9.43) is
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(Ut (PO T2 (p2) THY ()T (54)) e
=TIy (Pl){ [4 B 2R (pa, p3)

X (T*1(py + pa + p3) T (5a)) couns + (34) + (24)]

+ [2 C 5,2 (p2) (TP (pr + p) T (p) T ™ (5a)) count

+(23) + (24)] }

_ Hiv
@ " 2]

X [(T‘””z(m + p) T (p) T (P4)) couns + (23) + (24)]

8d—-4)u* V) U3 V3 U4 V.
%ﬂ/uul (p1):b [\/_—gcz]uz 213V3 4V (72, P32 pa)
+ b [\/ng]uzwltsmmm (p2, p3. P4)} (944)

where we have taken into account the definition (4.8). It is
worth mentioning that, as for the 1/¢ Vg counterterm, near
d = 4 one has to use the analogous expansion of the d-
dimensional counterterms for V2

H1VI U2 V2 U3 V3 L4 V4 —
Vel (p1, p2, p3, P4)

~ [Vg;“””“”““”“(pl, P2. 3. ;m}

A1V L2 V2 U3 V3 A4 V4
+eVo

d=4

(p1, P2, P3, P4) (9.45)

and the expansion of the extra term present in (9.44), for
instance, gives

8d—4dHu*
(d—1e

+ b [V=g ]2 (py, p4>}

T (m){b [V=gC?] 2 (pa, p3, pa)

8
~ <p1>{b [v=8C?]" 5% (s, ps, pa)

+ b [J=gE]""E (py, p, p4)} +0().  (9.46)

After adding the counterterms to the bare correlator and
expanding around d = 4 we obtain

+ (t[“' Vi TH2v2 T H3V3 Tu4v4)
oc

bare

MIVEm (V2 7 [A3V3 T A4 V4
|:(tloc T T T ) Count]
d—4
(d=4)
anomaly

(9.47)

— <tllf)i-w TH2v2 T H3V3 T#4V4>(I;l;4) + <tllf)i-w TH2v2 T H3V3 T/L4V4>

with the inclusion of an extra anomalous contribution in
the final expression. In particular, this contribution takes the
explicit form

HVE g vy o p3v3 o pavg y (d=4)
(tloc T T T >anomaly

81" (p1) _
= 3 AVRRISISISY (D), p3, pa)

+Z4 " (p1)
[2€°05 " (p2) (T (p1 + P T (DT (54))aomaty
+(23) + (24)]

2
_
37 (p1)
[ (T2 (p1 + p) T (p)T"™ (P4 anomaty

+(23) + (24)]- (9.48)

It is worth noticing that the anomaly of the 3-point function
(9.35) contributes to the anomaly part of the 4-point function
in (9.48), as expected. The same equation can be written in
the simpler form

(d=4)

HAVL 7 (2 V2 o U3 V3 7 (L4 V4
<tloc T T T >an0maly

T (py)
3
(T (p1)TH"2"2(p2)TH3" (p3)THA™ (ﬁ4)>anomaly
+Z5" (p1) p1g,

(Tﬂllﬂl (pl)TP‘ZVZ (pz)T”‘w3 (p3)T#4v4 (ﬁ4)>anomaly
(9.49)

with

(T(pT"2" (p2)TH3" (p3) TH*™ (Pa)) anomaty
= Sy (TH (PO T2 (p2)TH (p3) TH™ (P4)) anomaty
— 8./4”21)2#3”3#4\)4([)2, 1737 [34)
= 2(T""2(p1 + p) T3 (p3) TH™ (P1)) anomay
= 2(T""2(p) T3 (p1 + p3)TH™ (P2)) anomay
= 2(T"22 (p) T3 (p3) TH™ (p1 + Pa)) anomaty »  (9-50)

and

pig (TP (pD)TH "2 (p2) T3 (p3) T (54)) anomaty
=2C",,5""(p2)

(T)Lﬁl (p1+ IJZ)TMSU3 (p3)TM4V4 (ﬁ4)>anomaly

+ (23) + (24), 9.51)
having taken into account the anomaly part of the 3-point
function defined in (9.36).

We proceed by studying the other local terms of the correlator
that are responsible for the generation of extra contributions
to its renormalized expression, thereby contributing to the
anomaly in d = 4. These are a term with two and three #,,
contributions

@ Springer



740 Page 34 of 44

Eur. Phys. J. C (2021) 81:740

loc loc

M1VL JU2V2 (U3 V3 g A4 V4
|:<t tloc r r >bare

M1V H2V2 o (U3 V3 o L4 V4
+ ([ lluc r T )count ]
—

VL 2V 3 vy e g vg o (d=4) VL J42V2 3 13 o pag vg\ (d=4)
_<loc Lo r r >Ren +(tloc Yoe r T )anumaly

(9.52)

where

(d=4
(ol (PO (P2 T () TH (pa)) )

= 2T () T (p1) papnC™ 15,27 (p2)
x (T (p1 + p2) TV (p3) T (P4)) anom

1
3 " (p1) 22 (p2) pig,

+
X [ =2 (TP (py + p2) T (p3)TH"* (P4)) anom

8 ATPUBIIA (s p4)] + (12)}

8
+ T (ppme (pz){8a2ﬁ2 ARSI () | p3, pa)
— APV (3 p) — AP3VEAY (D) + p3, pg)

