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ABSTRACT: We present a comprehensive analysis of the implications of conformal invari-
ance for 3-point functions of the stress-energy tensor, conserved currents and scalar op-
erators in general dimension and in momentum space. Our starting point is a novel and
very effective decomposition of tensor correlators which reduces their computation to that
of a number of scalar form factors. For example, the most general 3-point function of a
conserved and traceless stress-energy tensor is determined by only five form factors. Di-
latations and special conformal Ward identities then impose additional conditions on these
form factors. The special conformal Ward identities become a set of first and second order
differential equations, whose general solution is given in terms of integrals involving a prod-
uct of three Bessel functions (‘triple-K integrals’). All in all, the correlators are completely
determined up to a number of constants, in agreement with well-known position space re-
sults. In odd dimensions 3-point functions are finite without renormalisation while in even
dimensions non-trivial renormalisation in required. In this paper we restrict ourselves to
odd dimensions. A comprehensive analysis of renormalisation will be discussed elsewhere.
This paper contains two parts that can be read independently of each other. In the
first part, we explain the method that leads to the solution for the correlators in terms of
triple- K integrals while the second part contains a self-contained presentation of all results.
Readers interested only in results may directly consult the second part of the paper.
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1 Introduction and summary of results

It is well known that conformal invariance imposes strong constraints on correlation func-
tions. In particular, 2- and 3-point functions of the stress-energy tensor, conserved currents
and scalar primary operators are completely determined up to a few constants. The result
for the 3-point function of scalar primary operators already appeared in [1], while the 3-
point function of currents for d = 4 was determined a few years later in [2]. A complete
analysis of all such 3-point functions, and in general dimension, was carried out in [3, 4];
for a sample of more recent work on this topic see also [5-11]. All of these papers obtain
their results through the use position space techniques.

The purpose of this paper is to present the analogous set of results in momentum space.
In principle, the results in momentum space can be obtained from those in position space
by Fourier transform. Typically, however, the position space expressions (in the form often
quoted) are only valid at separated points, and do not possess a Fourier transform prior
to renormalisation.! Even after renormalising, it is technically rather difficult to carry out
explicitly the Fourier transforms, see for example [13]. Here we will present a complete
analysis from first principles of the constraints due to conformal symmetry directly in
momentum space. We believe such an analysis gives considerably more insight into the
results and is interesting in its own right.

A momentum space analysis is natural from the perspective of Feynman diagram
computations, which are usually performed in momentum space. Furthermore, a number
of recent works have exemplified the need for CFT results in momentum space. Our
original motivation for analysing this question was the requirement for these results in our
work on holographic cosmology [14-18], and similar applications of the conformal/de Sitter
symmetry in cosmology have been discussed in [19-25]. Other recent works that contain
explicit computations of CFT correlation functions in momentum space include [13, 26—
29]. Our results may also be useful in the context of work on an a-theorem in diverse
dimensions, see [30] for a relevant discussion in d = 4.

There are two main issues that complicate the analysis of the implications of conformal
invariance in momentum space. While conformal transformations act naturally in position
space, they lead to differential operators in momentum space. Dilatations, dz* = Az¥,
being linear in x* lead to a Ward identity that is a first-order differential equation, and as
such, it is easy to solve in complete generality. Special conformal transformations however
are non-linear, dx* = b*x? — 22#b - x, so after Fourier transform we obtain a Ward identity
that is a second-order differential equation, which makes the analysis more complicated.

The second main issue is the complicated tensorial decomposition required for corre-
lators involving vectors and tensors. We will return to this below, but let us begin by
illustrating the first issue, focusing on the case of the 3-point function of scalar operators
O; of dimension Aj, (O1(p1)O2(p2)O3(p3)). We will discuss this computation in detail in

'For example, the 2-point function (O(x)O(0)) ~ 1/|x|*2 of a scalar operator O of dimension A does
not possess a Fourier transform due to short distance singularities when A =d/2+k, k=0,1,2,.... Only
after renormalisation (using, for example, differential renormalisation [12]) can one Fourier transform this
correlator to momentum space.



section 3, so here we simply summarise the main points. As usual, translational invariance
implies that we can pull out a momentum-conserving delta function,

(01(p1)O2(p2)O3(p3)) = (2m)%(p1 + P2 + P3) {O1(P1) O2(p2) O3(p3)), (1.1)

thereby defining the reduced matrix element which we denote with double brackets. Lorentz
invariance then implies that (O (p1)O2(p2)Os(p3))) is only a function of the magnitude
of the momenta p; = |p;|, while dilatation invariance implies that it is a homogeneous
function of total degree (A; — 2d), where Ay = )" A;.

Finally, we impose invariance under special conformal transformations. The corre-
sponding Ward identities are second-order differential equations which can be manipulated
into the form

0 = K12((O1(p1)O2(p2) O3(p3))) = Ka3{(O1(p1)O2(p2)O3(p3))), (1.2)

where
0?2 d+1-2A; 0
_l’_ —_ Y

A A A" TR
J

i,j=1,2,3. (1.3)
This system of differential equations is precisely that defining Appell’s Fy generalised hy-
pergeometric function of two variables. There are four linearly independent solutions of
these equations but three of them have unphysical singularities at certain values of the mo-
menta leaving one physically acceptable solution. This solution has the following integral
representation, which we will refer to as a triple-K integral:>

{O1(p1)O2(p2) O3(p3)))

d AQ*% Az—2

Ap— &0 d_
= Ciasp; ' *py 2ps 2/0 dz 22 IKAlfg(le)KArg(Pﬂ)KAgfg(Psw)’ (1.4)

where K, (p) is a modified Bessel function of the second kind (or Bessel K function, for
short) and Cja3 is an overall undetermined constant. We thus arrive at the conclusion that
scalar 3-point functions are uniquely determined up to one constant.

This result is still formal, however, since the integral in (1.4) may not converge. De-
pending on the conformal dimensions involved there are three cases: (i) the integral con-
verges; (ii) the integral diverges but it can be defined via analytic continuation in the
spacetime dimension and the conformal dimensions A;; (iii) the integral diverges and ex-
plicit subtractions are necessary. In the last case, after renomalisation, the correlators
exhibit anomalous scaling transformations: the theory suffers from conformal anomalies.
This is analogous to the discussion of 2-point functions (see footnote 1): renormalising the
2-point functions results in conformal anomalies, see, e.g., the discussion in [32].

We now turn to discuss tensorial correlation functions, such as those involving stress-
energy tensors and conserved currents. Lorentz invariance implies that the tensor structure
will be carried by tensors constructed from the momenta p* and the metric 6,,, (throughout

2This expression can also obtained by direct Fourier transform of the well-known position space result,
see e.g., [31].



this paper we work with Euclidean signature). The standard procedure consists of writing
down all possible such independent tensor structures and expressing the correlators as a sum
of these structures, each multiplied by scalar form factor. In the case of correlators involving
conserved currents and/or stress-energy tensors one then imposes the restrictions enforced
by conservation (and tracelessness of the stress-energy tensor in the case of CFTs). Recent
works discussing such a tensor decomposition include [13, 26-28, 30]. This methodology
is in principle straightforward, but an inefficient parametrisation can produce unwieldy
expressions. Here we present a new parametrisation that appears to yield a minimal number
of form factors.

Before proceeding with this, let us briefly discuss the transverse and trace Ward iden-
tities (also known as the diffeomorphism and Weyl Ward identities, respectively). The
fact that classically a current or stress-energy tensor is conserved implies that n-point
functions involving insertions of 9,J% or 9,7%" are semi-local (i.e., at least two points
are coincident) and can be expressed in terms of lower-point functions without such inser-
tions. Similarly, the trace Ward identity implies that correlation functions with insertions
of the trace of the stress-energy tensor are also semi-local and are related to lower-point
functions. The first step in our analysis is to implement these Ward identities. We do
this by providing reconstruction formulae that yield the full 3-point functions involving
stress-energy tensors/currents/scalar operators starting from expressions that are exactly
conserved /traceless. These 3-point functions automatically satisfy the transverse and trace
Ward identities.

To determine the general form of correlators consistent with the transverse and trace
Ward identities, it thus suffices to start from an expression that is exactly conserved/traceless
in all relevant indices. Such an expression may be obtained by means of projection opera-
tors. Recall that in momentum space the operator

P"Pa
p2

mo(P) = 04 — (1.5)

is a projector onto tensors transverse to p, i.e., plﬂréf (p) = 0. Similarly, in d dimensions,
the operator

1
d—1

1 (p) = (7t (p)m5(p) + 7h(R)7E(P) ) — =7 (P)as(P) (1.6)

2

is a projector onto transverse to p, traceless, symmetric tensors of rank two.

To illustrate our discussion we will use as an example the 3-point function of the stress-
energy tensor, (TH171(py)TH2V2(pg)TH33(p3)). This is the most complicated case, but also
perhaps the most interesting one. In the main text we will explain the method using the
simpler example of (T#1¥1(p)TH#22(p9)O(p3)), and in part I we present the corresponding
results for all 3-point functions.

To obtain the most general 3-point function of the stress-energy tensor satisfying the
transverse and trace Ward identities it suffices to start from the following transverse-
traceless expression,

(1 (po)th=2 (p2) '™ (ps))) = 1, (PO, (p2) IR (ps) X roafasta - (1.7)



where X 18102620383 ig 5 rank six tensor built from the momenta and the metric. The com-
plete 3-point function may then be obtained using the reconstruction formula in (9.11.4).

At this point it seems that we have not gained much since we traded a rank six tensor,
the left-hand side of (1.7), with another rank six tensor, X®181@2f2038 This is deceptive,
however, as the explicit projection operators annihilate many of the possible terms that
can appear in X*A1a2020383  To obtain the most economic parametrisation we would still
like to impose one more requirement. The 3-point function is invariant under permutations
of the labels:

(17 (pr)t272 (p2) 1272 (p3) ) = (tH WM (py (1) )t @77 @) (P (2) )7 @7 E) (py(3)))), (1.8)

where o denotes any element of the permutation group Ss of the set {1,2,3}. We would
like to find a parametrisation making this invariance as manifest as possible.

Recall that the reduced matrix elements are multiplied by a momentum-conserving
delta function, as in (1.1). Often one uses momentum conservation to solve for one mo-
mentum in terms of the others, say ps = —(p1 + p2), and then the right-hand side of (1.7)
contains only p; and pe. In doing so, however, one obscures the relation (1.8). Here, we
will instead choose the independent momenta differently for different Lorentz indices:

p1, P2 for pi,v1; po, p3 for ps,vo and ps3, p1 for ps,vs. (1.9)

With this choice, it is straightforward to show that X 1812820383 ig determined by five
form factors:

X Brazfeasfs A1p31p§1p§2p§2p?3pf3

+ Ap6P P pS pa2ptpl + Ag(py < p3) 8PP pSt pltpg2p

+ Aa(ps <> pg)(gﬁlﬁspglpgngzp?g

+ A35a1a256162pt113p1133 + A3(p1 o p3)5a2a355253pg1p§1

+ Ag(pz <_>p3)5a1a35ﬁ1ﬁ3pgzzp§2

+ Agde1e05°2BpiplE 4 Ay(pr > ps)6@1°95°2 pip

+ Ay(pa < p3)derozgoabapiys

1 AP go2bs gaspy (1.10)
where the A; are functions of three variables, A;(p1,p2,ps), and Az(p; <> p3) denotes the
same function but with p; interchanged with ps, i.e., Aa(p1 <> p3) = Aa2(ps3, p2,p1), etc. In
this paper we assume that there are no parity-violating terms in the tensorial decomposition
of the various correlators. It would be interesting to incorporate such terms in our analysis.

We leave this for future work.
The form factors A; and As are Ss-invariant,

Aj(p17p27p3) = Aj(pa(l)apa(Q)apa(3))7 J € {175}7 (111)
while the remaining ones are symmetric under p; <> po, i.e., they satisfy

Aj(p27plap3) = Aj(PhP%PS): .7 € {2’3)4} (112)



Under the action of S3 the first and last terms are invariant on their own, while the three
terms with Ay are mapped to each other and similar for Az and Ajy.
To illustrate the mechanics behind the decomposition (1.10) let us explain why there

no terms with either pi* or ps*. First, note that the index o is linked with the indices 1

1 1

and v via (1.7) and from (1.9) follows that we should only use p]* and p5* when working
out the possible terms (a possible p5' is converted into —(p]* + p3') using momentum
conservation). However, terms containing p{" vanish due to project operator in (1.7).
Repeating this argument for the other indices leads to (1.10).

Thus we find that the most general 3-point function of the stress-energy tensor in any
dimension satisfying the transverse and trace Ward identities is specified by five form fac-
tors. If we relax the condition of Weyl invariance (i.e., if we consider a stress-energy tensor
with non-vanishing trace) then the number of form factors becomes ten, see appendix A.
These results should be compared with those of [30] in d = 4. There, the expansion of
the 3-point function for the conformal case (traceless T),,) is done in terms of 13 tensors,
of which eight are transverse traceless, two are transverse but not traceless, and three are
neither transverse nor traceless. Our reconstruction formula (9.11.4) eliminates the need
to construct a basis for the non-transverse-traceless part of the correlator, while the differ-
ence between the number of transverse traceless tensors is due to the fact that in [30] the
expression is manifestly invariant under p; <> po and not under the full S3 permutation
group. In the non-conformal case, [30] uses 22 tensor structures while we need only ten.

One may be concerned that the form factors so defined are difficult to extract from
explicit computations of correlators, which directly give the entire correlator rather than
the transverse traceless piece with the projection operators extracted. It turns out this
is not the case. The form factors can be simply extracted by looking at the coeflicients
of certain tensor structures in the full correlator. For example, in the case of the 3-point
function of the stress-energy tensor, one can extract the form factors from the following
coefficients of the complete 3-point functions (TH1¥1 (py)TH2"2(po)TH33(p3))):

H1, V1, M2, V2, M3 V3

Ay = coefficient of py' p5' p5*ps?p!®pl®, (1.13)
Ay = 4 - coefficient of §"'"2ph' ph*pi*p}?, (1.14)
Az = 2 - coefficient of §#1H26"172p!?pl3 (1.15)
Ay = 8- coefficient of 0#1#36H2"3pgt ps?, (1.16)

(1.17)

As = 8 - coefficient of §H172§H2V3GH3Y1 |

We are now ready to impose the dilatation and conformal Ward identities. Let us
first define the tensorial dimension IV; of A; to be equal to the number of momenta in the
tensor structure that this form factor multiplies. We use the convention that A; are ordered
according to the tensorial dimension, with the form factor of highest tensorial dimension
being the first one, A;, etc. In the example above, Ny = 6, No =4, N3 = Ny = 2, N5 = 0.
The dilatation Ward identity then implies that the form factors are homogeneous functions

of the momenta of degree
deg(Aj) = At —2d — Nj, (118)

where A; is the sum of the conformal dimensions of the three operators.



All that remains to be discussed are the special conformal Ward identities (CWIs).
These split into a set of second-order differential equations, which we call primary CWIs,
and a set of first-order partial differential equations, which we call secondary CWIs. The
primary CWIs are very similar to the conformal Ward identity found in the case of scalar
operators, (1.3). In particular, Aj, the term of highest tensorial dimension always satis-
fies (1.3), while the terms with lower tensorial dimension satisfy similar equations with
linear inhomogeneous terms on the right-hand side. In the case of the 3-point function of
T).v, these read:

Ki2 A1 =0, Ki3 A1 =0,

Ki2 A2 =0, K13 Ay = 84y,

Ki2 A3 =0, Ki3 A3 = 2A,, (1.19)
Ko Ay = 4[As(p1 <> p3) — Aa(p2 < p3)], Ki3 Ay = —4As(p2 < p3),

Ky A5 = 2 [A4(p2 <> p3) — As(p1 < p3)], Ki3 A5 = 2[Ag — Ag(p1 <> p3)].

It turns out that each pair of primary CWIs has a unique solution up to one arbitrary
constant, and that these solutions can be expressed in terms of triple-K integrals, similar
to the solution in (1.4). We will call these integration constants the primary constants. It
follows that the 3-point functions are determined up to a number of constants that are at
most equal to the number of form factors.

Finally, we need to impose the secondary CWIs. These are first order partial differential
equations that depend in particular on the specific 2-point functions that appear in the
transverse Ward identities. (As discussed above, the transverse Ward identities relate
3-point functions involving the divergence of the stress-energy tensor/conserved current
to 2-point functions.) When inserting the solutions of the primary CWI to the secondary
CWIs these become algebraic relations among the primary constants and the normalisation
of the operators (through the coefficient of the 2-point functions). Solving these relations
we obtain the final number of constants that determine the 3-point function. In the case
of the 3-point function of the stress-energy tensor we find that the final answer depends on
three constants, which may be taken to be two of the primary constants and the coefficient
of the 2-point function. This agrees exactly with the position space analysis in [3].

As in the case of scalar operators, the 3-point functions involving the stress energy
tensor, symmetry currents and scalar operators sometimes diverge and must be regularised
and renormalised. This is the case in all even dimensions. We will discuss in detail regular-
isation and renormalisation in a companion paper [33]. In this paper we restrict ourselves
to CFTs in odd dimensions where the 3-point functions are finite. Even in these cases the
individual triple-K integrals that enter in the 3-point function may diverge, with only the
total combination being finite. In such cases one needs to regulate the integrals and only
remove the regulator after the divergences cancel. Using appropriate regulator, the Bessel
K functions that appear in the triple-K integrals reduce to elementary functions and one
can compute the integrals by standard methods. On the other hand, when d is even the
evaluation of the integrals is less trivial. As will be discussed in [33], these integrals can be
computed using a reduction scheme, generalising Davydychev’s recursion relations [34].