_ AM3”3“4V4(P3, p1 +p4)}, (953)

that can be re-expressed as

d=4
(et (P02 ()T () T (pa)) b

_ 7MY (py) w22 (po)
3 3
x (T (p1)T (p2)TH3"3 (p3)TM4v4(ﬁ4))anamaly
+ 207 (p) I (1) p2g, P1gy
X (TP (p) TP (p2) T (p3) T (D)) amom
w22 (py)
+Zy " (p1) 3 P
X (To”ﬂl (pT (p2)TH3" (P3)Tu4v4(ﬁ4))an0maly
N 71“1”;(171)

X (T (p)T*P2 (p) T (p3)T™ " (54)) anomaty -
(9.54)

02" (p2) pag,

In a similar fashion, the terms involving three f;,. will con-
tribute as

loc ‘loc loc

HIVL JA2V2  JU3V3 o a4 v
|:(t ! tloc T >bare

JA1VL A2V (JA3V3 A g Vg
+ <tloc tl()(? ! T )caunt] 4

[ HIVE H2V2 [13V3 g (d=4) HIVI (2V2  [43V3 o pigvg\ (d=4)
_(Ioc Tioc oc r )Ren +<tloc Yoc loc T )armmaly

(9.55)
with

(d=4)

anomaly

(Toe  (PDGge > (P)Mge > (p3) T (pa))
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I

X | p2p, Calm‘hh (p2) APV (py + o, p4)]

(PO L5 (p2) 73 (p3)

+ (13) + (23)}

8
+14—

5 " (p)T 2 (p2) w3 (p3)

x | pig, 80!2/32 Aalﬁla2ﬁ2M4V4(p1’ D2, Pa)

— pip AP (b1 py)
— pig, AMPUYA (D1 4 ps, pa)

— pigy AP (py, py + p4)] +(12) + (13)}

8
+ > T (p)T 22 (o) T3 (p3)

x { Sanfy Saus py ACP2XPI4Y () b3 py)

_ 50:3;33 Aa3ﬂ3u4\)4(p37 P4)
— Saypy ABPIY (b p3, pa)

— Baypy AP (p3, py + p4)} (9.56)

that we rewrite in the form

d=4
(et (PO () () T (pa))

B TV (pr) TH2V2 (py) T3V (p3)
B 3 3 3
x (T (pOT (p)T (p3)T"**(P4)) anomaty

u3v3
+ { " (p1) I (pz)%(m
) (TP (p)TP2(p2) T (p3)T™*"* (54)) anomaty
+(13) + (23)}

TH22(po) w33 (p3)
+ {Iéf]”” (p1) 3 u 3 b P

« (T(Xlﬁl (pl)T(pz)T(pg)Tﬂ4v4(ﬁ4)>anomaly

+(12)+(13)}. 9.57)

Finally, the last term that involves four insertions of the oper-
ator f;,., after renormalization takes the form

M1V M2V JA3V3 L4 V4 A1V JA2V2 A3V3 L4 V4
|:(tloc tloc tloc tloc >bare+(tloc tloc tloc tloc >countj|z 4
d—

[ HIVI Hava 133 pavs (d=4) H1VI H2Va [13V3 [avs\ (d=4)
- (tl()(r tl()c tl()c tloc >Ren + <tloc tlac tlac tlnc )anomaly’

(9.58)
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generating an extra term that contributes to the anomaly part
of the full correlator as

V] 2V (3V3 4 Vg (d=4)
<tloc tloc tloc tloc )anomaly

8
- {§Iéﬁ'”‘(Pl)fé‘zm(l?z)ﬂ“3”3 (p3) T4 (pa)

x| popy 15 2P (p2) Sagps AP1P (1 + o, p4)]

+(I3)+@23)+(14) + (24) + (13)(24)}

8
457 Za " (0 T (p2) Y (p3) Y (pa)

X | P18y SarprBasps A P12PBE3 by pa, p3)

— Dig 50!3;33 Aa1ﬁ1a3ﬂ3 (p1. p3)
— D1y Saspy AP1F (py, p3 + pa)

— 1By Sazps AP (py + py, pa)]
+am+a$+a®}

8
to T (py) w22 (po) w33 (p3) w4 (pa)

% [8“2525a3ﬂ35a4ﬁ4Aa2ﬁ 203630454 (py | p3, pa)
- 8062!‘3260!4/34-’4‘12/32“4/34(171 + p2, p4a)
- 80!2;9280!4;‘34“4“2/32“4/34 (p2, p1 + pa)

— Bay 30y s AP (p1 + s, p4):|. 9.59)

It can be re-expressed as

HIVL H2V2  13V3 (avy (d=4)
(tloc tloc tloc tlac )anomaly

_ N (py) w2 (pa) w3 (ps) M (pa)
3 3 3 3

X (T(Pl)T(PZ)T(p3)T(ﬁ4)>anomaly
T3V (p3) THA(py)
+ {Iéfl‘”‘ (p1) ZH2" (p2) 3 3 Pis P

% (Totlﬁl (pl)T“2ﬁ2 (p)T (p3)T (P4)) anomaly

+13)+ 23)+ (14 + (24) + (13)(24)}

w2 (pa) wHY (p3) w4 (pa)
3 3 3 e

x (Tﬂtlﬂl (pl)T(pz)T(]B)T([54))anomaly

+{wmwn

+(12)+(13)+(14)}. (9.60)

In summary we have obtained for the renormalized 4T the
general expression

[ (THWV1 TRV TH3V3 me)bare + (THIV T H2V2 T3V Tlt4v4)wum :|
d—4

= (THIVI TR TH3vs TM4V4>§?=4) 4 (THV TH2V2 TH3Y3 TM4V4>(d=4>
en

anomaly

9.61)

where the anomaly part can be identified using all the results
presented above as

- d=4
(THT ()T (pa) T (p3) T4 (54)) oty

_ L (d=4
= [ (1o (P T2 (pp) TH3Y3 (p3) TH4™ (P4));n0m)a,y

+(12)+(13)+(14)}

_ L (d=4)
- [ (o (ptE? (p2) THY (P3)T“4”4(P4))£m0maly

+A3)+AH+2H+2H+A 3)(24):|

— d=4
+[Uﬂ”@ﬂ%?%mﬁﬁ”@ﬁT“”@Mﬁwéw

+U®+Q®+6®]

_ L (d=d
— (I (O (PR (p3)ted™ (P) anomaty -

(9.62)

We have shown how the anomaly part of the 4T is extracted
through the procedure of renormalization. It is clear from
this procedure that such component is exactly the one pre-
dicted by the 4-dimensional reconstruction method, using the
anomalous Ward identities.

9.5 Summary

In summary, we write the anomaly part of the correlator in
the form

= d=4
(THY (p1)TH2"2 () T3 (p3) T (5a)) Sromnty

= (TH (pl)Tﬂzvz(pz)TMSVS(p3)TM4U4([‘,4)>p01”
+(TH*M (p])Tp‘zvz(pz)Tﬂ}lB(P3)T#4V4(154)>O—residue
(9.63)

where the first contribution is anomalous (Weyl-variant) and
the second one is traceless

Sivi (TH™Y (p)TH2"2 (po) TH3 (p3) THA™ (P4))0—residue
=0, i=1,2,3,4 (9.64)

We call it the “zero residue” or the “zero trace” (0T) part,
since the operation of tracing the anomalous part removes the
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anomaly pole in the bilinear mixing terms, leaving a residue
which is proportional to the anomaly. This part carries no
pole.

This contribution is explicitly given by the expression

(TH™YY (p)TH2"2 (p2) TH (p3) TH™ (P4))o_residue =
=IK"M (p1) pigy
(TOtlﬁl (pl)THZVZ (pZ)TM3V3 (p3)TM'4U4 (ﬁ4)>un()nluly + (perm)

- {[I[;;“Z (p2) Zy" (p1) P2g, P1py

x (TP (p) TP (p2) T (p3) T ™ (P4)) anom

T2 (p)
3

x (TP (pT (P) T (p3) T*™ (Pa)anomaty
Fidatie! (Pl)
T3

X (T (p)T*P2(p2) T (p3) T** (54)) anomaly ] + <perm.)}

+ IV (py)

T2 (p2) pag,

MH3V3
+ { [Igl'”' (p1) ZL2" (pz)%(p”

x (TP (p ) TP (py) T (p3) TH4Y (P4))anomaly
+ (13) + (23)] + (perm.)

71-#2\)2( ) ﬂ-ﬂfﬁ‘)}
I [Igl,u, (1) - D2 3(1!73) i,

X AT (pOT (P)T (P)T"*™ () anomaty

+ (12) + (13):| + (perm.)}

TH3V3 T[;L4V4 )
- {Igll”l (p1) ZL2(p2) 3(173) 3(p4

(TP (p) TP (P)T (p3)T (P4)) anomaty

P18 P2B,

+13)+(23) +14) + (24) + (13)(24)}

TH22(py) w3V (p3) w4 (pa)
- {I({jl‘”' (p1) 3 3 3 Plg

x (Talﬂl (pl)T(pz)T(p3)T(ﬁ4))anomaly

+(12)+(13) + (14)}. (9.65)

On the other hand, the anomaly part is then explicitly given
as

(Tﬂl VI (Pl )TMZVZ (PZ)TM‘)} (PS) THavs (]54)>poles

null)l(pl) ) —
=3 (T(p)TH"2"2 (p) T3 (p3)T"™ (Pa)) anomaty
THIvVI 22
+ (perm.) — (p1) (p2)

3 3
X AT (pOT (p2) T3 (p3)TH (pa)) anomary + (perm.)
TV (py) 22 (pa) 3% (p2)
3 3 3
X AT (pOT (p2)T (p3)T"*™ (Pa)) anomaty + (perm.)
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T (py) T (pa) T (p3) T (pa)
3 3 3 3
X AT (pOT (p2)T (p3)T (P4)) anomaly -

(9.66)

The picture that emerges from our analysis is shown in Fig. 3,
which generalizes the case of the 3T, with the inclusion of one
extra bilinear graviton- spin-0 mixing term on the external
legs.

However, we have shown though, that differently from the
3T, in the 4T there is an extra, Weyl-invariant component in
S that is also predicted by the reconstruction. It is also clear
why this component is not present in the 3T.