We will now discuss in detail the structure of the paper. We split this paper in two
parts. In the first part we explain the method we use, while in the second part we give a
complete list of all results. The second part is completely self-contained and can be used
without reference to the first part of the paper. This second part starts with a collection of
all basic definitions and a summary of conventions, followed by a list of all results for all 3-
point functions involving the stress-energy tensor, conserved currents and scalar operators.
For each such correlator we list: (i) the relevant trace and transverse Ward identities, (ii)
the reconstruction formula that yield the complete correlator from its transverse(-traceless)
part, (iii) the tensorial decomposition of the transverse(-traceless) part, (iv) how to extract
the form factors from the complete correlator, (v) the primary CWIs and their solution
in terms of triple-K integrals, (vi) the secondary Ward identities and the relations they
impose on the integration constants of the primary Ward identities (the primary constants),
(vii) evaluation of the triple-K integrals in dimensions d = 3,5. Special effort was made
so that each section describing any given correlator can be read in isolation so the reader
interested only in the results for a specific correlator may directly consult that section.

In the first part we strive to keep a balance between describing the method and com-
putations in enough detail so that all subtleties entering the derivation of the results in
Part II are covered, while still keeping the level of technicalities to a minimum. We start
in section 2 with a brief review of 2-point functions in momentum space. In section 3, we
then discuss in detail the case of the 3-point function of scalar operators. This case serves
as a good warm-up exercise, as one has to face many of the subtleties of the conformal
Ward identities in momentum space without having to deal with complications due to the
tensorial structure of other correlators. Here we see that the solution of the special con-
formal Ward identities may be expressed in terms of the Appell Fy function, and discuss
its representation in terms of triple-K integrals. This is also a case where the answer can
easily be obtained by a Fourier transform so we can directly check our results.

In section 4, we discuss the tensorial decomposition of correlation functions. We il-
lustrate our approach using the case of (T*1*1TH2"2()). We also compare in this section
our decomposition with previous state-of-the-art results in [30]. In section 5, we derive the
form of the conformal Ward identities in momentum space. In particular, we show that the
special conformal Ward identities can be split into two classes, the primary and secondary
conformal Ward identities.

Section 6 is devoted to the solution of the CWIs. We show first that the primary
CWIs can be solved using triple-K integrals and we then substitute these into the sec-
ondary CWIs. This results in a number of relations between the primary constants and
the normalisation of the 2-point functions, as described earlier. In this section we pay at-
tention to the issues of regularisation and we discuss how to deal with special cases (when
the dimension of the scalar operators takes special values, etc.).

In section 7 we work out completely the case of (T#1¥1 JH2 JF3) where J* is a conserved
current. This example is more complex than the case of (T#*1TH2"2()) used to illustrate the
method in earlier sections, yet simpler than correlators with more stress-energy tensors. We
also discuss the evaluation of integrals in d = 3 and present a concrete model, free fermions,
where these correlators can be explicitly computed by standard Feynman diagrams.



Part I finishes with a brief discussion of possible extensions in section 8. One such
extension is to develop a helicity formalism. In this formalism one uses helicity projected
operators, so we trade the transverse(-traceless) tensor for the two helicity components, so
this approach may simplify the tensor decomposition of the 3-point functions. Section 8.1
contains a short introduction to this method. Another extension is to higher-point functions
and we briefly discuss this in section 8.2.

Finally, this paper contains a number of appendices. Appendix A contains a discussion
of the tensorial decomposition of the 3-point function of a conserved but not traceless
stress-energy tensor. In appendix B, we explain that the general tensorial decomposition
is degenerate when d = 3. In this case, the 3-point function of the stress-energy tensor is
determined by only two form factors. In appendix C, we discuss how to Fourier transform
the scalar 3-point functions. In appendix, D we list useful properties of the triple-K
integrals that are used in the derivations in the main text. Appendix E contains a collection
of facts about the Appell Fy function: its definition, the differential equations it satisfies and
useful integral representations. In appendix F, we prove the triviality of the (T#1*1.J*2Q)
correlator, and in appendix G we present a set of useful identities involving projection
operators appearing in the main text.

We finish this introduction with a few comments about how to read this paper. Read-
ers only interested in an overview and specific results may read this introduction and then
directly move to the relevant section of Part II. Section 3 provides a longer and more tech-
nical introduction to CFT in momentum space, but without the complication of tensorial
decompositions.

Note added: as this paper was finalised [35] appeared which has significant overlap with
the discussion in section 3 of this paper. We also understand that our discussion of the
tensor decomposition may have overlap with upcoming work by A. Dymarsky [36].

Part I
Theory

2 2-point functions in momentum space

In this section, we present a review of 2-point functions in momentum space. This mate-
rial is well known but is included here as it allows us to discuss in the simplest possible
setup many of the issues that we will meet later on in our discussion of 3-point functions.
Furthermore, as 2-point functions appear in the Ward identities of 3-point functions, the
results we present here will also be needed in later sections.

2.1 Scalar 2-point function

The standard position space expressions for CFT 2- and 3-point functions found in [1-4]
and other works are valid at non-coincident points only. When two or more points coincide,
these expressions become singular. Correlation functions should however be well-defined



distributions, and in particular they should have well-defined Fourier transforms. We can
therefore analyse the coincident limit and regularise the position space correlation functions
by requiring that the Fourier transform exists. In this paper we deal primarily with cases
where the correlators are finite. This is the case in odd dimensions. Even in such cases,
however, infinities may appear at intermediate steps so it is important to regularise. In
even dimensions, one must carry out the full renormalisation procedure and we will provide
a comprehensive discussion in [33].
Let us consider first the 2-point function of scalar operators,

Co
(O(x)0(0)) = 22A (2.1)
The Fourier transform may be obtained explicitly using
d/26d—2AT (d=2A
/dd$ 6—ip~:1: 1 — n / 2 F( 2 )pQA—d (22)
x4 rA) ’

where the integral converges for 0 < 2A < d. Extracting the Dirac delta function associated
with momentum conservation, we will use double brackets to denote the reduced correlation
function

(O(p1)O(p2)) = (2m)*8(p1 + P2) (O (P1)O(—p1))), (2.3)

where
7d/29d—2AT (d=2A
fomo(-py) = T e 2.

In unitary theories A > 0, but the upper bound 2A < d for the convergence of (2.2) may be

violated. Since the right-hand side of (2.2) is nevertheless a well-defined analytic function
of d and A, we can extend the result by analytic continuation to any 2A # d + 2n, where
n is a non-negative integer.

The cases 2A = d + 2n are special: (2.4) is singular and a non-trivial regularisation
and renormalisation is required. We will proceed by dimensional regularisation. As we will
see later on in section 6.1.4, it is convenient to simultaneously shift the dimension of the
operator:

d—d—e, A= A—e (2.5)

Keeping fixed the form of the coupling between the source and the operator,

/ddea: $0O, (2.6)

the dimension of the source ¢ then remains d/2 — n. In the case of 3-point functions,
this prescription amounts to regularising the momentum space integrals by shifting the
dimension in the integration measure while keeping the integrand fixed.

Summarising, in the general case the regulated 2-point function of scalar operators
reads

(O(p)O(—p)) = col’ (g —A+ ;e> prA—de, (2.7)
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where co (which is proportional to Cp) is the momentum space 2-point function normali-
sation constant. Using such a parametrisation we cover both the finite case of 2A —d # 2n
and the singular one 2A — d = 2n. In the singular case there is a 1/¢ pole which must be
removed by a counterterm. This subtraction in turn introduces a scale into the problem
leading to a conformal anomaly, as will be discussed in detail in [33].

2.2 Tensorial 2-point functions

Let us now consider the form of 2-point functions of spin-1 conserved currents J# and the
stress-energy tensor TH for some general QFT. One could start from the position space
expressions and Fourier transform them directly. It is more convenient, however, and also
a warm up exercise for the tensorial 3-point functions that we will discuss later, to derive
them from scratch.

To do so, observe that the operator

ptp
Th(p) = 0 — 5~ (2.8)
p
is a projector onto tensors transverse to p, i.e., puﬂg (p) = 0. Similarly, in d dimensions,

the operator

1

12(p) = 5 [rhp)m(p) + mh(p)m(p)] —

o (P () (29)

is a projector onto transverse to p, traceless, symmetric tensors of rank two. In particular,

pumh(p) =0,  ull5(p) =0,  puII5(p) =0. (2.10)

Any traceless, symmetric tensor of rank two that is transverse to p may therefore be written
as t = Hgg (p)X @B where X% is an arbitrary tensor. More properties of the projectors
are listed in appendix G.

The transverse Ward identities (to be discussed in section 5.4) imply that the diver-
gence of any 2-point function of conserved currents is proportional to 1-point functions.
Assuming the latter vanish, the 2-point function is then transverse, leading to the general
decompositions

(1" (p)T" (—p))) = 11""7?(p)A(p) + =" (p)7"° (p) B(p), (2.11)

(J*(p)J" (=p)) = =" (p)C(p). (2.12)

Due to Lorentz invariance, A(p), B(p), and C(p) are arbitrary functions of p, the magnitude
) =

)
of the momentum. Provided (J*

any quantum field theory.

(TH) = 0, these general expressions are then valid in

Specialising now to the conformal case, for which 1-point functions necessarily vanish,
the trace Ward identity (to be discussed in section 5.5) implies that (T'T*7) = 0, setting
B =0 in (2.11). We also know that the conformal dimensions of 7" and J* are d and

d — 1 respectively.
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As discussed in section 5.2 the dilation Ward identity implies that the form factors
should be homogeneous functions of degree 2A — d. This implies that

A(p) =érp?,  Clp) =™ (2.13)

where ¢ and ¢ are arbitrary constants. This result is valid in the absence of scale anoma-
lies, i.e., when the dilatation Ward identity holds without any anomalous terms. In even
spacetime dimensions scale anomalies must appear leading to logarithmic terms in corre-
lation functions. The reason is that in even dimensions (2.13) is analytic in momenta and
thus represents contact terms only. We cover all cases by dimensionally regularising (2.13)
and making the constants ér and &7 singular in even dimensions.? A convenient choice is

(T )T (p)) = e (5 + 5 ) (214)
(J"(p)J"(=p)) = csm(p)L <1 - g + ;) pie, (2.15)

where cr and c; are now regular in all cases. In odd spacetime dimensions d the limit
€ — 0 is finite and we recover (2.13). In even dimensions the correlation functions become
singular in the limit ¢ — 0, and the expressions (2.14) and (2.15) represent the 2-point
functions regularised in the dimensional regularisation scheme (2.5). After removing the
singularity by a counterterm the renormalised expression now contains a logarithm.

Expressions (2.14) and (2.15) can be obtained directly by the Fourier transform of the
position-space expressions. Alternatively, one may extract and solve the momentum-space
Ward identities associated with special conformal transformations. A systematic approach
will be presented in detail in section 5.1. Using equations (5.6) and (5.7), one can write
down the differential equations satisfied by the 2-point functions,

2
Op>opP
+ 2 (0 = 5 e (5 — 5] (LT (R (210

0= (-2 + o) (T ()17 (~p))

2
0= | (-0 4 5007) s 2| () ()
£ 25— 55 (o) () (217

These equations, representing the special conformal Ward identities, constitute a set of
tensorial equations with a free Lorentz index x. Each equation consists of two distinct
parts: a universal second-order differential operator whose form is independent of the
Lorentz structure of the correlation function, and a first-order differential operator whose
precise form depends on the Lorentz structure, as will be discussed in more detail in
section 5.1.

3The same argument also holds for the 2-point function of scalar operators: the dilatation Ward identity
implies that the 2-point function should be proportional to p>2~%, but when 2A —d is a non-negative integer
this represents a contact term and conformal anomalies must be present.
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Having imposed the transverse and dilatation Ward identities to arrive at expres-
sions (2.11), (2.12) and (2.13), by substituting these results into the differential equations
above, one finds that the equation for ((J#J")) is identically satisfied while the equation
for (T*TP)) requires B = 0 in (2.11). This confirms that the analysis based on the
trace Ward identity coincides with the constraints imposed by the special conformal Ward
identities.

Alternatively, one may substitute (2.11) and (2.12) into (2.16) and (2.17) respectively,
without imposing the dilatation Ward identity. In this case, the coefficient of each indepen-
dent tensor in (2.11) and (2.12) becomes a differential equation for the form factors A(p),
B(p) and C(p). By looking at the coefficient of 6"#§??p” on the right-hand side of (2.16)
we find B(p) = 0. The coefficient of §"?6"p” then implies the differential equation

(d—%i)A@%:Q (2.18)

which is precisely the same constraint as that derived from the dilatation Ward identity,
leading us back to (2.13). Similarly, for the 2-point function of the conserved current, the
coefficient of §"#p"” in (2.17) requires

(d—2—mi>0@%:a (2.19)

which is precisely the dilatation Ward identity. Furthermore, one can check that the
differential equations extracted from the other tensors in (2.11) and (2.12) do not impose
any additional constraints. As we can see, in the case of 2-point functions, the dilatation
and special conformal Ward identities are equivalent.

3 3-point function of scalar operators

3.1 From position to momentum space

We start with a revision of some well-known facts regarding 3-point functions of conformal
primary scalar operators in any CFT. Considering three scalar operators O; of dimensions
Aj, 7 =1,2,3, the 3-point function is unique up to an overall constant c123 and in position
space takes the form [38]

C123
(O1(21)O2(22)O3(23)) = |21 — @o| BT A2 B[y — g A2t 85D gy — oy [Bat A1 A2

(3.1)
where we work in Euclidean signature. This expression, in principle, can be Fourier trans-
formed to obtain the corresponding result in momentum space. Extracting the Dirac delta
function encoding overall momentum conservation, we define the reduced matrix element
(denoted with double brackets) as in (1.1),

(01(p1)Oa(p2) O3(p3)) = (2m)*6(p1 + P2 + P3)(O1(p1) O2(p2) O3(p3)).  (3.2)

Assuming d > 3, since p; 4+ p2 + p3 = 0 there are two independent momenta. Defining

L d-A
2

Ay = A1+ Ag + Ag, (5j + Aj, (3.3)
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a useful representation of the Fourier transform of (3.1) is

(O1(p1)O2(p2)O3(p3))) =

3
3d o I'(65) d% 1
_ i o3d—A i /
crasm ].1211 T (4-0;) J @maIkPp — k[2%2[p; + k[*

d24+%—At

_ C123T
T (Atzfd) T (A1+A22—A3) T (A2+A23—A1) T (A3+A21—A2)

A d * d_
xpr Py P 2/ dra> Ky a(pa) Ky, a(p2r) Ky, a(psz),  (34)
0

where K, (z) is a Bessel K function, i.e., a modified Bessel function of the second kind. A
derivation of this result is given in appendix C. As mentioned in the introduction, we will
refer to integrals of the form above featuring three Bessel K functions and a power of x
as triple-K integrals. This form of the 3-point function is familiar in the context of the
AdS/CFT correspondence, where every bulk-to-boundary propagator for the field dual to
the conformal operator O; contains one Bessel K function [39].

The expression (3.4) may be severely divergent and requires regularisation. This stems
from the fact that the original position space expression (3.1) is valid at non-coincident
points only and must itself be regularised. As we will discuss in more detail in section 6
for generic values? of d and A; the divergent integrals can be computed by analytic con-
tinuation in d and A;. In the special cases non-trivial renormalisation may required and
we will discuss this in detail in [33].

As a simple example, consider the 3-point function of the operator © = ¢ in the
theory of a free real massless scalar in d = 3 spacetime dimensions. By the standard
Feynman diagrams one finds

A3k 1 1

(©@)OEIOEN) =5 [ G o (39)

The integral can be evaluated by means of the subtitution k=k /k?. We can compare this
result with a direct evaluation of the triple-K integral (3.4). In this case A; =1, =1,2,3
and the Bessel functions can be expressed in terms of elementary functions (see (D.4)).
However, since the integral in (3.4) has a logarithmic divergence, we must regularise it.
One way to regularise this result is to substitute

di—)d+2€, Aj — AJ’+€. (36)

This regularisation scheme is extremely useful in context of triple-K integrals since it
preserves the indices of the Bessel functions in (3.4). In the present case, we find

3 0o
(OEDOEOE)) = s 2 [ dwatieesrimin)
I (5) piveps Jo

(27T)30123

= 2B 4 (). (3.7)

Pb1p2p3

As we can see, one recovers (3.5) with cjo3 = (27)73.

“That is for values with £ # £(A; — 2) £ (Ay — $) £ (As — £) — 2n, with n =0,1,2,....
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In summary, the Fourier transform of the position space expression (3.1) for the 3-
point function of scalar operators in any CF'T may be expressed, at least formally, and up
to an overall multiplicative constant, in terms of the triple-K integral (3.4). In the next
section we will show that this representation in terms of a triple-K integral is very natural
in the context of the conformal Ward identities. In fact, we will be able to re-derive the
expression (3.4) by solving the conformal Ward identities directly in momentum space,
without any reference to position space.

3.2 Conformal Ward identities

The conformal Ward identities (CWIs) in position space may be found in any standard
reference text, e.g., [38]. In momentum space, the Ward identities for scalar operators have
been partially analysed in [20, 21], and we will use these results here before generalising
them in the following sections. First, observe that due to Lorentz invariance any 3-point
function may be expressed in terms of the magnitudes of the momenta,

pj=Ipjl =/}, =123 (3.8)

The expression (3.4) is in accord with this fact. Regarding the 3-point function as a function
of the momentum magnitudes, the dilatation Ward identity then reads

3
0= |2d+ Z (pja(; — Aj> {O1(p1)O2(p2) O3(p3))- (3.9)

Similarly, the Ward identity associated with special conformal transformations is

3
L 0% d+1-2A; 0
=3 |y L
7j=1

op? Py Ip; (O1(p1)O2(p2)O3(p3))) (3.10)

where k is a free Lorentz index. Choosing p; and ps as independent momenta, we may
split this vector equation into two independent scalar equations

[/ 0%  d+1-—2A a> <82 d+1—2A38>'
o=(|{m5+——mmmm— |- | s+ —————— (@] @) @) ,
_<8p% 1 ap1 8p§ D3 aps ] << 1(P1) 2(192) 3(P3)>>
(3.11)

[ 02 d+1—2A28> <62 d+1—2A38>‘
o=({lm—05+—"—-—"—)-|o55+—T-"— O @) @) )
_(% o om) oz o )| (©1(P)O2(P2)Os(pa)
(3.12)

As an immediate check, we may verify that the expression (3.4) satisfies (3.11), (3.12) using
the well-known Bessel function relations [40]

('fa [@"K,(ax)] = —za"K,_1(ax), (3.13)
Ky 1 (2) + %KV@) = Ky (a). (3.14)

As we will see shortly, equations of the form (3.11), (3.12) also arise in the case of
3-point correlators of general tensor operators.
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3.3 Uniqueness of the solution

To frame our analysis purely in momentum space, we need to show that there is a unique
physically acceptable solution, up to an overall multiplicative constant, of the system (3.9),
(3.11), (3.12) of dilatation and special CWIs. To accomplish this, it suffices to transform
these equations into generalised hypergeometric form by writing

2\ 1 /. 2\ A 2 2
(© )0 0sm) = () (2) F(B2). @)
b3 b3 b3 P3
where the overall power of momenta on the right-hand side is fixed by the dilatation Ward
identity (3.9), and we have chosen to multiply the arbitrary function F' by the prefactor
(p? /p3)*(p2/p2)*, where 1 and X are arbitrary constants. Substituting this parametrisation
into (3.11), (3.12) then yields a pair of differential equations satisfied by F'. Taking p and
A to be any of the four combinations obtainable from the values

d d

MIO, Al—g, )\:0, A2—§, (316)
these equations for F' read
B 0? 5 02 0?
0= [5(1 ~Oge g~ Xngeg,
0 0
e S0 et B g - ap| Flen. a7
B 82 5 0 0?
0= [n1-m 2 - &0 e
0
H O (kB 5~ (ot B4 e —aB| Flem, (18)
where ) )
_n _ P
= ot "= (3.19)

and the values of the parameters «, 3,7,7’ depend on the choice of u and X. Specifically,
parametrising the four choices for p and A by two variables €1, €3 € {—1,+1} according to

1 d 1 d
we have
1 d d d
0122[ <A1—>+€2(A2—>+A3] 5204—<A3—2>,
d , d
y=1+¢ A1—§ , ¥ =1+¢€ AQ—i . (321)

The system of equations (3.17), (3.18) defines the generalised hypergeometric function
of two variables Appell Fy. This function has been extensively studied by mathematicians
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(see, e.g., [41, 42]), and its important properties are summarised in appendix E. In particu-
lar, the system of equations (3.17), (3.18) has at most four linearly independent solutions,
each of which may be expressed in terms of the Fy function [42, 43]. The four possible
choices for p and A reproduce these four solutions exactly.

In a physical context only one linear combination of these four solutions is acceptable:
all the others contain divergences for collinear momentum configurations, for example when
p1 + p2 = p3. To see this, consider the integral representation [44]

(o] ) < TOTO) B
R ) 20t T (@L(B) py iy

oo
X/ dxma+ﬂ_7_7'HI,Y,l(plaz)Iy_l(pg:c)Kﬁ_a(pgx), (3.22)
0

where [, (z) is the Bessel I function. This expression is formal in the sense that the integral
converges only for «, 3, v, 7/ in certain ranges, see appendix E for details. For the remaining
parameter values the integral is defined by the analytic continuation (3.6). Using (3.21),
one can then write the four solutions for the 3-point functions in the form

Ar—% A2 Az-2 o d_q
P Py TP3 ) dz x> Ii(Al—g)(plx)Ii(Ag—g)<p2x)KA3—%(p3x>' (3.23)

For large  we have the asymptotic expansions
1 €* me *

from which we see that the integral (3.23) converges at infinite x only for non-triangle

I(z) (3.24)

(i.e., unphysical) momentum configurations where p; 4+ p2 < p3. Moreover, for the physical
collinear momentum configuration p; + p2 = ps, the integral diverges for dimensions d > 3.
However, the 3-point function itself is a linear combination of these four solutions and
may be continued to the physical regime by choosing the linear combination for which the
collinear divergences cancel. This may be accomplished by subtracting two integrals with
the same asymptotics, i.e., we sum the four terms of the form (3.23) with signs chosen so
as to obtain Bessel K functions

™

K, (z) [I,(z) — I_,(z)]. (3.25)

- 2sin(vm)
Therefore we arrive at the unique solution
{O1(p1)O2(p2)O3(p3)))
Ar—2 Ap—2 Az—4 o d_q
=Ci2s-p; ’py ’p3 dea> Ky, _a(pa)Ky, a(p2r)Ky, a(p32),
0
(3.26)

where (93 is an overall undetermined constant. From the asymptotic expansion (3.24), it
is clear that this triple-K integral converges at infinite x for physical momentum configu-
rations p; + p2 + p3 > 0. Depending on the values of the parameters A; and d, however,
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the triple-K integral may still diverge at x = 0. This divergence may be regularised us-
ing (3.6) or the dimensional regularisation (2.5). We will analyse such cases in sections 6.1.1
and 6.1.4.

In summary then, we have shown that the conformal Ward identities may be solved
directly in momentum space leading to a unique result (3.26). As we will see shortly,
a similar procedure also holds for tensorial correlation functions: solving the momentum
space Ward identities will lead to a unique solution for 3-point correlators without any
reference to the position space analysis.

4 Decomposition of tensors

In this section, we present a natural decomposition of tensorial correlation functions. Cor-
relation functions of conserved currents are transverse and/or traceless — up to local terms
— and we would like to find a decomposition which reflects these properties. At this point,
we will not yet impose conformal invariance.

The problem of decomposition has already been tackled in a number of papers, see for
example [13, 26-28, 30, 46]. The usual approach consists of writing down the most gen-
eral tensor structure before imposing the constraints following from symmetries and Ward
identities. Here we refine this approach to take account of the permutation symmetries
of operator insertions inside correlators, obtaining a convenient and natural decomposi-
tion applicable for any correlation function. In particular, our decomposition contains the
minimal number of tensor structures, leading to the simplest form for the conformal Ward
identities.

We remind the reader we will always be working in d-dimensional Euclidean field theory
with a flat metric 6, for which indices are raised and lowered trivially.

4.1 Representations of tensor structures

The operator
P"Pa
P2

is a projector onto tensors transverse to p, i.e., p,mh(p) = 0. Similarly, in d dimensions,

To(P) = 04 — (4.1)
the operator

1
d—1

1(p) = 5 (nh(p)s(p) + i) (p)) —

5 T (p)Tas(P) (4.2)

is a projector onto transverse to p, traceless, symmetric tensors of rank two. In particular

oIl s(p) =0,  pullii(p) = 0. (4.3)

Therefore, any transverse to p, traceless, symmetric tensor t*¥ of rank two may be written
as th = 11,7 (p) X of where X% is an arbitrary tensor.
As we are interested in correlation functions, we must consider tensor functions that
g2ty .
depend on a number of momenta. Let 7;#11“]2 75 =1,2,...,n be a given set of
QFT operators. Due to the momentum conservation, the n-point function contains a delta
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function which may be written explicitly by introducing the reduced matrix element which
we denote with double brackets ((...)),

<7—1.U‘11;U'12-~H1'r1 (pl)Bﬂ21N22-~'N2r2 (p2) o 7:1#”1#”2"‘“"7“n (pn)>

= (2m)%9 (Zpk) (T () Ty T (py) L Tzt (). (4.4)
k=1

The n-point function thus depends on at most n — 1 vectors, say p1,...,pPn—1. f n—1 < d,
then all n — 1 momenta are independent. If n — 1 > d, however, then only d generic
momenta are independent. In this case we can write [47]

d
oM =" PR Z iy, (4.5)
k=1
where Z is the Gram matrix, Z = [py - pl]g,l:l’ hence the metric §*¥ is no longer an
independent tensor.

From now on we assume d > 3. Since we are primarily interested in 3-point functions,
the degeneracy does not occur. Nevertheless, the case d = 3 is still special since the
existence of the cross-product allows the metric tensor to be re-expressed purely in terms
of the momenta. This degeneracy serves to reduce the number of independent form factors
for certain correlators, as we discuss in appendix B. In the following discussion we will
ignore this degeneracy however and concentrate on the general case. We will therefore
choose two out of the three pi, po, p3 as independent momenta, and treat the metric §*¥
as an independent tensor.

As an example consider a 3-point function of two transverse, traceless, symmetric rank
two operators t*¥ and a scalar operator 0. Using the projectors (4.2) one can write the

most general form

(#7112 (p2) O (ps))) = TG (1)UL (o) X702, (4.6)

where X®1819282 ig g general tensor of rank four built from the metric and momenta.
Usually one chooses two independent momenta once and for all. On the other hand, there
is no obstacle to choosing different independent momenta for different Lorentz indices. In
this paper we always choose

p1, P2 for pi,v1; po,p3 for psz,vo and ps3, p1 for ps,vs. (4.7)

Such a choice enhances the symmetry properties of the decomposition, as we will discuss
at length in the next section.

Let us now enumerate all possible tensors that can appear in X®1/19282  Observe that
whenever a simple tensor contains at least one of the following tensors

501t 59202 pit pt, p32,pl? (4.8)

then the contraction with the projectors in (4.6) vanishes. Therefore, in accordance with
the choice (4.7), the only tensors giving a non-zero result after contraction with the pro-

jectors are
5041042’ 504152’5510!27 55152’;0341’2951 ,p§‘2,p§2- (4.9)
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Since the projector (4.2) is symmetric in p <> v and « <> (3, the most general form of our
3-point function is then

(#17 (p1)t2" (p2) O(ps)) = T4 % (PU)ILE (P2) | A1pS o' 9505
+ Agpltp§2 o712 4 Ags*102671% | (4.10)

where the coefficients A1, Ay and Az are scalar functions of momenta. We will refer to the
coefficients A;, and their analogous counterparts in more general correlation functions, as
form factors. By Lorentz invariance, these form factors are functions of the momentum
magnitudes

pi =Ipjl=/p;, =123, (4.11)

i.e., Aj = Aj(p1,p2,p3). In particular, any scalar product of two momenta can be written
as a combination of momentum magnitudes, for example

1

p1-p2 = §(p§ —pi —p3). (4.12)

For brevity, we will henceforth suppress the dependence of form factors on the momentum
magnitudes, writing A;(p1, p2, p3) as simply A;.

Note that the correlation function on the left-hand side of (4.10) is symmetric under
a transposition (pi, p1,v1) <> (P2, 2, v2). One can apply this symmetry to the right-hand
side to find that all form factors Ay, A; and Az are symmetric under py <> ps. To prove

this, observe that one has, for example, 74} (p1)ps' = —mh; (p1)p5'. Therefore ps and —p3

p1v1
a1B
For any form factor A; we define an associated non-negative integer N;, the tensorial

can be exchanged under both 74} (p1) and I1"'" (p1), and similarly for other momenta.
dimension of Aj, similar to that defined in [30]. Specifically, the tensorial dimension N;
is the number of momenta that appear in the tensorial expression multiplying A; (exclud-
ing those in the transverse-traceless projectors) in the decomposition of the correlation
function. As we will see later, this quantity will appear explicitly in the conformal Ward
identities. In the example (4.10), we have the following tensorial dimensions: N; = 4,
NQZQ&HngZO.

Decompositions for other correlation functions may be found in the second part of
the paper. Observe that in each case the form factor A; stands in front of the unique
tensor containing momenta only. The tensorial dimension N; is therefore always equal
to the number of Lorentz indices in the 3-point function, and tensorial dimensions of all
remaining form factors are smaller than Nj.

4.2 Decomposition of (tH1¥1¢H2v2¢hsvs)

In the previous section we introduced a natural decomposition of tensor structures. Rather
than fixing two independent momenta (as is done for example in [13, 26-28, 30, 46]) we
chose a different set of independent momenta for different Lorentz indices according to (4.7).
Such a choice respects all symmetries of the correlation function, as we now discuss.

In [30], it was shown that the transverse-traceless correlation function ((##1¥1¢H2v2¢H3vs))
can be decomposed into eight tensor structures plus their p; <+ p2 symmetric versions. In
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our method, however, we arrive at only five tensor structures (for the general case d > 3,
see appendix B for the case d = 3) according to the following decomposition

{(#1 (p1) 12" ()t (p3)))

= I (P TIPS (s) | v g0y
+ AgdPPpSipleplepl + As(pr > ps)d™ P pltp g2t
+ Aa(pz ¢ p3)P g g pspl
+ Ag21925M 2 p3pl 4 Ag(py 4 pg)d235% s pt pit
+ Ag(pa ¢ p3)des 5P pgaplle
+ Ay5re3 502 pip 4 Ay(py > ps)dre2 502 pl2pl
+ Au(p < p3)d*1025°352 pt
+A55a1525a2535a351] ) (4.13)

By p1 < p3 we denote the exchange of the arguments p; and p3, A2(p1 < p3) =
As(ps,p2,p1). If no arguments are specified, then the standard ordering is assumed, i.e.,
Ag = Aa(p1,p2,p3)-

First observe that this decomposition is manifestly invariant under the permutation
group S3 of the set {1,2,3}, i.e., for any o € S3,

(17 (1) #7272 (p2) 1172 (p3)) = (O W (py(1) )t @@ (g () )t @77 ®) (py3) ).
(4.14)
In particular, the form factors A; and As are Ss-invariant,

Aj(pLPQaPS) = Aj(po(1)7p0'(2)7pcr(3))7 J€ {175}7 (415)

since the tensors they multiply are Ss-invariant. The action of the symmetry group on the
remaining terms is then clearly visible. As an example, let us concentrate on the third line
of (4.13) with the Ay form factor. The (p1,u1,v1) <> (P2, 2, v2) permutation leaves the
tensor in the first term invariant, therefore the Ay factor exhibits the p; <> ps symmetry.
On the other hand, the (pi, pu1,v1) <> (p3, 13, v3) permutation swaps tensor structures of
the first and the second term in the third line. This requires that the form factor of the
second term is related to the form factor of the first term by the p; <> p3 permutation, as
indicated. Working out the remaining lines of (4.13) one finds that both remaining factors
As and Ay are p; ¢ po symmetric.

Let us comment then on the apparent disagreement between the number of tensor
structures between (4.13) and the results of [30]. As already mentioned, the mismatch
follows from the choice of two independent momenta in [30] to be p; and ps, in our notation.
Such a choice breaks the S3 symmetry down to the (p1, pu1,v1) <> (P2, p2, v2) symmetry.
One can easily recover eight tensor structures from (4.13) by substituting ps = —p; — po
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and writing the decomposition in terms of p; and ps only. One finds

(@1 (p1)t2" (p2) "™ (p3)))
1
= 0% (pO)TIRZ G (P)TI (ps) | 5 Aups 0y b0y

1
- §A255152p8‘1p§‘2p§‘3p?3 — Ag(p1 > p3)0P2 P pgrplht plapss

1
+ 51435&1&255152??3?’?3 + Az(py 4 p3)o2203 PP po i
1 <
- 514450‘1&35&2’83173117?2 — Ag(p1 > p3)dercsgaztipplis
1

+ ,A550¢1525a2535a3ﬁ1
2
+ everything with (p1, a1, 81) <> (P2, a2, B2)] - (4.16)

As we can see, the number of tensor structures increases to exactly eight, as the symmetry
group is diminished.

Summarising, our decomposition method based on (4.7) gives the minimal number of
tensor structures obeying the symmetries of the correlation function. It is an improvement
over the standard method with two independent momenta fixed, since such a choice breaks
symmetries and leads therefore to the larger number of tensor structures.

Finally, we should comment on the fact that we decompose the transverse-traceless
part of the correlation function only. This is because the difference between the full 3-
point function and its transverse-traceless part is semi-local, and hence may be entirely
reconstructed from the Ward identities. We will discuss this method for recovering the full
correlation function from its transverse-traceless part in the next section.

Let us note in passing that the decomposition method described here may also be used
for correlation functions in non-conformal theories. For example, in cases where the stress-
energy tensor is transverse but no longer traceless one should use the wh projectors (4.1)
in place of Hgg in (4.13). In this way one obtains ten tensor structures, five of which have
nonzero trace. This decomposition is given in appendix A.

4.3 Finding the form factors

We would like to apply the results of the previous section to spin-1 and spin-2 conserved
currents J* and a stress-energy tensor T#”. These quantum operators, however, are only
transverse and traceless on-shell, and in the quantum case, we need to analyse Ward
identities. To proceed, we define transverse, transverse-traceless and local parts of J# and
TH by
gt =ahJe, oo = JH —gH, (4.17)
t =TT, Y = T (4.18)

loc

as well as longitudinal and trace parts

r=puJ*, R =p,T", R=p,R, T=T}. (4.19)
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From these definitions, we then have

p.u‘

jféc _ pﬁra (4.20)
n v KV 1 R
w _ P, P prp v
foe = B4 B = = Rt g <T_p2>
v
_ gy ™ (4.21)
d—1
where the operator
1 Da ptp”
T (p) = = [Qp(#(;g) - <5l“’ +(d—-2) = )| (4.22)

In the following, we will also use 7 = §°8 %“ Y.