Our result for the anomaly action, as predicted by the CWIs,
can then be collected into the form

Sa =fd4x1d4x2(T-h(x1)T-h(xz))
+ / d*x1d*ud 33 (T - hG)T - hG)T - h(x3)) pote
+/d4x1d4xzd4X3d4X4

x ((T - h(x)T - h(x)T - h(x3)T - h(x4)) pole

HT - h(x)T - h(x)T - h(x3)T - h(xa))or) . (9.67)

where we have also included the (complete) T T, plus the
extra traceless (0T) term appearing in the 4T, as identified in
(9.65).

It is quite clear from (9.67) that S4 can be organized at each
order in the expansion in the gravitational fluctuations /%, in
terms of pole parts and of traceless contributions. In principle,
all the traceless contributions can be omitted from the defi-
nition of S4 and the entire result can be expressed uniquely
in terms of contributions affected by bilinear mixings (pole)
terms, but this is matter of convention. The “true” and unique
anomaly action can be defined only by the exact evaluation of
the functional expansion which defines the complete effec-
tive action S(g) of which Sy is part.

Obviously, the key feature of S4 lays in its specific pole
structure, which is characterised by the insertion of multiple
RO~ operators. As we have emphasized at various stages
in this work, we don’t allow massless tadpoles in our regu-
larization scheme, and the linear terms in /2, which otherwise
would be present and dominant at the Planck scale, in a flat
background are absent. These terms would be phenomeno-
logically important if one were interested in extending our
analysis to the cosmological case.

For instance, one possible application would be to determine
the contribution of the conformal anomaly both in the early
and late stages of the cosmological evolution, addressing the
issue of the dark energy dominance of its more recent epochs.
This can be performed using an extension of this procedure to
more general backgrounds, starting from the Weyl-flat case.
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Fig. 3 The Weyl-variant contributions from S4 to the renormalized vertex for the 4T with the corresponding bilinear mixings in d = 4

The structure of the traceless contributions beyond the fourth
order, induced by the CWIs at the level of the 5T and higher,
can be worked out order by order, following the approach that
we have illustrated, as we are going to describe in a related
work.

Being the analysis formulated in the Euclidean case, it is
clear that the extension of our result to Minkowski space
requires an analytic continuation. It is quite obvious, though,
that such continuation is trivial, since the residues at each
pole are just polynomial in momentum space and do not
involve any branch cut. The residues computed at each pole,
for any nT, are just given by anomaly polynomials, obtained
by functional differentiations of the anomaly functional to
arbitrary high orders.

The logarithmic contributions which are part of the structure
of the anomaly action, as shown in the case of the 3T, using
the free field theory analysis, contribute only to the Weyl-
invariant part of the effective action [27].

It is then clear that S4 predicts the emergence of intermediate
massless states coupled to such anomaly polynomials. The
entire anomaly action then appears to be quite simple, and
can be identified in a very direct way.

10 Conclusions and perspectives

In this work we have shown that a previous analysis of the 3T
vertex, in which some special features of the anomaly action,
emerging at O (h?) in the gravitational fluctuations, had been
identified, can be extended to the 4-graviton vertex 4T. This
result has been obtained exclusively by relying on a careful
analysis of the CWIs that such correlators have to satisfy.
For this purpose, we have extended to the 4T the longitudi-
nal/transverse decomposition, introduced in the case of the
3T, which is ideal for a detailed analysis of the conformal
constraints.

The method that we have presented is general, and can be
extended, as we are going to show in a separate work, to any
order and, in principle, to any dimension, with the inclusion
of the corresponding counterterm Lagrangian. We demon-
strated that these results can be obtained without the need to
proceed with a complete analysis of all the form factors which
appear in the transverse traceless sector of such correlator.
‘We have shown that the anomaly action carries a very specific
signature of the breaking of the conformal symmetry by the

conformal anomaly, in agreement with a former analysis of
the same action at cubic level. Respect to the case of the 3T,
the solution of the conformal constraints, in the 4T, induces
a new traceless component in its expression, summarised in
Fig. 3.

There are several possible implications of these results, espe-
cially in the search for some key phenomenological signa-
tures of the breaking of the conformal symmetry, which could
be tested at experimental level. For example, several recent
studies, involving the nonlocal Riegert action, have investi-
gated this phenomenon in quite diverse areas such as in the
production of gravitational waves [52] as well as in Dirac
and Weyl semimetals [53-55].

Here we have presented a general approach in order to iden-
tify the structure of S4 which avoids the variational solution
of the anomaly equation. It can be used, for instance, to inves-
tigate the analogies and the differences among various types
of anomaly actions, derived by independents methods.

Our method can be generalized in several directions, for
instance by considering metric fluctuations around a con-
formally flat space, where the dynamics of the dilaton on the
renormalization process should emerge more clearly com-
pared to the case discussed here. It would also be interesting
to compare our results with those predicted by the nonlo-
cal anomaly action [17]. We hope to address some of these
important issues in future work.
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cated otherwise in a credit line to the material. If material is not
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@ Springer



740 Page 38 of 44

Eur. Phys. J. C (2021) 81:740

use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP3.