We now observe that in a CFT, all terms in (4.20) and (4.21) are computable by means
of the transverse and trace Ward identities. We can therefore divide a 3-point function into
two parts: the transverse-traceless part represented as in section 4.1, and the semi-local part
(indicated by the subscript loc) expressible through the transverse Ward identities. For
simplicity we will use the term ‘transverse-traceless part’ in all cases, even if the correlation
function does not contain the stress-energy tensor.

As an example, consider

(1 (o) (p2) Ops)) = L5, (T, () (T (p1) T (p2) O(p3))- - (4:23)

One can recover the full 3-point function by writing

(T T 0) = (B9 1220) + (B9 HE20) + (i #220) + (i 422 0)

loc “loc
= (22 O) — (T (2 0) — (tee T2 0N + (e tee ~O)
(4.24)

All terms on the right-hand side apart from the first may be computed by means of Ward
identities. The exact form of the Ward identities depends on the exact definition of the
operators involved, but more importantly, all these terms depend on 2-point functions only.

Due to the complicated nature of contractions of the projectors (4.1) and (4.2) one
might fear that it is very difficult to calculate the form factors by means of Feynman rules,
given some particular QFT. Reassuringly, this is not the case, as we can see in the following
example. First, we decompose the full 3-point function (T#1**TH22Q)) into simple tensors
using the choice of momenta (4.7) and denote

<<T041/31T042520» _ A1p§1p§1p§2p§2 +A2pglp§é255152 —1-12135&102561’82 ..., (4.25)

where the omitted terms do not contain the tensors we have listed explicitly. Next, we apply
the projectors (4.2). Obverse, for example, that the projector Hgiz}l (p1) is constructed from
the metric and the momentum p; only, and therefore when applied to the 3-point function

it cannot change the coefficient of any tensor containing pg* pgl, ie.,

uiv1 a1, b1 Fipvn

Hal,Bl (P1)Py' Py’ = Py Py e (4.26)
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where the omitted terms do not contain p5*ps'. Using the same argument for nggz (p2), we

see that the coefficients of p§1p§1p§2p§2 in (4.25) and ph'py'ph®ps? in (¢ (p1)tH22(ps)
O(ps3)) in (4.23) are equal, i.e., A; = A;. Similarly, we find that

T 5 (PTG (p2) (T (p1) T2 (p2) O(p3))) =

- 1 - 1 -
= Aiph!py phPpy” + JAaph PO 4 D Agdiig e (4.27)
where the omitted terms do not contain the tensors we have listed explicitly. We therefore
have
Ay = coefficient of ph'p5ph*ps? in (THY (p1)TH*"2 (p2)O(ps))), (4.28)
Ay = 4 - coefficient of ph'ph?§"1*2 in (T (p1)TH2"2(p2)O(ps))), (4.29)
As = 2 - coefficient of 6H1H2§"172 in (TH™ (p1)TH?*"2(p2)O(p3))). (4.30)

We list the analogous formulae for all other 3-point functions in the second part of the
paper.

4.4 Example

Let us consider a conformally coupled free scalar free massless field ¢ in d Euclidean
dimensions. In the presence of a non-trivial source g" for the stress-energy tensor, the
action reads

1 d—2
S=[a ~g" 0,0, ¢ + ————~ R* 4.31
[ ateva | pao.o00+ et (4.31)
where R is the Ricci scalar of g,,,. The stress-energy tensor in the presence of the sources
is then
2405 1 o d— 9 1 9
py — \/ﬁégl“’ - au¢8u¢_ 2guuaa¢8 ¢+ 4(d - 1) <guuv - v,uvu + R,uzl - 2g,uuR> d) .

(4.32)
In this CFT, O(x) = ¢?(x) is a conformal primary operator of dimension Az = d — 2.

For later use we quote the result for the form factors of (TH*1T#2"2())) in this the-
ory. Writing down the expression for (TF1*1T+2"20)) using the regular Feynman rules,
from (4.28), (4.29), (4.30) we may then read off expressions for the form factors. Explicitly
evaluating these integrals for the case d = 3, we find

3(p? + p3) + p3 + 12p1pa + 4p3(p1 + p2)
48 p3(p1 + p2 + p3)*

2 2 2 2
Ay — (p1 + p3) + p3 + 6p1p2 + 3p3(p1 +P2)7 (4.34)

12 (p1 + p2 + p3)?

A, — _ 2Pz & pap} + pip§ + pspi + pap + pap3) + 2p1paps i+ p3 + 3 (4.35)

24 (p1 + p2 + p3)?

A = : (4.33)

in agreeement with the direct evaluation of this correlator given in [17].
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5 Conformal Ward identities in momentum space

In section 3.2 we wrote down the Ward identities associated with dilatations and special
conformal transformation for the case of correlators involving three scalars. In this section,
we discuss the corresponding Ward identities for 3-point correlators involving insertions of
the stress-energy tensor and conserved currents. First, in section 5.1, we obtain the dilata-
tion and special conformal Ward identities in momentum space by Fourier transforming
the well-known position space expressions; in sections 5.2 and 5.3 we then reduce these
identities to a set of simple scalar equations using the tensor decomposition introduced in
section 4.1. Finally, in sections 5.4 and 5.5, we write down the transverse and trace Ward
identities.

5.1 From position space to momentum space

Let 71,75, ..., 7T, represent quantum operators of dimensions A1, Ao, ..., A, and of arbi-
trary Lorentz structure in some CFT. The dilatation Ward identity in position space is
especially simple and reads [38]

0= ZAﬁZx;*(;; (Ti(x1) ... To(m)). (5.1)

The Ward identity associated with special conformal transformations for the n-point func-

tion of scalar operators 01,01, ...,0, is
o—nzA.“wﬂaa 2 9 @ @ 5.2
= ; i3T5+ xjxj%?—xjaxjﬁ (O1(1) . .. On(xn)), (52)

where £ is a free Lorentz index. For general tensors 7; one needs to add an additional term
to the equation. This term depends on the Lorentz structure, and to write it down, we
G1eeebbr s

assume that the tensor 7; has r; Lorentz indices, i.e., 7; = 7;M Tofor j=1,2,...,n.

In this case, the contribution

n Tj
23 (@ and™ o = [T @) T @) T (@)
j=1k=1
(5.3)
must then be added to the right-hand side of (5.2).
Expressions (5.1), (5.2), (5.3) may be Fourier transformed in a similar manner to that
discussed in [48]. Due to the translation invariance the position space correlators depend
only on the differences x; — x,,. Therefore, we can set x,, = 0 and take

n—1
Pn=—)_Dj (5.4)
j=1
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The Ward identities (5.1) and (5.2) then transform to

n n—1
0= (38 n= b= Y i (i) . To(pn)), (5.5)
j=1

n—1
0= z(mAj—d)a;i? 20 s o+ O ) (1) Oulpa)), (56)

= i ODja

while the additional contribution (5.3) transforms to

n 1”]
K K a r1 ]1()(J ]7‘]
222(6“““ w5 )«Tf“ M (py) LT () LTt (py ),

j=lk=1 Pinix
(5.7)
and once again must be added to the right-hand side of (5.6). It will be useful to denote
the differential operator obtained by summing the right-hand side of (5.6) and (5.7) as K",
so that the CWIs may be compactly expressed as

K (Ti(p1) - Ta(pn))) = 0. (5:8)

In view of (5.7), note that K" acts non-trivially on Lorentz indices and so in fact is really
of the form
K = JICh B (5.9)

Q11..-Qnry
however for simplicity we will omit the tensor indices on KC*.

In the following analysis we will focus specifically on 3-point functions. The idea will be
to take the tensor decomposition the 3-point function described in section 4.1, then apply
the operators (5.6) and (5.7) yielding differential equations for the form factors. Since by
Lorentz invariance the form factors are purely functions of the momentum magnitudes, the
action of momentum derivatives on form factors may be obtained using the chain rule,

0 _ 8p1 0 8]92 0 6p3 0
Op1,  Opiu Op1 51?1“ dp2  9p1, Ops
p1 0 _|_ +p2 0
p1 Op1 ps  Ops’

(5.10)

noting that ps is fixed via (5.4). We may express derivatives with respect to po simi-
larly, and the final results may then be re-expressed purely in terms of the momentum
magnitudes.

5.2 Dilatation Ward identity

Using (5.10), it is simple to rewrite the dilatation Ward identity (5.5) for any 3-point
function ((717273)) in terms of its form factors as

3
0
0= 2d+Nn+Z(pj(%_Aj> An(p1,p2,p3), (5.11)
j=1 /
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where N,, is the tensorial dimension of A,, i.e., the number of momenta in the tensor
multiplying the form factor A,, and the transverse-traceless projectors. As previously, Aj,
J = 1,2,3 denote the conformal dimensions of the operators 7; in the 3-point function: for
a conserved current we thus have A = d — 1 while for a stress-energy tensor A = d.

The dilatation Ward identity determines the total degree of the 3-point function and
hence of its form factors. In general, if a function A satisfies

3
0
0= —D+ij% A(p1,p2, p3) (5.12)
=1 J

for some constant D then we will refer to D as the degree of A, denoted deg(A) = D. (A ho-
mogeneous polynomial in momenta of degree D has dilatation degree D.) Therefore (5.11)
implies that the form factor A, has degree

deg(A4,) = Ay —2d — N, (5.13)
where A; = A1 + Ag + Ag.

5.3 Special conformal Ward identities

In this section, we now extract scalar equations for the form factors by inserting our tensor
decomposition for the transverse-traceless part of the 3-point functions into the special
conformal Ward identities. While the details are somewhat involved, the procedure is
nonetheless conceptually straightforward. We will outline the method using as an example
the 3-point function (T#*1TH#2¥2())), which captures all the important features.

Consider then the action of the CWI operator £* defined in (5.8) on the decomposi-
tion (4.24),

0 = Kr(TH7Tr220))
— Icm«tulmt/mugo» + KH<<tM1V1t.ﬁ)2CV20>> + IC/@«t{glchtlmuzo» + ICH«tml/lt'LQVQO», (5‘14)

loc “loc

recalling that our notation for K suppresses Lorentz indices so that in reality, e.g.,

JCR (phvrpher2 O)) = ]Cullfluzl'z:ﬂ«tmm 10282 o). (5.15)

a1 frazfe

Through a direct but lengthy calculation we find that the first term on the right-hand side
of (5.14), ICrF({(tF¥1¢t2v2(D)) | is transverse-traceless in uq,vq and pg, vo with respect to the
corresponding momenta,

O [KE(#7 (p1)t"272 (D2) O(P3))] = Spuaun [K™(#17 (p1)87272 (P2) O (p3)))]
Pipy [ (17 (p1)#22 (p2) O (p3)))] = pag, [K™(#17 (p1) "™ (p2) O(p3)))]

0, (5.16)
0, (5.17)

where we used the definitions (5.6) and (5.7) for £* and the identities given in appendix G.
For correlators involving conserved currents, we find that the analogue of (5.17) similarly
applies.
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We are now free to apply transverse-traceless projectors (4.1) and (4.2) to (5.14), in or-
der to isolate equations for the form factors appearing in the decomposition of (t#1*1¢#2*20)).
Evaluating the action of K* on the semi-local terms in (5.14) via the formulae in ap-
pendix G, we find

. 2(d—2
ToK"  jloe = (pa)ﬂ““r, (5.18)
4d
B _ v
LK = ST R (5.19)
e = %10 = 0, (5.20)
The last equation implies that any correlation function with more than one insertion of t{g’é

or jlt vanishes when the CWT operator K" and the projectors (4.1) and (4.2) are applied.
This is because the CWI operator £ can be written as a sum of two terms

K K a K 8
=K (f%oi‘) K (apg>’ (5.21)

each depending only on derivatives with respect to the appropriate momenta, hence
T, (0TI (p2) K (e (1)t (p2) O (p3))) = 0. (5.22)

Substituting all results into (5.14), we find

0 =TI 5 ()T (p2) K™ (217 (p1)t°27 (p2) O(p3) )

ST (1) [, (T ()1 () O(p)|

t j;gﬂ’”maz(m) (D2 (12 (p1)T** (2) O(p3)) | (5.23)

Two last terms are semi-local and may be re-expressed in terms of 2-point functions via the
transverse Ward identities. The remaining task is then to rewrite the first term of (5.23) in
terms of form factors and extract the CWIs. Via the method of section 4.1, we can write
the most general form of the result as

0 =TI % ()RS (p2) K™ (TP (p1) T2 (p2) O(ps))) = I 2 (p1)TIL2, (p2)

a1 1 azf82 11 a2 2

X [p’f (011p81p§1p§2p§2 + Crapl'pg267P 4 C135a1a255152>
+ ph <C’21p§‘1p§1p§2p§2 + Coaplp§2 6717 + 0235a1a256162)
+ (0315'”117511??217?2 + Cpde gezbpl
+ Cnd™2p3 pytpst + 0426”“25“15223’51)] : (5.24)

In this expression, the coefficients C};, are differential equations involving the form factors
Ay, As and A3z of (4.10). Each CWI can then be presented in terms of the momentum
magnitudes p; = |p;|.
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As we can see, there are ten coefficients Cj, in (5.24), so there are at most ten equations
to consider. Usually not all of the CWIs, however, are independent. In this example, the
p1 <> p2 symmetry implies that the equations following from C1; and Cyj, as well as Cs;
and Cy;, are pairwise equivalent.

For any 3-point function, the resulting equations can be divided into two groups: the
primary and the secondary CWIs. The primary CWIs are second-order differential equa-
tions and appear as the coeflicients of transverse or transverse-traceless tensors containing
pY or ph, where k is the ‘special’ index in the CWI operator ®. In the expression (5.24)
above, the primary CWIs are equivalent to the vanishing of the coefficients C1; and Cy;.
The remaining equations, following from all other transverse or transverse-traceless terms,
are then the secondary CWIs and are first-order differential equations. In the expres-
sion (5.24), the secondary CWIs are equivalent to the vanishing of the coefficients Cs;
and C4j.

In the next two subsections we will examine the general form of the primary and
secondary CWIs and discuss some of their properties. In section 6, we will return to
analyse their solution for the form factors. In outline our strategy will be, first, to solve
each of the primary CWIs up to an overall multiplicative constant, then second, to insert
these solutions into the secondary CWIs typically allowing the number of undetermined
constants to be further reduced. In the case of the correlator (T#**1TH2"20)), for example,
we will find that the final result is then uniquely determined up to one numerical constant,
in agreement with the position space analysis of [3].

5.3.1 Primary conformal Ward identities

It turns out that in all cases the primary CWIs look very similar to the CWIs (3.11)
for scalar operators. In order to write the primary CWIs in a simple way, we define the
following fundamental differential operators

9% d+1-27; 0
R TR T
J J J

Kij =Ki—K;, j=1,23 (5.26)

j=1,2,3, (5.25)

where Aj is the conformal dimension of the j-th operator in the 3-point function under
consideration. (Observe that this same operator appeared earlier in (3.11), (3.12).)

In the case of our example (T**"1T#2*2Q))), the primary CWIs for the form factors
defined in (4.10) read

Kiz A1 =0, Ki3 Ay = 84,4, Kiz A3 = 2A,,

5.27
Koz A1 =0, Ka3 Ay = 844, Kosz A3 = 245, (5.27)

Note that, from the definition (5.26), we have
K;; =0, Kji = — Kij7 Kij + Kjk = Kjp, (528)

for any 4, j,k € {1,2,3}. One can therefore subtract corresponding pairs of equations and
obtain the following system of independent partial differential equations
Ki2 A1 =0, K2 A2 =0, K2 A3 =0,

5.29
Kiz A1 =0, Kiz Ay = 84y, Kiz A3 = 2A,. (5.29)
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As we will prove, each equation has a unique solution up to one numerical constant. This
means that at this point the 3-point function (T#1*1T#2*2Q)) is determined by three nu-
merical constants. After the application of the secondary CWIs this number will decrease
further.

The primary CWIs for all 3-point functions are listed explicitly in the second part of
the paper. They share the following properties:

1. All primary CWIs are second-order linear differential equations.

2. The equations for the coefficient A; are always homogeneous and given by (3.11), (3.12)
exactly, i.e.,
Ki2 A1 =0, Ki3 A1 =0. (5.30)

3. The equations for the remaining form factors are similar to (3.11), (3.12), but they
may contain a linear inhomogeneous part. For a form factor A, multiplying a tensor
of tensorial dimension Ny, the only form factors A; which can appear in the inhomo-
geneous part are those with NV; = NV,, + 2. It is therefore always possible to solve the
primary CWIs recursively, starting with Aj.

In the case of our example, the recursive structure of the equations (5.29) is clearly
visible.

4. There is no semi-local contribution to any primary CWI. In our example, last two
terms in (5.23) do not contribute to the primary CWIs. This conclusion is valid in
general and can be checked explicitly in all cases.

5. The solution to each pair of primary CWIs is unique up to one numerical constant,
as we will prove in section 6.

5.3.2 Secondary conformal Ward identities

The secondary CWIs are first-order partial differential equations and in principle involve
the semi-local information contained in jfg . and tf;”c In order to write them compactly, we
define the two differential operators

0 0
Lo — 2 .2 2 92
~N = p1(p] + p5 — p3) o1 + 2pip2 s
+ [(2d — Ay — 285 + N)p? + (241 — d) (93 — p3)] (5.31)
0
=p1— — (2A — 32
R plé?pl (2A1 —a), (5.32)

as well as their symmetric versions

LIN = LN with P1 < P2 and Al — AQ, (533)
R/ =R with P1 = P2 and Al — AQ. (5.34)

These operators depend on the conformal dimensions of the operators involved in the 3-
point function under consideration, and additionally on a single parameter N determined
by the Ward identity in question.
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In our example (4.10) one finds two independent secondary CWIs following from the
coefficients C3; and C3g in (5.24), namely

Lo A1 + R Ay = 2d - coeff. of ph'ph*ps? in p1y, (T* (p1)TH2"2(p2)O(ps)),  (5.35)
Ly Ay + 4R A3 = 8d - coeff. of §*'¥2ph? in py,, (TH" (p1)TH2"2 (p2)O(p3))), (5.36)

with A1 = Ay = d. Note that in order to correctly extract the coefficient of a tensor, the
rule (4.7) regarding the momenta associated with a given Lorentz index must be observed.
The semi-local terms on the right-hand sides may be computed by means of transverse
Ward identities, to which we now turn our attention.

5.4 Transverse Ward identities

In this section we review briefly the transverse (or diffeomorphism) Ward identities in
momentum space. These Ward identities arise from the conservation law for currents. In
particular we will need the precise form of all semi-local terms that appear in these Ward
identities since these terms are required for the explicit evaluation of the right-hand sides
of the secondary CWIs such as (5.35), (5.36).

We assume the CFT contains the following data:

e A symmetry group G. The conserved current J**, a = 1,...,dimG, is then the
Noether current associated with the symmetry and is sourced by a potential Af.

e Scalar primary operators O all of the same dimension A, sourced by ¢J.
e A stress-energy tensor 7}, sourced by the metric g"”.

Under a symmetry transformation with parameter a® the sources transform as

Sg" =0, (5.37)
SAL = —Di‘a’ = —9ua” — [ Aol (5.38)
¢y = —ia"(T)" 7, (5.39)

where T} are matrices of a representation R and f%¢ are structure constants of the group
G. The gauge field transforms in the adjoint representation while the ¢! may transform in
any representation R. The covariant derivative is

Dl = "0, —iA%(TR)". (5.40)

Similarly, under a diffeomorphism &* the sources transform as

Sgh = —(VHEY + VVEM), (5.41)
SAL = &'V, A% + V£ - AY, (5.42)
5o = €0,¢}, (5.43)

where V is a Levi-Civita connection.
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From the generating functional

2164, 43,9 = [ D exp (—S[Az,g“”] - [t méof) , (5.44)

we have the one-point functions in the presence of sources

2 0

(T () = — mwz, (5.45)

(JH () =—\/gl(—m)(wf(m)2, (5.46)
Iyt 0

(O (x)) \/Mécbé(m)z (5.47)

By taking more functional derivatives we can obtain higher-point correlation functions, e.g.,

2§ 2§ 2§ )
(T (@) Ty (Y) T i3 (2)) = \/9(7)59,1:;”3(@ @59#2”2(1/) \/9(7)5gm,/1 (w)Z[g“ ]
o i@y oy LW gy o T By (58)

dghar2(y) dghsvs(z)

Note that here we define the 3-point function of the stress-energy tensor to be the corre-

dgh ()

lator of three separate stress-energy tensor insertions (and similarly for other correlators
involving conserved currents), rather than the correlator obtained by functionally differen-
tiating the generating functional with respect to the metric three times. While the latter
definition is used in [3, 4, 13, 30], our definition here is simpler for direct QFT computa-
tions. To convert between the two definitions simply requires the addition or subtraction
of the semi-local terms in the formula above.

Requiring the partition function to be invariant under variation of the sources then
leads to the transverse Ward identities

0 = Dgetm) — i(Th)M g(0")

= Vu(JH) + fUAL(TR) = (TR) 65 (O1), (5.49)
0= VH(Tpw) + V, AL - (JH) = VAL - (JF) + B, - (OF) — ALY, (JH)
= V*(Tyw) — Ff, (J") + D} o7 - (O7). (5.50)

These equations may then be differentiated with respect to the sources to obtain the
corresponding Ward identities for higher point functions.

Explicit expressions for all the higher-point transverse Ward identities we need are
listed in the second part of the paper. In obtaining these expressions we have used the
assumptions:

1. O! is independent of the sources, i.e.,

ol ol ol
Yo 5AY (5:51)

dgtv
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2. The source (bé appears only as in (5.44), so that
0T () aJre
365 (y) 06}

3. The gauge field Aj couples either through covariant derivatives or acts as an external

= —gu(x)0(x)d(z — y), (5.52)

source for the current in the form of AZJ ke This means there are no kinetic terms
for A}, i.e., no derivatives acting on Aj in the action, hence

5T () §JH ()

dAs(y) Fuw@d@=y). iy = Gt (@)d(x — y) (5.53)

where I’ and G are functions of the CFT fields.

Of course, it may happen that renormalisation requires us to add counterterms violating
one or more of the assumptions above, in which case the relevant Ward identities would
need to be modified accordingly.

As a specific illustration of the general discussion above, let us consider the transverse
Ward identity for (T#1*1T#2¥2QD)) for a matter content consisting of conformal scalars, as
defined in section 4.4. We will take the operator O = ¢2. The relevant Ward identity is

DU (T (P1) T (92) O (3)) = 2031 g;:;:; (PLp2)0 (o)), (5.54)

where 07),,,,/0g"?"> denotes taking the functional derivative of the stress-energy tensor
with respect to the metric, after which we restore the metric to its background value
Guv = Oy Evaluating this functional derivative explicitly using (4.32), we find [17]
0T ()
6977 (y)

1 N a
= 5 [ 0502 + 20,0010 — 08p00°7 ] 6(@ — y) Tup(@)
1
+ [C}j};ﬁfd(m — )9035 + C 2P 0,6(x — )0

+ C0,050(2 — y)| O(@), (5.55)

where partial derivatives are taken with respect to & and the prefactors are

OB = 5,860 + 26,10,05), 8% = 8,0,0p50°7, (5.56)

uvpo
2)ap __ a e’ (e} o B
Clopd = 26,6500 + 8,(0100°7 = 8,06,58°" = 200,80 (5.57)
3aB _ @ « @ el B ey
Ot = 66505 + 800000 = 600 8°7 = 260.,6,)(,0) + 8po013))- (5.58)
After Fourier transforming and using the result for the 2-point function
1
(O@)O=p) = (5.59)
P
we obtain
1 1% 1%
Py (T (p1) TH2" (p2) O(p3))) = PR + Rl (5.60)

32p3 32
where we have retained only the terms appearing in the right-hand sides of the secondary
CWIs (5.35) and (5.36). The omitted terms do not contain the tensors listed explicitly
and will play no further role in our analysis. As usual, we use the convention (4.7) for the
Lorentz indices.

— 33 —



5.5 Trace Ward identities

Invariance of the generating functional (5.44) under the Weyl transformations
59" =290, S¢h = (d— AN)pjdo,  SA%L=0. (5.61)
leads to the trace (or Weyl) Ward identity in the presence of the sources
(T(x)) = (A — d)gg() (O (), (5.62)

where T' = T}/. Functionally differentiating with respect to the sources then yields trace
Ward identities for 3-point functions, e.g.,

()0 (92)07 (03)) = ~A [(O (20 (~p2)) + (O 5O’ (~p5))] . (5.63)
(T2 Tu 220" () = 25 (91,220 (). (5.64)

A complete list of all trace Ward identities is given in the second part of the paper.

As is well known, due to renormalisation the trace Ward identity may acquire an
anomalous contribution. The exact contribution depends strongly on the specifics of the
theory, but its form is universal. In this paper we assume no anomalies in the transverse
Ward identities (5.49) and (5.50) can appear. The anomalous contributions are therefore
still transverse.

6 Solutions to conformal Ward identities

It is a rather pleasant fact that all the primary CWIs can be solved in terms of the triple-
K integrals similar to (3.26). We will start by analysing some properties of the triple-K
integrals before proceeding to show how this class of integrals solves the primary CWIs. In
particular, we will find that the solution to each primary CWI is unique up to one numerical
constant. Finally, we will analyse the structure and implications of the secondary CWIs.

6.1 Triple-K integrals

All primary CWIs can be solved in terms of the general triple-K integral

o 3
@ B

Ia{ﬁlgg,@g}(pl,p%m):/o dz x Hpijﬁj(ij), (6.1)
j=1

where K, is a Bessel K function. This integral depends on four parameters, namely
the power « of the integration variable z, and the three Bessel function indices ;. In
the following we will generically refer to these as a and § parameters respectively. Its
arguments, pi, p2, p3, are magnitudes of momenta p; = |p;|, j = 1,2, 3.

It will be useful to define a reduced version Jy(i, ,k,y Of the triple-K integral by
substituting

d d
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Here we assume that we concentrate on some particular 3-point function and the conformal
dimensions Aj, j = 1,2, 3 are therefore fixed. In other words we define

INGky = La 1y nia—d1k) (6.3)
where we use a shortened notation {k;} = {kik2ks}, etc. Finally we define
Ar=A1+8s+ A3, Bi=Pp1+PBe+ B  ke=ki+ka+ks. (6.4)

The main point of this section is to present relations showing that all primary CWIs
for a given 3-point function can be solved by the triple-K integrals (6.1). The represen-
tation (6.3) turns out to be extremely useful, as the parameters N and k; are fixed by
the primary CWIs and have no dependence on either A; or d. If desired, these triple-K
integrals may also be re-expressed in terms of other familiar integrals such as Feynman or
Schwinger parametrised integrals, as discussed in appendix C.

6.1.1 Region of validity and regularisation

We assume all parameters and variables in the triple-K integral (6.1) are real. From the
asymptotic expansion (D.8) the integral converges at large x, however in general there may
still be a divergence at z = 0. From the series expansion (D.1) and the definition (D.2),
we see the triple-K integral only converges if [42]

3
a > Z 18i] =1, p1,p2,p3 > 0. (6.5)
j=1

If the parameters o and 3; do not satisfy this inequality, we can use analytic continuation.
We introduce two finite real parameters v and v and regulate the integral (6.1) by continuing

Ia{ﬁ15253} = Ia+u€{51+v€,52+v6763+v6}' (6'6)

In terms of the parameters d and A; this general regularisation corresponds to
d — d+ 2ue, Aj = Aj+ (u+v)e, (6.7)

as one can infer using (6.2). The convenient scheme (3.6) preserving the indices of Bessel
functions then corresponds to u = 1 and v = 0, while the dimensional regularisation (2.5)
corresponds to the choice u = v = —1/2. (Of course, strictly speaking, only the ratio u/v
is actually significant since we are always free to rescale € by a constant.) We will return to
discuss the choice of u and v further in section 6.1.4, but for now we will keep the discussion
general and treat u and v as arbitrary parameters.

Generically, the limit € — 0 exists except for cases where

a+ 1+ 61 £ B+ B3 =—2n, (6.8)

for some non-negative integer n. If the limit does exist, then its value is independent of
the specific choice of v and v due to the uniqueness of the analytic continuation. If, on the
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other hand, (6.8) is satisfied then we obtain pole terms in the regulator e. This singular
behaviour arises from the divergence of the triple-K integral at its lower limit x = 0. To
find the form of these poles more precisely, it suffices to expand the integrand about = 0
as follows.

First, let us consider the case where all the [3; take non-integer values. Expanding the
integrand of the triple-K integral using (D.1) and (D.2), we obtain a sum of powers z? for
various a € R. Each such term makes a contribution to the integral about x = 0 of the

t
/x“dx = %, (6.9)
0 a

where the upper limit of the integral determines the value of the constant but is other-

form

wise unimportant. The right-hand side is an analytic function of a with a single pole at
a = —1, and defines the integral by analytic continuation for ¢ < —1. Thus, while the
triple-K integral naively diverges if the expansion of its integrand contains terms of the
form x® with a < —1, its value in such cases is in fact uniquely defined through the analytic
continuation (6.9). When (6.8) is satisfied, the expansion of the integrand of the unregu-
lated triple-K integral has terms with a = —1, leading to single poles in € in the regulated
integral.

In cases where some of the 3; take integer values, the regulated triple-K integral may
also contain higher-order poles in €. This is because when expanding the integrand of the
triple-K integral about z = 0 using (D.7) we now obtain logarithms and their powers.
From terms containing a single logarithm we obtain a contribution

constq consta
e] dex = — 6.10
/Ox ogx dx (a—|—1)2+a+1’ ( )

while terms containing powers of logarithms contribute still higher-order poles. (In all cases

these poles are located at a = —1 however.) Using the series expansions (D.1) and (D.7),
we can then confirm that in order for terms with ¢ = —1 to arise in the expansion of the
integrand of the unregulated triple-K integral, the condition (6.8) must be satisfied. Thus,
only when (6.8) is satisfied do we obtain poles in € for the regulated triple-K integral, while
in all other cases the limit € — 0 is well defined.

6.1.2 Basic properties

Let us now examine briefly some of the basic properties of triple-K integrals. The most
obvious of these is the permutation symmetry

LB 1By Boisy} (P1: P25 P3) = Lag81 8585} (Po-1(1)s Po=1(2): Po-1(3)) (6.11)

where o is any permutation of the set {1,2,3}. We also have the relations

d
@Ia{ﬁj} = —Pnlat1(s;—6;n}» (6.12)
2
Tagp 405} = Pulos;—0,0) + 20nla-1(;)s (6.13)
_ 28
10{51/327—53} =D3 3104{/315253}’ (6.14)
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for any n = 1,2, 3, as follows from the elementary Bessel function relations

é?a [a"K,(azx)] = —za” K,_1(ax), (6.15)
Ky 1 () + %”K,,(m) — Kyur(2), (6.16)

K_,(z) = K,(z). (6.17)

Some additional properties of Bessel functions and triple-K integrals are listed in ap-
pendix D.

6.1.3 Dilatation degree of the triple-K integral

As the triple-K integral solves the CWTIs, it should also solve the dilatation Ward iden-
tity (5.12) and hence must have a specific dilatation dimension. Using first (6.15) then (6.12),
we can write

3 3
0 5
/0 dwo | o [ [0 K, (0) | = (@ + 1= Bi)lagsy = D_pilari(si-6,)
j=1 =1

3
)
= (a+1—B)lap,y + ij@Ia{ﬁk}. (6.18)
j=1

The expression on the left-hand side leads to a boundary term at = 0. In the region of
convergence (6.5), all integrals in this expression are well-defined and the boundary term
vanishes. We can now use the analytic continuation (6.6) to argue that the analytically
continued left-hand side vanishes generically, except in cases where (6.8) is satisfied. Indeed,
if we regard both sides of (6.18) as analytic functions of «, with all other parameters and
momenta fixed, then the validity of (6.18) in the region (6.5) implies its validity in the
entire domain of analyticity. The vanishing of the left-hand side then implies that

degla{ﬁj} :ﬁt—a—l, dngN{kJ} :At+k§t—2d—N, (619)

provided o + 1 £ 51 &+ B2 + B3 # —2n for some non-negative integer n and independent
choice of signs.

If instead (6.8) is satisfied then we expect scaling anomalies in I.(s;y- Using the power
series expansion (D.1) of the Bessel I functions, we see that the series expansion about
x = 0 of the boundary term z®*! H?zl p?ngj (pjx) in (6.18) contains a constant piece
exactly when (6.8) holds. This indicates that the dilatation Ward identity for the Tos)y
is not satisfied in such cases. Note however that this is not a strict argument since the
regulator cannot be removed from the integrals appearing in (6.18): one should instead
expand both sides in the regulator ¢ and match terms order by order.

6.1.4 Triple-K integrals and 2-point functions

Before discussing the consequences of the primary and secondary Ward identities, we first
need to analyse the possible singularities associated with the 2- and 3-point functions. This
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is because the secondary CWIs connect triple- K integrals with semi-local terms expressible
in terms of 2-point functions. When suitably regulated, the singularities in the triple-K
integrals must then match the corresponding singularities in the 2-point functions.

An initial obstacle is that our convenient regularisation scheme (3.6) does not work
for 2-point functions. The Fourier transform of the position space expression for a generic
2-point function was discussed in section 2 and there is a singularity when 2A = d + 2n for
a non-negative integer n. This singularity however is not regularised by the scheme (3.6).

For these reasons it is convenient to choose a different regularisation scheme which is
applicable to all correlation functions. Here, we choose the standard dimensional regulari-

sation
d—d—ce, Aj — Aj — €. (6.20)
Re-expressed in terms of the parameters o and 3 in (6.1), this is equivalent to
al—>a—%, ﬂjr—wj—%, j=1,2,3. (6.21)

To see this, consider for example the momentum space integral appearing in the 3-point
function of three scalars, namely

/ d?k SR s (6.22)
(Qﬂ)d k253‘k _ p1|262‘k + p2’261

as given in (3.4). The parameters 0; are related to the conformal dimensions via (3.3), and
keeping 0; fixed is then equivalent to (6.21).

Note that the conformal dimensions are continued in (6.20). This is necessary, firstly,
to preserve the conservation of J#* and T, and secondly, to preserve the dimensions of
the associated sources (so that, for example, the metric, representing the source for TH”,
remains dimensionless). The operators J# and T"” must moreover saturate the unitarity
bound in a CFT, A = d — 2 + s, where s denotes the spin.

The dimensional regularisation scheme (6.21) has one important disadvantage, how-
ever, which is that it does not regularise all triple-K integrals: starting from the general
scheme (6.6), some triple-K integrals become singular upon setting v = v. As actual phys-
ical correlation functions are well-defined in dimensional regularisation, however, these
singularities must cancel out when correlation functions are written as linear combinations
of triple-K integrals. In light of this, we will first use the general regularisation scheme (6.6)
to solve the primary Ward identities for arbitrary u and v. In the combination of triple- K
integrals that solve the primary Ward identities the (u — v)-poles should cancel out so that
one may then set u = v [33]. This imposes additional conditions on the Taylor expansion of
the undetermined primary constants a; around u = v . One can extract these conditions,
but it turns out that the entire information is already contained in the secondary Ward
identities. Eventually one can set u = v = —% to obtain the form factors in dimensional
regularisation (6.21). All remaining singularities now appear as e-poles and these should be
removed by adding local covariant counterterms. We will discuss in detail this procedure,
the full set of counterterms, etc., for all cases in [33].