A Contact terms

Contact terms generated by 4th variation of a fundamental
action are generated in the form

34
<58(d)5g(0)5g(b)58(a) >

1 83T (a) >
= — d _—
VW%@@@@M@
5 T(a)
+8ﬂm¢@@g@mwam@b%5(@>

1 8T
+gg(b)\/dg(d)g(d)5(b,a)5(d,b)< (a)>

dg(c)
X 5T
+ gg(c)\/@g(dﬁ(‘* )3(d, ©) < 5 gEZ))>

1

+3vded)g(d)sb, a)d(c, bys(c, b)d(d, b)(T (a))
1

T3V dg(c)g(c)8(b, a)d(c, b)d(d, b)s(d, b)(T (a))
1

+38(b)vde(©)d (b, a)d(c. b)o(d, c)s(d, c)(T (a))

1 82T (a) >
—/de(b)g(b)s (b, _
+ ngm<a%80@w
2
+ J@@g@wwa% 3TW)>
—+—¢dgdm«nad¢w<—f—ﬁﬁ—>
4 55(b)sg(c)

g(b)é g(d)
1
+ 168 (P)8(0)vdeld)g(d)s b, a)dic, b)o(d, )T (a))

5 T(a)

dg(d) >

+ X Jae®)sb. a)s(d, bys(d, b) <5 T(“)>
4 dg(c)

5 T(a)

8 g(b)>

+%¢a%maaaw«;muab%

+ %@5(@ a)8(d, c)s(d, c)<

+ %,/dg(b)a(b, a)8(c, b)s(d, b)s(d, c)(T (a))s(d, c, b).
(A1)

In the flat limit we obtain

84S
dg(a)dg(b)dg(c)dg(d)
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— +Lsbss(b. aysic. b) <8 T(“)>
8 Sg(d)
S T(a)
3g(c) >
5 T(a)
dg(D) >

1 bod
+ 287095, )8(d, b)

1
+ §5d8c6(c,a)8(d, c)<

+ %S(b, a)s(c, b)s(c, b) <8 T(“)>

8g(d)

F) T(a)>

8 g(o)

B T(a)>
dg(b)

+ %S(b, a)d(d, b)s(d,b)<

+ ié(c a)d(d, c)s(d, )<

2
+ lgd(g(d, a) <ﬂ>

4 dg(b)é g(c)
1., 82T (a)
s S(C’a)<6g<b>ag(d>>

2
+i8b5(b,a)< 3T >

3g(c)é g(d)

3
%_:!EL_) A2)
2 \8g(0)53(0)53(d)

A.1 Construction of a new (n-p) basis

In d = 4 we may construct a new orthogonal four-vector n*
using the completely antisymmetric € tensor and three of the
four external momenta in the form

nt = €“aﬂypl,apz,ﬁp3,y- (A3)

Discussions of this basis can be found in [11,30,50]. We will
refer to this basis as to the n-p basis. Notice that this basis is
the direct generalization of the orthogonalization procedure
in d = 3 of the usual external product of two 3-vectors a, b
in Euclidean space n = a x b. In the process of renormal-
ization, the §*V is taken as an independent symmetric ten-
sor, along with the external momenta, which appears in the
covariant expansion of the form factors for a generic d. After
removing the singularities by the relevant counterterms, hav-
ing performed all the contractions in d dimensions and having
obtained a finite expression, we can dimensionally reduced
the indices of all the tensor components to d = 4. This reduc-
tion allows us to use the n-p basis as a basis of expansion.
Notice that such simplifications are possible if we have in d
dimensions at least d — 1 independent external momenta in
a correlation function. For instance, in d = 3, this simpli-
fication starts in the expansion of 3-point functions, and in
d = 4 from 4-point functions.
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We are allowed to use this basis in order to expand §*” in
the form

4
s =" pl Pz i, (A4)
iJ

where (Z71); is the inverse of the Gram matrix, defined as
Z=Ipi- pj]szl. In our case we have:

p} pi-p2pi-p3 0

2
. . 0
p2-p1 Py P2 2173 (AS5)
p3-pip3-p2 p3 O
0 0 0 n?

The zero entries in the matrix above come from the orthonor-
mality relation between the vector n* and the momenta. We
also have

n? = —pipip3 + pi(pa- p3)? + p3(p1 - p3)?

+p3(p1 - p2)* —2p1 - p2p1 - P3p2 - P3- (A.6)

This implies that when the transverse-traceless projec-
tor gets contracted with two vectors n#, will generate a
term whose tensorial structure involves two of the external

B . . .
momenta, such as pf‘j P;  in the expression above, with the
related scalar factors.