An additional minor drawback of dimensional regularisation is the fact that it shifts
the orders of the Bessel functions in triple-K integrals, potentially making them harder to
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evaluate. If, for example, a given triple- K integral with half-integer Bessel indices diverges,
in dimensional regularisation one cannot simply use the analytic formula (D.4) as one could
in the scheme with « = 1 and v = 0. Such difficulties can however be avoided if the analytic
continuation of the triple- K integral exists and is finite. In this case any regularisation must
lead to the same value of the triple-K integral due to uniqueness of analytic continuation,
and so we may simply use the most convenient scheme to evaluate it. This allows us, for
example, to evaluate correlation functions such as (THV1 JH2 JH3) or (THIVITH2V2TH3VS) in
odd spacetime dimensions exactly. In odd dimensions these correlation functions must be
finite, since no covariant counterterms of appropriate dimension exist, allowing us to use
the scheme (3.6) preserving the indices of the Bessel functions.

6.2 Solutions to the primary conformal Ward identities

In the previous section, we defined the triple-K integral and analysed its basic properties.
We now want to use this information in order to write a solution to the CWIs. For this,
we need the following fundamental identity. For any m,n = 1,2, 3,

Kon IN{k;y = =2kmI N 110k, -55m) T 260 NG 1k 6,0} (6.23)

for ki,ke,k3, N € R. The operator K,,, is the CWI operator defined in (5.26). This
relation is a direct consequence of the identities (6.12) and (6.13).

Let us first consider the pair of primary CWIs for the form factor A;. As discussed in
section 5.3.1, such CWIs are always homogeneous and take the form (5.30). Observe that
if we set all k; = 0 in (6.23) then A; = a1Jyyg00 is a solution for arbitrary N € R and an
integration constant a; € R. Furthermore, observe that if we impose only one homogeneous
equation, say Kio A = 0, then the most general solution in terms of the triple-K integrals
is aJ ook, for any o, N, k3 € R. In general, the equation (6.23) is sufficient to write down
solutions to all primary CWIs.

The remaining piece of information is the value of N. In general, if A, = «a,,J N{k;}
is a form factor of tensorial dimension Ny, then (5.13) and (6.19) determine the value of
N = N(A,) to be

N(A,) = N, + k. (6.24)

Let us see how the procedure works for our example (T#*1T#2*2())). The primary
CWIs are given by (5.29) and, in particular,
K2 A1 =0, Ki3 41 =0,
Ki2 A2 =0, Ki2Ky3 42 =0, Kf3 Ay =0,
KigA3 =0, KppKi343=0, KpKi343=0, K33 A43=0, (6.25)

Therefore, using (6.23) and (6.24), we can write the most general solution given in terms
of the triple-K integrals,

A1 = a1 dyq0003 (6.26)
Ag = a21J31001} + @2J2{000} (6.27)
Az = az1Ja002) + as2J1{001} + @3J0f000} (6.28)
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where all the a are numerical constants. Finally, the inhomogeneous parts of (5.29) fix some
of these constants. When the solution above is substituted into the primary CWIs, (6.23)
requires that

91 = 40&1, Q31 = 2041, 32 = (9. (6.29)

The three remaining undetermined constants «aq, as, as € R multiply integrals of the form
JN{o00y- Such integrals solve the homogeneous parts of the CWIs. Therefore the remaining
constants, undetermined by the primary CWIs, will be called primary constants.

Let us summarise our results. We have analysed the primary CWIs for the (T*1*1TH2v2
O)) correlation function and we found a solution

A1 = a1 dyqoo0y (6.30)
Ag = da1J31001} + a2J2{000} (6.31)
Az = 2011002y + @2J14001} + @3Jo000} 5 (6.32)

with three undetermined constants ag, as, az € R. We will show shortly that this solution
to the primary CWIs is indeed unique, specifying (T#**1T#2¥2(D)) in momentum space up
to three constants. Following application of the secondary CWIs, we will find that the
number of undetermined constants is reduced to just one. The method we have described
is based purely in momentum space and is applicable to all 3-point functions. Explicit
solutions for all primary CWIs are listed in the second part of the paper.

The triple-K integrals we discuss here also arise in AdS/CFT calculations of mo-
mentum space 3-point functions using a dual gravitational theory (recent papers include,
e.g., [29, 49, 50]). As such, these calculations apply only to the specific CFTs dual to par-
ticular gravitational theories. In contrast, our approach here is completely general, showing
that all 3-point functions of conserved currents, stress-energy tensors and scalar operators
in any CFT can be expressed in terms of triple-K integrals.

6.2.1 More on (TM"1TH220)

In this section we wish to illustrate that the solution to the primary CWIs in terms of
the triple-K integrals can be evaluated explicitly with ease. For concreteness, consider
(THMTH2v2O)) with a scalar operator O of dimension Ag =1 in d = 3 dimensional CFT.
The solution to the primary CWIs is given by (6.30)—(6.32) with constants fixed according
to (6.29). In order to write the solution explicitly, we can use expressions (D.4) and (D.5),
after which all integrals turn out to be elementary. The following integrals converge and
can be easily computed

T = Tovas 1. = (W)?’/?_3(p%+p%)+p§+12p1p2+4p3(p1+p2) (6.33)
4000} = 43{33.,—31 — 9 pa(p1 + pa2 + p3)? ) .
m\3/2 2(p? + p3) + p3 + 6p1p2 + 3p3(p1 + p2)
JS{OOl} = I%{%%%} = (5) . (pl +p2 +p3)3 R (634)

assuming A; = Ay = 3 and Ag = 1. The remaining integrals diverge and require a regu-
larisation. As discussed in section 6.1.1 and 6.1.4, we can consider the integrals .J Ntelk;}>
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since this particular 3-point function is finite and any regularisation must yield the same
result. In this manner, we find

\ 3/2 1 3 3 3

Jatefo02} = Ig+e{ggg} == (5) m [2191192193 + py +p5 + p3

+ 2(pip2 + iP5 + Pips + P1p3 + Paps + pap3)] + O(c),  (6.35)

m\3/2 1

Jotefoo0} = Ig+€{gg,_%} = (5) ' pac +0(e%), (6.36)
T 3/2 P3 0

Tuvetoon =Tgragyny == (3) 2 +0() (6.37)

TN3/2 p? 4 p2 — p2
Toretooor =Ty py = = (5) T g+ OO (6:33)

As we will see the omitted terms make no contribution in our subsequent analysis. In
order to further constrain the primary constants «q, ao, @3 we must consider the secondary
CWIs. We will return to this task in section 6.3.1.

At this point we can compare the result given by (6.30)—(6.32) with the direct calcula-
tions of the 3-point function for the free scalar field carried out in section 4.4. We see that
the form of the integrals Jy(oo0}, J/3{001} and Jafgo2y match the form factors Ay, Az and As
in the equations (4.33)—(4.35). Therefore, working in the regularisation scheme (6.6) with
u =1 and v = 0, the primary constants for this particular model are

(NI

1 /2
a1 = @ <7‘(‘) s a9 = 0, a3 = 0. (639)

The scheme-dependence of the primary constants here simply reflects the fact that while
the divergent triple- K integrals are scheme-dependent, the physical form factors themselves
are finite and hence unique. Note also that the relations (6.29) provide a cross-check on
our solution. Later, we will see that the secondary Ward identities impose two additional
constraints on the primary constants that are not yet visible.

6.2.2 Uniqueness of the solution

In the previous sections we argued that all CWIs may be solved in terms of triple-K
integrals (6.1). A case-by-case analysis confirms this and the list of complete solutions
is given in the second part of the paper. Here we want to establish that these solutions
are unique. To be more precise, we want to argue that each pair of the primary CWIs
determines a form factor A,, uniquely up to one numerical constant. This may be achieved
by essentially the same reasoning as in section 3.3.

First, we assume that A, satisfies a pair of homogeneous primary CWIs

Ko A, =0, K3 A, =0, (6.40)

together with the dilatation Ward identity (5.11) with tensorial dimension N,. We can
then use the substitution

2\ M 2\ A 2 2
An(p1,p2, ps) = pgt 24 <pl> (p?> F(pl p2) (6.41)

) \p? P33
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and proceed with the analysis analogous to that following equation (3.15). The substitution
leads to the system of equations (3.17), (3.18) with four possible choices of parameters

1 d d d
a_2|:Nn+€1<A1_2>+€2(A2—2>+A3:|, 5—0&—(A3—2>,

d d
7:1+61<A1—2>, 7/:1+62(A2—>, (6.42)

parametrised by €1, €3 = +1. We can now use equation (3.22) and the analysis that follows.
This leads to the conclusion that the only physically acceptable solution to the homogenous
part of the CWIs is given by the triple-K integral o, Jy, {000}(p1,p2, p3), where «,, is a single
undetermined constant.

In general, the primary CWIs for a form factor A,, contain inhomogeneous parts. The
recursive nature of the primary CWIs discussed in section 5.3.1 then allows us to solve these
equations one by one. Since the inhomogeneous part is linear in the other form factors,
every two solutions to a given pair of equations differ by a solution to the homogeneous
part of the equation. The full solution to the pair of primary CWIs and the dilatation
Ward identity is therefore unique up to one numerical constant.

It is important to emphasise that while the solution to each pair of primary CWIs is
unique up to one primary constant, the representation in terms of triple-K integrals may
not be. For example, for generic parameter values the equation (6.18) shows that

(a+ 5t)106—1{51/3253} = Ia{ﬂﬁ-l,ﬂmﬁa} + Ia{/31w32+17,33} + Ia{ﬁlﬁmﬁs-i-l}' (6.43)

One can therefore re-write one triple-K integral as a combination of others and hence the
representation is not unique.

6.3 Solutions to the secondary conformal Ward identities

In this section we will finalise our theoretical considerations by solving the secondary CWIs.
In general, the secondary CWIs lead to linear algebraic equations between the various pri-
mary constants appearing in solutions to the primary CWIs. The precise form of the
secondary CWIs depends on the semi-local information provided by transverse Ward iden-
tities, which may be written in terms of the 2-point functions.

First, we will return to our example from section 6.2.1 and show how the two secondary
CWIs (5.35), (5.36) constrain the values of the three primary constants appearing in the
solution (6.30)—(6.32) to the primary CWIs. As expected, we will find two algebraic linear
equations between the three primary constants. From this we may conclude that the
3-point function (TH*1TH22Q)) depends on a single undetermined primary constant.

Next, we will discuss how the secondary CWIs lead, in the general case, to a set of alge-
braic equations for the primary constants. This set of equations may be extracted through
an analysis of the zero-momentum limit of the secondary CWI. In this limit the triple-K
integrals simplify, although the precise details of the analysis depend on whether or not
the triple- K integrals involved require regularisation. When the regulator can be removed
from all triple-K integrals the procedure is relatively simple, however when the regulator
cannot be removed special care must be taken when regulating the 2-point functions that
appear in the right-hand side of the secondary CWIs.
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6.3.1 (THMniTH22()) for free scalars

Let us begin by discussing our example correlation function (7#1*17#2*2Q)). We derived
the secondary CWIs earlier in (5.35) and (5.36), where the terms on the right-hand side of
these equations are given by the transverse Ward identity (5.60). We now want to show
that these data fix two out of three primary constants in the solution (6.30)—(6.32) of the
primary CWIs. To fix the final remaining constant then requires additional physical input
in the form of the specific field content.

Since the regulator e in the triple-K integrals (6.36)—(6.38) cannot be removed, we
must assume that the primary constants as and ag depend on the regulator € as well.
As remarked earlier in section 6.1.1, while each individual component may depend on the
regulator, the full expression for the form factors A; cannot. Let us therefore define the
power series expansions

oo
aj= Y aen =23 (6.44)
n=—oo
Since the integral Jyfgooy is finite, we can assume that the constant a; does not depend on
the regulator, i.e., a3 = ago).

We start by substituting the solutions (6.30), (6.31) together with the series expan-
sions (6.44) into the secondary CWI (5.35), with right-hand side given by (5.60). Organising
the equations according to powers of €, upon sending ¢ — 0 all equations associated with
negative powers of ¢ must vanish. In the present case, this yields agn) =0 for all n < 0.
The equation coming from the ” terms then reads

B (T2, (), o )y _ _ 3

The same procedure may now be applied to the remaining secondary CWI (5.36), yielding
o™ =0 for all n < 0 and
3 - —=

3 37 2 2 2
T 3 (1) (0) 1 /2\2| p{+3p5 —3p3 3 3
V2 o o (2) | R Ol 0 2 4
(2> [ ay) +30)" — (ﬂ) o +Ps = s (6.46)
Putting everything together, we have
1 /2)\2
g = [—3@1 + 6 (77) €+ O(?), (6.47)
1 1 /2\? )
az =g —3a1 + 6\ = e+ O0(e), (6.48)

where the constant ay remains undetermined by Ward identities. When we take the limit
e — 0, the leading terms of order € in these expressions then multiply 1/e poles in the
Jotef000}s J1+efoo1y and Joicfoooy integrals yielding the correct finite result. The omitted
higher order terms in (6.47) and (6.48) make no contribution.

Finally, we can check the results of this section against the result (6.39) for the specific
theory discussed in section 6.2.1. Inserting the value of a; from (6.39) into (6.47) and (6.48)
we indeed recover the correct result as = a3 = 0 up to insignificant O(€?) terms.
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6.3.2 Simplifications in the generic case

In the previous section we substituted the full solutions of the primary CWIs into the
secondary CWIs in order to extract more information about the primary constants. At first
sight this procedure might appear hard to carry out in general since the triple-K integrals
usually cannot be expressed in terms of elementary functions. It turns out, however, that
examining the zero-momentum limit leads to simple algebraic equations for the primary
constants.

In this section, for reasons of simplicity, we will assume that each triple-K integral in a
solution to the primary CWIs can be defined by an analytic continuation and the regulator
can be completely removed. We will refer to this as the ‘generic case’ in the present and
following sections. We will then analyse the remaining cases later.

In the zero-momentum limit

ps—0, p1=-p2=p, (6.49)
we have
9B3—11 Ji; o
i) = |25 0] 48 [ r et 0]
(6.50)
Ko(psz) = —logps — logz + log 2 — vg + O(p3), (6.51)
21T (n
p3Kn(psx) = [a;"() + O(pg)}
+ p2" ﬂx" log p3 4 ultralocal + O(p3) n=123,...
3 12°D(n+1) 1 T
(6.52)

From these expressions one can see that the zero momentum limit of p§3K 34 (p3x) exists
if B3 > 0. Since for any correlation function and any form factor 83 = Ag — % + k3 with
non-negative k3, this condition is satisfied if Ag > %. (For conserved currents and for the
stress-energy tensor we thus have 3 > 0 automatically.) We will return to discuss the case
where 83 < 0 later in the text.

Assuming B3 > 0 then, we can calculate the limit of the triple-K integrals in the
generic case

. . Bi—a—1
plslgo Loy (P, 0 p3) = lagp P ™", (6.53)
where, using the result (E.19), we find

_ 2a_3r(/33) a— B3+ 1+ €61+ e
la{ﬁk}_m 11 F( 5 )

(6.54)
€1,626{—1,1}

which is valid away from poles of the gamma function.

Since the derivatives in the L and R operators defined in (5.31) and (5.32) acting
on triple-K integrals can also be expressed via (6.12) in terms of triple-K integrals, this
procedure leads to algebraic constraints on the primary constants.
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6.3.3 Derivation of the equations in the generic case

Let us illustrate the considerations above in the case of the correlator (T#*1TH22()). The
secondary CWIs are given by (5.35) and (5.36),

Lo A1 + R Ay = 2d - coeff. of pglpgngz in Pluy <<T,u11/1 (])1)’1—'“2”2 (pg)O(pg)», (655)
Ly As + AR Ay = 8d - coeff. of 6" in pr,, (T™¥ (p )T (p2)O(ps)),  (6.56)

with Ay = Ag = d and L and R defined by (5.31) and (5.32). The right-hand sides are
semi-local and can be expressed in terms of 2-point functions by means of the transverse
Ward identities. In section 5.4 we found the Ward identity (5.54), which reads

PV (T (P1) Tz (p2) O(03))) = 207" gﬁfiz (p1,P2)O(p3)))- (6.57)

We omit the group index on O as we consider only one scalar operator. First, we want to
argue that the right-hand side of (6.57) vanishes if 83 > 0, unless some specific conditions
on conformal dimensions are met. Therefore, in this section we will assume that the right-
hand sides of (6.55) and (6.56) vanish, leaving a discussion of the various special cases to the
following sections. Indeed, the only possibility for a non-vanishing right-hand side of (6.57)
is if the functional derivative 67,,,,/dg"*"? contains the operator O or its descendants.
Since the dilatation degree of 67},,,,/dg"*"* is equal to d, this requires d = Az + 2n where
n is a non-negative integer. Consider first the case Az = d. In this case, we can write the
most general form of 67},,,, /d¢g"*"> which contains O as

(5T#1V1 (:B)
dgh2r2(y)

where ¢; and co are numerical constants. If, on the other hand, d = Az + 2n with n > 0

= [015;111/15#2112 + 025(;11(#261/2)1/1)] 5(w - y)(’)(:p) +... (6'58)

then derivatives acting on both O and §(x — y) may also appear. In all cases, the Fourier
transform reads

0T

<<W(plap2)0(p3)>> = Puivipove (p%ap%7p£2’>)<<0(p3)0(_p3)>>7 (6.59)

where P is some polynomial built from momenta and the metric §,,, with kinematic
dependence on squares of momenta only. This form arises from the Fourier transform of
the position space expression containing derivatives acting on delta functions and on the
2-point function. Since {(O(p3)O(—p3))) ~ pgﬂ %, the expression vanishes in the p3 — 0
limit as long as B3 > 0.