B Trace relations

An analysis similar to that discussed for (3.35) can be per-
formed for the traces of the third functional derivatives of Vg
in d dimensions. One finds, expanding the lhs of (3.30)

881 (kD) VA (x1)87 (x3 — x1)87 (x2 — x1)
+ 881303 (43) 8y (118 (x1 — x2) V" (1, x3)
+ 88410, (X1)8puamy (12)8 (x1 — x3) V1122 (x1, x2)
+ 88410, (X1) 8wy (12)8 (x2 — x3) V22 (x, x)

JLIVI A2 V2 A3 V!
+8gu3\)3(x3)guzvz(x2)g;L1v1 (-xl)VE] 1P 3(X1,)C2,X3)

= &3/g(xD E ()8 (x1 — x2)89 (x2 — x3). (B.1)

By going to the flat limit and using (3.35) one obtains

d d d U1V 2 V2 U3V
8,U-|V28M2U28M3\13VE1 HERIEE = 0. (B.2)
Moving to the fourth derivative we have:

1) ) 8 1)
30 (x4) 80 (x3) 8o (x2) do (x1)
= &' /ZES (x1 — x2)8Y (x3 —x)8% (2 —x3)  (B.3)

Expanding the 1.h.s of (B.3) we get

168,00, (XD VE (x1)89 (x4 — x1)89 (x5 — x1)89 (x2 — x1)

+ 168140, (Xa) 8o (x1) Vi 4 (1, xg)

x 84 (x) — x2)8% (x1 — x3)

+ 168,010, (X1 8z (x3) VM (1, x3)

x (89(x1 — x4)89 (x1 — x2) + 8 (x1 — x2)8% (x3 — x4))
+ 1680101 (X1)&uavy (x2) Vi 22 (x1, x2)

x (89 (x1 — x3)8 (x2 — x4) + 89 (x1 — x3)8% (x1 — x4)
+ 89 (2 — x3)8% (x2 — x4) 4+ 8 (x2 — x3)87 (x1 — x4))
+ 168140, (X4) 81303 (¥3) 8y vy (X1)

x Vll;wmzvzmw (xl,JC3,X4)8d(x1 —x2)
+ 168,40, (¥4) 8iavs (X2) €11y (X1)

% Vglvmzvzmv} (x1, X2, X4)(6d(x1 — x3)
+8%(xy — x3))

+ 1681305 (X3) 8upvy (¥2) 81y vy (X1)

x Vglvmszsw (Xl,xz, X4)(8d(x1 _ x4)
+89(xa — x3) + 89 (x3 — x4))

+ 1681150 (54) 8133 (¥3) uavy (¥2) 81wy (X1)
x Vll;lvmszsvzuwzt (xl’ X2, X3, X4)

=" JEST (x] — x2)8%(x2 — x3)89 (x5 — x4).  (B.4)

By going to the flat limit and using (3.35) and (B.2) one
obtains

Vglvmzvzmvwwt —0. (B.5)

d od od <d
8,“1 V2 6#2 V2 5#3 V3 8“4 V4
This analysis can be extended to any n, yielding zero for all
the fully traced functional derivatives of V. Notice that in
(3.31) we have used only Weyl variations, which combine
changes in the metric accompanied by contractions, as clear

from (3.32).
C Definitions

The Christoffel symbols are

1
rfw(x) = ngk () (38 + dgu — dcguv)- (C.1)
Our definition of the Riemann tensor is
R* v = 0Ty — 3Ty + Thu Tl — Ty Tl (C2)

The Ricci tensor is defined by the contraction R, = R* AV
and the scalar curvature by R = g""Ry,,.
The traceless part of the Riemann tensor in d dimension is
the Weyl tensor.

The functional variations with respect to the metric tensor
are computed using the relations

1 1
SV=g ==V 8 2up g™ 8V=g=v=g8" Sgup
51" = —g"*g" 8gup.-
(C3)

38y = —&uagvp 8gaﬁ
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The following structure has been repeatedly used throughout
the calculations

_ %@

1
s 8(z, x) = Sgys(x) 2 67767 + %857 ] 8(z. x).
14

(C4)

Another useful quantity is:

[\/__g]l'LlVIHZVZ —

_%gulvzguzw + igmvlguzvz

1
_Zglllllzgvlvz (C.S)

Regarding the derivatives of the Christoffel symbols we get,
in the flat space limit:

[Tg, 1" (p2)
i
_ _ESQK <8;M28,32)p2,x + 5)((#23/\(12)192’}3 _ 5/(5#28;2)p2,,()
= 8% [Tupy "2 (p2), (C.6)

[ng]uszm (P27 Ps)

= [g% 122 [T 5 1M (p3) + [ 133 [T 1122 (p2),
(C.7)

[T, 1272515 (o, p3, pa)
= [g™ "2 M Fp 2™ (p3)
+ [g“”]“2”2“3v3 [I:Kﬂ)( ]M4V4 (p4)

+ [g¥< VIV [T 5 14272 (). (C.8)

The above notation can be understood as follows:
[F%{X]/L2V2~~~ann (p27 ey pn)

§ 51T, (1) |
agunun Xn) ... ‘Sguzvz (x2) =3

(C.9)
Also we have defined (in the flat space-time limit)
g pnnss 2 gomgongians 4 Loy

+ l(gavz(gKﬂsgﬂzw + 180111438/(1)28;1,2\)3

+ 18"‘”38"“28“3“2

+ lglngwa SH3V2 180(#381611.28112\)3

+ L gema g guavs | (C.10)

Using the above we can compute the derivatives of the Rie-
mann, Ricci and the scalar curvature. Up to second derivative
the expressions can be found at [27]. For our convenience, we

@ Springer

reproduce the formulae here. In order to simplify the nota-
tion, we introduce the tensor components