We now substitute the solutions of the primary CWIs (6.30), (6.31) into the left-hand
side of (6.55) and take the zero-momentum limit. Assuming the regulator can be removed
(see section 6.3.5 if not), the result is

lé+1 dd N9} A
— %p 372(2 4+ 2d — A3) [ag + a1 (Az +2)(A3 —d +2)] =0, (6.60)
with l3,) as defined in (6.54). We then find

s = —(As + 2)(As + 2 — d)a. (6.61)

45 —



Applying the same reasoning as above to (6.56), we likewise find
1
g = zAg(Ag + 2)(A3 — d)(Ag +2— d)ozl. (662)

Summarising, in this and the previous section we presented a method for extracting
algebraic dependencies between the primary constants following from the secondary CWls.
The analysis was performed in the generic case, where the regulator can be removed from
all triple-K integrals involved. Note that the results (6.61) and (6.62) agree with our
example (6.47) and (6.48) in the leading term in € only, i.e., they correctly predict ap =
a3 = 04+ O(e). This is due to the fact that in our example the regulator cannot be removed
from each triple-K integral separately. Therefore, it does not satisfy the assumption of this
section. Note, however, that the analysis of the generic case is sufficient if one is merely
interested in finding the solution up to semi-local terms. This is because the possible non-
generic cases arise due to the regularisation procedure, correcting the generic solution by
at most semi-local terms.

6.3.4 Secondary conformal Ward identities in all cases

Let us now return to the discussion of the secondary CWIs in the case where the regulator
cannot be removed in certain triple-K integrals. In principle, the procedure is simple.
One must keep the explicit dependence on €, both in the triple-K integrals as well as
in the primary constants, and carry out the analysis of sections 6.3.2 and 6.3.3 order by
order in the regulator. Note that if the index of a Bessel function is integral, then the
expansions (6.51) and (6.52) should be used instead of (6.50).

The only difference with section 6.3.3 is that looking at the zero-momentum limit
may not be enough. We should look at both terms following from the first and second
brackets in (6.50), i.e., the coefficients of p§ and pgﬁ 3 in the expansion in powers of p3 with
p1 = p2 = p. If the Bessel index is integral, then we should use (6.51) and (6.52) and
look for the coefficients of pg and pgﬁ 3 log p3. This procedure will provide a set of algebraic
equations relating the primary constants.

Let us now explain why this procedure is valid for f3 < 0 and why the remaining
terms in the expansions (6.50)—(6.52) are irrelevant. First, the unitarity bound requires
—1 < B3. The unitarity bound can only be saturated by a non-composite scalar operator
in a free field theory, [8] and [51]. We can therefore assume —1 < 83 < 0. It turns out
that the considerations encountered in the case f3 > 0 remain valid here. Since the zero-
momentum limit does not exist in this case, we are going to look for the coefficient of p3
in the expansion in p3. The key observation is that on the left-hand sides of the secondary
CWIs such as (6.55), (6.56), the differential operators L and R defined by (5.31) and (5.32)
do not contain derivatives with respect to ps, and can only increase powers of ps by two.
Therefore, the coefficient of pg in the series expansion in p3 remains unaltered provided
—1 < (3. A similar analysis applies to the right-hand sides of the secondary CWIs.

Let us now examine why it is sufficient to look at the leading coefficients in (6.50)—
(6.52) only. From (D.1), we know that in each successive term the power of the integration
variable = increases by two. After taking the zero-momentum limit, the integral (E.19)
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therefore leads to essentially the same expression as (6.54) with 83 — (3 4+ 2n, n being
a non-negative integer, plus some finite pre-factor following from the series expansion of
the Bessel K function. Since the singularities manifest themselves as poles of the gamma
functions, we see that the result cannot be more singular than the original l,(g,}.

6.3.5 Back to the example

Finally, let us see how the general considerations of the previous section apply in the case
of the correlator (T*1*1T+2¥2O)). First, we carry out the same analysis as in sections 6.3.2
and 6.3.3 but keep the regulator explicitly. In place of (6.60), we then find

0=1la

1
Az —2+e(3v— 1
§+1+ue{%+v5,%+vE7A3—%-H)E}p ’ ) {_2(2 2d = Ag * (u + U)G)QQ

o 2+2d— As+ (u+v)e
"\ 34+d—As+ (u—v)e
+ € (4v+ 3v(4 + 2d — 3As)(d — Ag) — u(28 + 8d + 2d* — 8A3 — TAgd + 5A))

> [2(2 FA)B+d— Ag)(d—2— As)

+ €(u—v) (0(10 + 9d — 10A3) + u(4A3 — 3d — 10)) + O((u — v)%i”)} } (6.63)

with l,¢,1 as defined in (6.54). If the € — 0 limit exists, we recover (6.60). If Ag satisfies
certain non-generic relations, however, the limit does not exist. In this paper we will not
solve for all possible special cases, postponing this task to the follow-up paper [33].

In the case of (TH1"1TH2"2Q))) we substitute d = 3 and Az = 1. This leads to ag =
O(e). Since the integrals building the form factor A are at most linearly divergent, this
equation does not specify the form of subleading orders. Instead, the subleading O(¢) term
is determined by analysing the coefficient of p3 following from the expansion of (6.50). To
write this equation, we define two additional constants ¢/ and ¢ by

ST v d A
(S 1, p2) O p)s) = 220 () O ()
pP1=p2=p

+ i oreppt=2s (O (p3) OF (—p3)) + ..
(6.64)

By p1 = p2 = p, we mean here the following procedure: first, the correlation function on
the left-hand side is expanded in terms of simple tensors according to the convention (4.7),
then second, one applies p; = ps = p to each coefficient separately. In this case (6.63)
simplifies to

1
l%+3+“6{%+ve,%+ve,%fAfve} |: - (6 +2A+ (u + 3U)6) Qj

N 23+ A+ (u+v)e) |
(24d—A—(u—0))2+A+ (utv)e) 2|~

d
= 40g A—2—2n(d + 2ue)T (2 A ve) cleo. (6.65)
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In our case d = 3, A3 =1 and we find

ag = —(u—v)e + O(é%). (6.66)

8v/2
3o + iclc@
T

A similar analysis may be carried out for the second CWI, (6.56). Putting all the ingre-
dients together, we can now write the most general form of the correlator {(T#¥1Tr2v2(O1))
for d = 3 and Ay = Az = 1. Using the results for the triple-K integrals from section 6.2.1
we have

i

Al = —— [p3 + 4psai2 + 3(ay + 2b12)] (6.67)
P3ajas
T T
leY . 4\/mcico
Aj = —1— [p3 + 3p3a12 + ps(—afy + 8b12) — 3ai,] — \Fil, (6.68)
p3aisg D3
I
ai(are — p
Al = 1(#23) [—p3 — 3p3a12 + p3(aiy — 10b12) + 3aiz(afy — 2b12)]
4p3atag
c
- p—‘;ﬁ [(e] = 3c5)(p} +p3) + 3(c] + c5)p] (6.69)
where we have defined the symmetric polynomials in momentum magnitudes
a123 =p1+p2+p3,  biag = pipa + p1p3 +pap3,  Cl23 = P1paps, (6.70)
a;j = p; + pj, bij = pipj, (6.71)

where ¢, j = 1,2,3. The solution for this correlator is thus uniquely determined up to one
numerical constant . The remaining constants in the solution, namely co, ¢! and cl, are
determined by the 2-point function normalisations: co is given in (2.7) while ¢! and ¢ are
given in (6.64).

One can check this result against our example in section 6.3.1. From (5.59) and (5.60),
the solution for the parameters is

1 ; 1
co = = = -
N

As we can see, (6.66) simplifies to (6.47) exactly in the regularisation scheme u = 1 and

ch =o. (6.72)

v = 0. As discussed in section (6.1.1), we are free to choose such a scheme since the
resulting form factor A, is finite, and therefore independent of the regularisation scheme.
A similar analysis can be carried out for the second secondary CWTI (5.36).

7 Worked example: (TH11 jhr2 Jhs)

Now that our general method is complete, in this section we present a full worked example,
the (T k2 JHsY) correlation function. Here we will take J* to be a conserved U(1)
current; more general results are listed in Part II. This correlator provides a useful test
case as, while more complex than the (T#1"1TH2"20) correlator we used to illustrate the
method in earlier sections, it is nonetheless simpler than correlators with more stress-energy
tensors.
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We will also discuss the complete evaluation of all integrals in d = 3 and present
a concrete model, free fermions, where these correlators can be explicitly computed by
standard Feynman diagrams. These results provide a nontrivial consistency check on our
method.

7.1 Primary conformal Ward identities

We start with the analysis of primary CWIs for (T#1*1.JF2 J#3)) in general Euclidean di-
mension d. For the decomposition of the transverse-traceless part of (TH¥1JH2 JH3)) we
follow the analysis of section 4.1. The decomposition consists of four form factors,

(8 ()7 (P2 (p2))
= T, (e (o)t (o) |Avp o3 705" + Ao )

a1
+ A6y pi* + As(py > pa)d™1*py' p5?
+ Agomegea ] (7.1)

Here, po < ps denotes exchange of the arguments py and ps, i.e., As(ps < p3) =
As(p1,ps,p2). If on the other hand no arguments are given then the standard ordering
is assumed, i.e., A3 = A3(p1,p2,p3). Note that the form factors A;, As and A4 are sym-
metric under ps < ps3,

Aj(p17p3ap2) = Aj(plap%pii)a ] € {17274}7 (72)

while the form factor As does not exhibit any symmetry properties.
Next, the primary CWIs can be extracted by means of the procedure described in
section 5.3. These CWIs are

Ki2 A1 =0, K134 =0,
Ki2 A3 =0, K3 A3z = 441,
K12 A4 = 2A3, K13 A4 = 2A3(p2 < p3).

The solution follows from the analysis of section 6.2,

A1 = a1J44000y
Ag = a1J3(100) + 242000}
Az = 2a1J31001} + @3J2{000}

~ o~ —~
P B B
N O Ot
S N N

Ay = 2a1J2{011} +as (J1{010} + J1{001}) + a4Jo{000}~

7.2 Evaluation of secondary conformal Ward identities

The independent secondary CWIs for (T#1¥1 JH2 JH3)) are listed in the second part of the
paper and read

(*) Ly A1 +R [A3 — AS(p2 <~ p3)]
= 2d - coefficient of ph' py*ph® in pu,, (TH" (p1)J*2(p2)J"* (p3)), (7.8)
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L:lg Al + 2R/ [Ag — AQ]

= 2d - coefficient of ph* ps'p* in po,, (T (p1)J*? (p2) J** (p3))), (7.9)
Ly Ay — pi [As — As(p2 > p3)]

= 2d - coefficient of 6#2*3ph™ in py,, (T (p1)J** (p2)JJ"* (p3))), (7.10)
LiAs —2R Ay

= 4d - coefficient of §**#2pf® in py,, (T*" (p1)J"2(p2)JJ"* (p3))), (7.11)

where L and R operators are defined in (5.31) and (5.32). They can be obtained by the
procedure outlined in section 5.3.2. Note that there are four primary constants and four
secondary CWIs. As some of the secondary CWIs are trivially satisfied, however, not all
four of the primary constants are fixed, as we expect from the position space analysis [3].
Secondary CWIs that are trivially satisfied are denoted by asterisks in the second part of
the paper (for example (7.8) above is of this type).

Before solving the secondary CWIs, we must simplify the semi-local terms appearing on
their right-hand sides. Differentiating (5.49), (5.50), (5.62) we find the following transverse
and trace Ward identities,

P (T (P1)J72 (p2) J* (p3)) =

= (T ) ) 72 (o)) + 2 (A (1 ) 7 ()

6 A, 0A,,
(T () T (—pa)) — (T (3) ] (~s))
83y (772 (p2) T (—p2)) + 812 paa (T (B) T# (~s)), (7.12)
Pis (T (1)1 (2).17 (p3) =
= 2§ (P2 P2 (Pa)) By 1 (7 (2) (), (7.13)
(T (01) 7" (02).7 (p3)) = (<o (D1, 2)7 (p3)) + (<o (pr, p3) T*2(p2)).  (7.14)

A, 5A,,

In the next section we will extract algebraic equations between the primary constants by
taking the zero-momentum limit ps — 0. The details of this procedure are described in
section 6.3. We will find that in the zero-momentum limit the right-hand sides of the
secondary CWIs (7.8)—(7.10) are given by

fim - coeffcient of p§1p5"pl in pay, (T (p1) 7 (po) P (pa)) =0, (7.15)
e
pi=pa=p
lim0 coefficient of ph' ph?pl® in py,, (TH" (p1)J"2 (p2)JJ" (p3)) = 0, (7.16)
p3—
pi=p2=p

limO coefficient of 6"2#3ph™ in py,, (TH"* (p1)J*2 (p2) J"* (p3))) =
p3—
pi=p2=p

= coefficient of 6#2#3 in (J#2(p)J"3(—p))). (7.17)

Let us start with the first result (7.15). Due to conformal invariance, the only operators
in 6JH2 /§gH¥1 that can give a non-vanishing result under the expectation value with the
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current is another current J#. In general, the descendants of the current can also give a
non-vanishing 2-point function with another current. In this case, however, the dilatation
degree of §.J#2/§gH1*1 is d — 1, and so descendants cannot appear. The most general form
of the functional derivative term is therefore

JJH2
(Sgul 141

= clémyl JH2 02(5&21 Jyl) + ... (718)
where ¢; and ¢o are numerical constants and the omitted terms may contain operators from
different conformal families to that of J#. The 2-point function then reads

5.k , . ,
<<W(p2,p1)c7““*(p3)>>: 615M1V15g2+6256315m)a] (J%(p3)J"* (—p3)))- (7.19)

In the limit ps — 0, however, the 2-point function vanishes, since it behaves as p§l*2 and
d > 2. The same argument works for the second term in (7.13) and so (7.15) also vanishes.

Let us now establish the remaining formulae (7.16) and (7.17). Following the same
argument for the limit p3 — 0, we can restrict consideration to the following terms in (7.12)

Py (((;TZ;:(M:PS)J“Q(W)» — 5t (T2 (p2) I (—p2))) + 042 p3a (JH2 (P2) J* (—p2))). (7.20)
Using the representation (2.15) it is straightforward to expand the last two terms. As
usual, we must use the convention (4.7) for the momenta associated with Lorentz indices,
leading to the right-hand sides of (7.16) and (7.17). The remaining task is then to show
that there are no contributions from the first term with the functional derivative.

Since the dimension of the stress-energy tensor is d, while that of the conserved current
is d — 1 and that of the source A, is 1, the only possible contributions to the first term
in (7.12) are

T =c3[Audy + Ay, + ... (7.21)

where c3 is a numerical constant and the omitted terms do not contain the current or its
descendants. This definition of ¢35 applies if the J* operator is the unique spin-1 conserved
current in theory. If not, we can instead define the constant cg through the 2-point function

0Ty,

(=5 (p1,p2)J" (p3))) = 2¢30(,; (Jo)(P3)J"*(=p3))- (7.22)
6‘4#2 (

After taking the functional derivative one finds that tensors ph* p4*p4® and §#2#3 are absent

in (7.12).

Finally, with the definition of the c¢3 constant as in (7.22), the same method can be
applied to work out the zero-momentum limit of the right-hand side of the final secondary
CWI (7.11), yielding the result

plgiglo coefficient of 6*1#2pi® in py,, (TH"* (p1)J*2 (p2) J"3 (ps3))) =
p1=p2=p

= c3 - coefficient of 0¥1#2 in (JH*(p)J*?(—p))).  (7.23)
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7.3 Solutions to secondary conformal Ward identities

Our goal now is to analyse the additional constraints imposed by the secondary CWIs (7.9)—
(7.11) on the solution (7.4)-(7.7) of the primary CWIs. We proceed as in sections 6.3.2
and 6.3.3 by taking the zero-momentum limit p3 — 0 to derive algebraic equations for the
primary constants.

In odd spacetime dimensions, the integrals appearing in the expressions (7.4)—(7.6) for
the form factors Ap, As, A3 are automatically finite, since the condition (6.8) cannot be
satisfied for any choice of signs. In even spacetime dimensions, however, these integrals
have divergences corresponding to solutions of (6.8) with three minus signs. Upon closer
inspection, however, these divergences are at most linear in €. As discussed in section 6.1.4,
for these form factors and the corresponding secondary CWIs (7.9)—(7.10) we can then
use the simple dimensional regularisation scheme (6.20) for which v = v. The resulting
constraints on primary constants are

a3 = (9, (7.24)

_d_
3 5 vecJ

2 (% + ve)
where ¢ encodes the normalisation of the 2-point function as given in (2.15), and for the
right-hand sides we used (7.15)—(7.17).

The situation is more interesting for the remaining secondary CWI | which involves

ag = —(d + 2ve)ag + (7.25)

the form factor A4. The integrals Jyroo0y, J1{010}s J1{001} associated with this form factor
(see (7.7)) diverge quadratically in €, and hence are potentially singular in the dimensional
regularisation v = v. Expanding (7.11) to first order in (v — v), we find

1
ay = —(d— 2+ 2ve)ag — ie(u — ) [(d+ 2ve) (2(d — 2 4 2ve)ay + ag)

257%7“0‘]63
T (¢~ 1+4ve)T (¢ + ve)

+ O((u — v)%e?).
(7.26)

The physical form factor Ay, as given in (7.7), may then be calculated as
Ay =201 Joq011) + ilg}) [z (Jigo10p + Jrgoo1y) + @aogoooy] » (7.27)

where the singularities of Jy(p1) in dimensional regularisation cancel against those of the
remaining terms after taking the limit v — v.