AMIVILY — spivi gy o st grv
BHIVILY — giivi gy si(i1 gvi)v
CHIVIK2V2 LY — S gv) (2 gv2)v + Sz gv2) (1 gr)v
CHivikava v — si(pn gv) (2 gva)v
DHIVIR2 Y — sVt gi(p2 gv2)v + Shava s gvi)v
EMIVIHIVILY — SHIVI BRIVIIY 4 CHIVIH2V2IY
Fo1omy — 3011[/L5U]062
Foreany — 80(1(1)5/1)0!2
Foe = {1592
GHviapy — sulvgenl(ur guer o genlas svl(un gy
HHIVIH2VICI QoY — AMIVIHO P2 V2V00 A H2V2I F VIO
JHIVIH2VGIQI Y — [V HHOTVa2U2VY %5111#30!21/14#1111#21)2’

(C.11)

where we indicate with the circle brackets the symmetriza-
tion of the indices and with the square brackets the anti-
symmetrization of the indices, as follows

Sl gvv — 1<3MM18V1V + §H 5M1V)
2

sulur gvilv — l

= <5W15“1“ - 5%“15/““). (C.12)

The metric variation are consider in the flat space-time limit
and the first variation of the square of the metric, Riemann,
Ricci and the scalar curvature are given as

/o |HivVi l i Vi
[ g] - 28
. 1 b o
[Ruavs]™" (pi) = 5 (53“ 8 pip piv + 84165 pia pip
— 84453 pia piv — 8381 piy Piﬁ)
iVi 1 PRPTH PPOTH
[R/Lowﬁ]“ (pi) = 5 <5a(/u§v1)ﬂ pll} ply _,_(gu(m(gvt)v p;" pf

— silui gvidB p;" pz!) — i gviv pzl'L plﬁ>
HiVi 1 (i gvi) 1,2 mivi
[R;w] (Pi)=§ 8,18, pit + 85 piy piv

= p"8 piv — piisL) pm>

(R ] (pi) = 5 (5“("'6“’)” p; + 8" pl p}

. pi(lti(svi)u ply B plgui(gvi)v le>
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(R (pi) = <8‘“”" i —p" Pivi)>

[OR]"" (pi) = p} (pf’“pf") — s P?>~ C13)

Their second variations can be calculated in the form

[Rﬁ ]H]V]HZVZ

vpo

(p1> p2)

1 - ~ ~ ~
= [ = 5 PP po (FE2 pap + L2 o = FU™ pac)

2
1 FHIVIH2V2 B FLiviBe fpuavy
- E(C p P2 —F Fl2" pac) pas
1, -~ ~ ~
= Z(FL pio + L3 pro = FAY pro)

% (ﬁ#zvzﬂa P2y + ﬁltzvzf pgt _ ﬁﬂzvzg 17/23)] — (0 <)
[R,u,vpo':lu'lUluﬁzv2 (p1, p2)
— Séulagl)[Rﬁvpa]uzvz(pz) + 5uﬁ[Rﬁupo]mvlmvz(Pl, )

(C.14)
[RHVPO)E (| po)
_ 6"“’3’%8”7’[R“aﬁy]mvlmvz(pl, )
_ (8‘1(“'8‘)')”8/3'05”)/ + Savsﬁ(ﬂlgw)ﬂaﬂ}’
+ 3“”5ﬁp8“(“18v1)y)[R /3])/)(7]/"2”2 (p2) (C.15)

[RVO]MIUIILZVZ(pI , p2)

1~ 1
= —— Friviien (PlapZu - EPIUPZU + p2vp2cr)

1

- Zauzvz (Fé“}”‘ pio + FA Plv) 123

1, -
+ E(Cﬂlvmzvzé » P2 + CH1vipzvae€ " P2u)

1 -
X (p1+ p2)e + 5 FU3FL b pl
1

zﬁéﬁzvz FMY1%P (py + p2)a pap
1

- 1 ~
_ 5 (CMIVIMZVZ o — 53#2]}2 Flffylvl) p1-p2  (C.16)

[Rva]mvwzvz (p1, p2)

— (Svaao'ﬁ[Raﬂ]MlVIMZVZ(pl , pZ)

_ (3”(#151)1)0!50/3 + 5110150(#15111)/3)[Raﬂ]”2"2(p2)
(C.17)

[R]“"% (p1. pa)
— (2 1 . ) L1V 2V
= <p2 + P P2 F
1
+ ZAMIWMW L D2

+ émvmzvzaﬂ (pla “+ 2[7201)172!9
_ §hav2 praviep (P1a + P2a) P2p

+ %6‘#2”2#1”10‘,5 PlaD2p (C.18)

[OR]“"™(p1, pa)

~ 3
= pranien [P%(m +p2)* + E(P% + i Pz)]

1 ~
+ S8R (py - po) oy pag

|
— 82 (py - pz)[(m +p2)* = p1- Pz}

+ 8122 P by (1 + p2)g [(pl +p2)? + Pg}

— Frav2o ) pag FF1Y78 py (1 + pa)s
—(p1 + p2)2 CHavipavop

1
X [szapzﬁ + Plap2g + 2P2aplﬁ]- (C.19)

For the third derivatives the expressions can be written as

[Rg, 1271314 (pa, p3, pa)
= i(p2 + p3 + pa)s[Tg, 1127213315 (py, p3, pa)
—i(p2+ p3 + pa) x (T35 (pa, p3, pa)
+ [T, 142214% (pa, pa)[Ty 137 (p3)
+ [T5, 1137 (p3) [Ty, 1127214 (p2, pa)
— [T, 1222199 (g, py)[T 147 (pa)
— [T, 174" (pa) [T g5 112"2#3% (pa, p3) + permutations.

(C.20)
It follows that
[R'BS]/‘LZV2M3V3H4V4(p2’ D3, pa)
= [Rgs)"2" 1314 (pa, ps, pa) (€21
[R]MZV2M3V3;L4U4 (P2, p3s pa)
= Sﬂa[RﬂS]MUzMsVst(pz’ P3, pa). (C.22)

D Metric variations of the anomaly

From the anomaly functional
Ax) = /=g(x)(b C*(x) + b'E(x)) = /=g (x) x (x)
(D.1)

expanding around a flat space-time and transforming to
momentum space we obtain

[A(p1, p2) V1272 = y (py, po)H1"1H2%2, (D.2)

where

X (p1, pp)VIEaY2 = p[C2JMVIE2 (b po)
+B'[ETMVH22 (py | p)). (D.3)
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The second-order derivatives of the Weyl tensor and the Euler
density in flat space-time are

[Cz]mvmm (p1, p2)

= 2([Rabcd]“1“‘ (p)[RWcd1H272 (py)

— R (POIR 2 ()

+ %[R]Wl (p1[R]2"2 (Pz))

d—2d -1
[E]M1V1M2V2(p1 , p2)

= 2<[Rubcd]“1“‘ (p1)[RPA272 ()

D4

— 4[Rap 1“1 (pIRT272 (py)

+ [R]™ (Pl)[R]MVZ(PZ))- (D.5)

The third derivative of the anomaly is given by

[‘A(pl , P2, pg)]“l VI U2 V243 V3

= [V=e@]“" x(p1, pyr112"

+x(p1, p2, p3)*1VIH22H3Y3 4 permutations,  (D.6)

where

X (D1, pa, p3)/1VIHVIHEVS — pCHHIVIRVILSYS (1) 1y

+B'[EIVIHVSY () po). (D.7)
The derivatives of the relevant tensors are
[CZ]I'LIUIPLZVZM3V3 (p] . D2, p3)
= {[Rabcdw”lm (p1. PDIR™Y3% (p3)
+ [Rabeal™ ()[R (py, p3)
4
— 73 [Rapl" 22 (pr, p)[RT1Y (p3)
4
= 5 Rap 22 ()[R (py p3)
2
+ m[lﬂulvluzvz (Ph p2)[R]M3V3 (P3)
2
+ @ R () RISy, pz)}
+ permutations, (D.8)

and

[E]MIV]M2V2M3V3 (p17 P2, p3)

= {[Rabcdv“”m”(m, P[RWCAIH3V3 (3
+ [Rabeal"2"2 (p2) [RAPCANHIVINVS () | b3

— 4[Rap]™V1H272 (1, po)[ROP1#3%3 (ps3)
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— 4[Rap]"2"2 (p2) [ROCTHIVIHSS (py | p3)
+ [R]#1VHH2Y2(py, p2)[RI*™ (p3)

+ [R1*2V2 (pp) [RIHIVIH33 (py P3)} + permutations.

(D.9)

We also give the fourth-order derivatives of the counterterms.
In compact notation they take the form

[ /?gCz]M1U1M2U2M3V3M4v4(1)1,p2,p3,p4)
= {[Rabcd]“'“l (p1)[ROPCA|H2V213V3 14V () - s py)

+ [Rapeal? 213314V (py, p3, p) RO (py)
+ [Rapeal™ V122 (py, pa)[RWCAVHIV14 (pa | py)

4
— —[RapMV (p1)[R¥PH2V2SV Y4 (1 b3 py)

d—2
_ détfz[Rab]#lvl#z‘}z(p],pz)[Rah]mvw”“ (PS, p4)
— TR (s, p) R (py)
- Wz(d—l)[mw1 (PRI (py . p, pa)
+ m[lﬂ“‘”‘“z”z““"“ (1. P2, PRI (p3)
i WZM—U[R]’“””‘”Z (P1. p2)LRY"H4% (s, p4>}

+ /=gl €] () b3, pa)

+ [/—glrvm22[ €] (pa py) + permutations,
(D.10)

and

[V=g E]"MRISBIY by pa, b3, pa)
= {[Rabcd]“”l (p1)[ROPCA|H2213V314V4 (s - e py)

+ [Rapeal" 213314 (py, p3, pa)[R*P41HV (py)
+ [Rabea*12V2 (py, p2)[RWCCAPVIEYE (3 py)
— 4[Rap) 1V (p1)[ROPH2V2H3 V1Y (Do | p3. )

— 4[Rap]"1"12V2 (py, po)[RUI3V3H4Y (p3, py)

— 4[Rqp]"2 723314 (py | p3, pa)[RP14IY (py)

+ [R1*“VH (p1)[R]F22H3VIRY (py | p3, p4)

+ [RIMIVIF2R2IAY (py | po, pa)[R]M33 (p3)

+ RV (py, pa) [R5 (ps, p4>}

+ [V=gH M [E] I (b, pa, pa)

+ [/—gHivikey [E]H3U3M4v4(p3, p4) + permutations.
(D.11)
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