Our solution of the primary and secondary CWIs above depends on one undetermined
primary constant as well as two different 2-point function normalisations. This result is in
fact consistent with the position space result of [3] (which involves only a single 2-point
function normalisation) by virtue of our different definition for the 3-point function, namely

-1 0 -1 1 -2 4]

(T () J12(y) T3 (2)) = 9(2) 04, (2) \/g(y) 0 A (1) \/g(fw)égwl(m)Z[gw,Ap]
M H3 (z M H2
T Aty T T gy W (7.28)
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In [3] (and similarly [26, 28]) the semi-local terms on the right-hand side of this formula
are absorbed into the definition of the (7}, ,,J#2J#3) correlator: it is these semi-local
terms that are responsible, via (7.22), for the dependence of our solution on the additional

normalisation constant cs.

7.4 General form of (T'*1*1 JF2 JH3) in d =3

Let us now focus on the special case of d = 3. Since in odd dimensions the correlation
function is automatically finite, we can use any regularisation scheme to achieve the goal.
It is therefore most convenient to use the scheme (6.6) with w = 1 and v = 0, since all
triple-K integrals can then be evaluated in terms of elementary integrals using (D.4). In
this way, we find

J I —9 <7r)§ Aprt+p2tps (7.29)
HOOFT 5545220 T 7\2) (py+p2 + pa)t ‘

3 2 2 2

_ (™2 9(p1p2 + p1p3) + 6paps + 8pt + 3(p3 + p3)
Tagooy =Ty = (3) (1 + P2+ p3)° | (7:30)

3
_ _(T\2 2p1+p2+p3
Toomy =Tz 33 = (3) m’ (7.31)
3

Joforny = 5333y = ( )2 o —i—p2 s ) [2p1paps + pi + p3 + pi

+ 2(}71292 + p1p3 + P1p3 + p3pi + paps + PSPQ)] (7.32)
Jireqor0y = I3, 331y = ( ) [—* + p3log(p1 + p2 + p3)
4 “hip2 + (v

_9 - — Upj
Ve — 2)(P1p3 + p2p3) — Pt — P + (ve — 1)p3 + o(e)] , (7.33)
p1+p2 +p3

ﬂ)% [pg P

Jotefo00y = I%+e{%%%} = (5 p2 + p3) log(p1 + p2 + ps3)

+(ve —1)(p2+p3) —p1 + 0(6)} , (7.34)

with similar integrals following from the permutation formula (6.11).
Applying the secondary CWIs (7.24)—(7.26) we then obtain the final result

2(4p1 + p2 + p3)

A =a , 7.35
! ! (p1 + p2 + p3)? ( )
201 p? 4 /7(2
AQ _ a1py - + ﬁ( D1 + D2 +§3)CJ, (736)
(p1 + p2 + p3) (p1 + p2 + p3)

aq
(p1 + p2 + p3)3
A= (p1 +p2 — p3)(p1 — p2 + p3)(2p1 + P2 + p3)
2(p1 + p2 + p3)?

2p?
-2 _— — —4 + . 7.38
VT <p1 p——— D2 p3> ¢y — 4V (p2 + p3)escy (7.38)

44/7(2p1 + p2 + p3)

Aa =
’ (p1 + p2 + p3)?

[—217% - P% +P§ — 3p1p2 + 3p1p3] + cy, (7.37)

— 53 —



In these results we rescaled the coefficient a according to ay(m/2)%/2 — ay, so as to remove
the awkward factor of (m/2)%/2,

The form factors build the transverse-traceless part of the correlation function ac-
cording to (7.1). The full correlation function can then be recovered by means of (4.20)
and (4.21). Using the transverse and trace Ward identities (7.12), (7.13), (7.14), we find

(T (p1) J#2 (p2) T (p3))) = (1 (1)1 (P2)7" (P3))

"3
T [29 (o) (pa)pf] + 2 pr} (7 (p2) T (=p2))
3

pivi 0T,
o) | 7 opt + T ()
ag

2p§3p3a3 ay sv18 6J°s
* T(Sm o 1<<6ga161 (p3, p1)J"*(p2)))

+ everything with (p2, p2) < (ps, ps), (7.39)

where F4" was given in (4.22). Here we assume no scale anomalies are present: if anomalies
occur, the additional ultralocal contributions should be added to (7.39).

The result (7.39) is the most general explicit expression for the (T#1¥1.J#2 JH3)) corre-
lation function in the momentum space. As we can see, it depends on one undetermined
primary constant plus the normalisations of the 2-point functions.

7.5 Free fermions in d =3

As a cross-check on our calculations we now consider free fermions in d = 3 Euclidean
dimensions given by the action

— s
5= / Bz e [wew Dy w} : (7.40)
where .
i
D,=V,—iA,  V,=0,— §wgbzab, (7.41)
and wl‘jb is the spin connection
Wil = e + e, T = 2P, (7.42)

Here I'";, is the Christoffel symbol associated with the metric g,,, while €], are vielbeins
satisfying ejje,q = gy and the gamma matrices v* satisfy 7/ = ehv*. On flat space, we
then have {v*, 7%} = —26%. In d = 3, the spin—% representation of the group SO(3) is
2-dimensional and Tr(y%y?) = —257°,

Notice that the gauge field A, is treated as a source for the conserved current and is
not a degree of freedom. The stress-energy tensor and the conserved current in the presence
of the sources are

T = 205 G Dyt — g™ Da v (7.43)
1272 \/g(sguy - /}/(‘u 1/) guV 'Y [ ) .
1 B
g 05 oy, (7.44)
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In this case the current is associated with the U(1) symmetry, therefore we omit the group
indices on J*. By direct calculation we find

(J*(p)J"(—=p)) = —%ﬁpﬂ’“‘”(p), (7.45)
(7 ()T (—p)) = (e p T ). (7.46)

The transverse Ward identities can be obtained by differentiation of the equations (5.49),
(5.50) and are listed in the second part of the paper. Some terms of the terms involve
functional derivatives and may be evaluated directly from expressions (7.43), (7.44),

T, 1

- ((;”)) = SUudL + 18 = 206, )6(2 — ). (7.47)
P

OJH(x 1

(Sgag((?J)) = 1[%55 + Jadjlo(z — y), (7.48)

where the sources are turned off after the derivative is taken. All together, for this particular

CFT we find
1 3 1

_ - = _, 7.49
CcJ 32\/77_) cr 512ﬁ’ C3 ( )

2
where the 2-point function normalisations ¢y and c¢p, and the constant c3, are as defined
in (2.15), (2.14) and (7.22) respectively.
The 3-point function can be calculated by the usual Feynman rules. Using the results
of section 4.3, one finds

_ Api+p2+p3
12 (p1 + p2 + p3)*’

4, — 1Pz + Pipy) + 6pops + 4pt +3(p3 + p3) (751)
24 (p1 +p2 +p3)? ’

Ay = 6p1p2 + 3p1p3 + 3paps + 4pT + 2p3 + p3

12 (p1 + p2 + p3)?
A, — _ Appops + T(pipe + pips) — 2(p1p3 + p1p3) + Paps + paps + 8p7 — (3 + p3)
48 (p1 + p2 + p3)?

Ay =

(7.50)

: (7.52)

(7.53)

The form factors A; are defined in the decomposition (7.1).

We can compare this result directly with the solution (7.35)—(7.38). Since we know
the 2-point function normalisations (7.49) there is only one undetermined constant, «;.
The solution (7.50)-(7.53) then fits perfectly with a; = —4;.
Ward identities provide quite a robust check on the standard QFT calculation of the 3-

In fact, the secondary
point function: for example, a mistake leading to the overall rescaling of all form factors

in (7.50)—(7.53) by some factor would immediately lead to an inconsistency with the 2-point
function normalisation constants (7.49).
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8 Extensions

In this final section of Part I, we briefly discuss two extensions of the present analysis: how
to write the results for tensor correlators in terms of a helicity basis, and the issues that
arise when we try to generalise to higher-point correlation functions.

8.1 Helicity formalism

In the helicity formalism, one writes down a basis for the space of transverse and transverse-
traceless tensors in terms of polarisation tensors 5,([9) and e;(f,,) respectively, where the index
s ranges over helicities. The number of helicities depends on the tensor structure and is
equal to the dimension of the corresponding representation of the little group in D = d+1
dimensions. For the conserved current it is equal to d — 1 and for the symmetric, traceless
tensors of rank 2 it is equal to (d + 1)(d — 2)/2. Note that these numbers are equal to
T and 11, 11#P7 respectively, where the projectors are defined in (4.1) and (4.2).

The polarisation tensors can be defined by the decomposition of the projectors,

T () = > & (p)E) (p), (8.1)
Mo (6) = 5 3 2 0)EE (), (52)

S

where the bar over a symbol denotes complex conjugation. Moreover, the helicity tensors

satisfy
pe)(p) =0, P& (p) =0,
el(f,/) = e,(,‘?, (5“"6,&5”) =0,
£)(p) = €9 (-p), éS)(p) = ) (—p). (8.3)

Using the identities from appendix G one finds
EDE = 55 e — 950 (8.4

The helicity-projected operators are then defined as

TOm) = EP ) p), T (p) = L) ()T (). (35)

Correlation functions of the helicity-projected operators can easily be obtained from
the transverse-traceless parts of the correlators. First observe that the semi-local parts
of any correlation function vanish when contracted with polarisation tensors. Indeed,
equations (8.1), (8.2) together with (8.4) imply that

€ =€), M7 = &), (8.6)

Then, using equation (5.20) we can write

EOj = E9mrit =0 (8.7)
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and similarly é,(fy)t{fc = 0. To obtain correlation functions in the helicity formalism, one
can therefore apply helicity projectors to the transverse-traceless parts of correlators only.
Due to (8.6), the projectors (4.1) and (4.2) can then be removed as well. Finally, one needs
to compute a small number of contractions of the helicity projectors with momenta and

with the metric.

8.1.1 Examples in d=3

As an example, consider the (TH1*1T+2"20)) correlation function in d = 3 spacetime di-
mensions. Applying first the helicity projectors to its decomposition (4.10), we find

1
(T (p1) T2 (p2) O(p3)) = f,(ffu)l (p1)el2), (p2) (1" (p1)t"2"2(p2) O(p3)))
1 V1 = s % =S =S [0
= 1 [AE (O Py €5, (p2)Ph P + Ao (p1)efi) (p2)rs' 4
+ A3€S,§)(Pl)€(s2)a’8(2?2)} : (8.8)

The contractions with helicity tensors depend on the precise definition of the latter and
also the overall dimension. Let us consider, for example, the case Ay = A3 =1. Ind =3
there are two helicities, which are usually denoted by s = 4+. The required contractions
can be found in [17],

J2

—(s1) B, v 8.9
Eulyl(pl)p2 Do 4\/5]9%7 ( )

=1 =S o J2S§5182)
eglli(pl)e;;) (p2)ph ' ply? = 16p%p§ , (8.10)

(s152)y2

(1) \os2)aB S5 )°
€a P1)€E pP2) = 5 8.11
7 (PP = T (510

where J? and S:gSlSQ) are defined as

J% = (p1 +p2 +p3)(—p1 + p2 + p3)(p1 — p2 + p3)(p1 + p2 — p3), (8.12)

S§8182)

—~

= p3 — (s1p1 + s2p2)°. 8.13)

Using (6.67)—(6.69) for the form factors, the most general solution is

3pipa (p1+p2—p3\°
T(sl) T(Sg) OI :aI < > 55152
( (p1) (p2)O"(p3))) = 4ps \p1+tpatps

coV/msy"™ [~2d]

I ING2 | 2 I 1y,2\ ¢g(sis2)
+ ((c] — 3¢5)(p] +p5) + 3(cy + ¢5)p3) S } 8.14
322p2p3 1 (( 1 2) (Pl 2) (c1 +3) 3) 3 ( )

The constants ¢f and ¢y are defined in (6.64) and co is the normalisation constant of the
2-point function (O7O!)) defined in (2.7).

As a check on our results in (7.7), we compared our solution with that obtained in [29]
for the ((T#1¥1 K2 JH3Y)) correlator of free scalars and fermions finding perfect agreement.
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The same method can be applied to the correlation function of three stress-energy
tensors in d = 3. This is an interesting example, since, according to the position space
results of [3], there is one fewer independent conformal structure in d = 3 than in dimensions
d > 3. Indeed, the application of the helicity formalism in d = 3 to the correlation function
of three stress-energy tensors given by (9.11.28)—(9.11.32) leads to the following result

3020 J?
(T (p1) T (p2) T (p))) = L_Pibabs
Q193
J2a?
f ¥ 123 [(3 afys — Tarsbiag + 5eigs) + 8(p? + pi +p3)cg} (8.15)
12f 23y,
- J2(p1 + p2 — p3)?
7(+) 7) 7(=) - _ VT
(T (p1) T (p2) T (p3)) cr 12722,
1
X |3 —— (3p5 + 4p3ar2 + pi(afy — bi2) + psaiz(ps + 4ar2)(aiy — 3b12)
123
+ a?2(3a%2 — 7b12)) + 8(p:1)’ + pg + pg)cg , (8.16)

where J? is defined in (8.12) and all remaining variables are symmetric polynomials in
magnitudes of momenta defined in (9.1.2). Notice that this solution depends on a single
primary constant «; and does not depend on aq, which features in the solution (9.11.28)—
(9.11.32). The same result can also be obtained directly in momentum space, as presented
in appendix B. Note also that the (7T T()Y) part of the correlation function does
not depend on a7, and hence is determined uniquely in terms of the 2-point function.

8.2 Higher-point correlation functions

It would be interesting to apply the present formalism to higher-point correlation functions
in momentum space. Unfortunately, this seems to be a much more difficult task. In general,
the ideas of the tensor decomposition described in section 4.1 are valid, but much less
constraining. For concreteness, consider the (771" (p1)T#2"2(p2)O(p3)O(p4))) correlation
function. As there are now three independent momenta, each transverse or transverse-
traceless projector (4.1) and (4.2) can be contracted with either of the two independent
transverse momenta to yield a non-vanishing result. The decomposition of the transverse-
traceless part of the correlation function under consideration is therefore

(#1171 (p1) 1722 (p2) O(p3) O(pa)) = TLZ (p1)TIL2E (p2) {

Z Z An1n2n3n4pn1pn2pz§p§i
n1,2€{2 3} n5,4€{3 4}

4 goo2 Z Z An1n2pn1pn2 + Ao 5@10425,8162
n1€{2,3} no€{3,4}

(8.17)
where Apn nonsna, Anin, and Ag are form factors. Initially, we thus have 2 = 16 ten-
sor structures following from the contractions of the transverse-traceless projectors with
momenta, while in case of 3-point functions the corresponding tensor was unique.

— H8 —



The decomposition above is valid as long as d > 4. In case of d = 3, the metric §*¥ is
not an independent tensor according to (4.5). In this case, the decomposition (8.17) can
be truncated after the second line.

In the case of the correlator (TH1TH2V2THsVsTH4AVA) our procedure reduces the number
of independent tensor structures from the original 47 868 simple tensors built from the
metric and three independent momenta down to 382 transverse-traceless tensor structures.
This number, however, should be further diminished when the full symmetry group Sy is
imposed. For the 3-point function, the full symmetry group was automatically encoded
in the decomposition, since only one momentum could appear under a chosen Lorentz
index. In case of the 4-point function, the permutation group mixes various momenta and
the fully symmetric structure is not clearly visible. For comparison, in the case of the
3-point function (TH*1TH2¥2TH3V3) =499 simple tensors built up from the metric and two
independent momenta were reduced down to five transverse-traceless tensor structures.

In addition, the form factors are no longer functions of momentum magnitudes only.
If we consider an n-point function in a d-dimensional CFT with d > n, then the scalar
products

pij =pPi-Pj, Jj=12,....n, 1] (8.18)

are independent variables. In this case, the form factors can be regarded as functions of p;;.

It would be interesting to work out the form of the conformal Ward identities for
higher-point correlation functions. It would be vital to understand the objects correspond-
ing to conformal ratios in momentum space. So far, we can only count the number of
degrees of freedom in an n-point function in a d-dimensional CFT and compare it to the
number of independent conformal ratios which is n(n — 3)/2, assuming d > n [38]. In-
deed, the number of independent scalar products (8.18) is reduced by the n — 1 differential
equations (5.2) and (5.3) following from the special conformal Ward identities, plus the
additional constraint (5.1) from the dilatation Ward identity, leaving

n(n—1)
2

n(n —3)

—(n—-1)-1= 5

(8.19)

in accordance with the number of conformal ratios.

Part 11
Results

9 List of results

9.1 Definitions

Here we collect together the necessary definitions and notation required to present our
main results; further details may be found in the first part of the paper.
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Basic conventions

We assume d > 3 Euclidean dimensions. Vectors are denoted by bold letters, e.g., p1, but
all results will be expressed in terms of the magnitudes of the momenta

pi=lpl=\/p2,  i=123 (9.1.1)

In particular, the form factors A; = A;(p1,p2,p3) are functions of the momentum magni-
tudes. Arrows denote the exchange of arguments, e.g., A;(p1 <> p2) = A;(p2,p1,p3). If no
arguments are given for a particular form factor then the standard ordering is assumed,

Aj(p1,p27p3)-
To write the results in compact form, we frequently make use of the following symmetric

polynomials in the momentum magnitudes
ai23 =p1+p2+ps3, bi23 = p1p2 + p1p3 + p2ps, C123 = P1P2P3,
aij = pi + pj, bij = pipj, (9.1.2)
where 7,5 = 1,2, 3.
Conformal Ward identities (CWIs) and triple-K integrals
The CWI operators K; and K;j, i,j = 1,2, 3 are defined in (5.25) and (5.26) by

9>  d+1-27; 9

Kj = a9 + 717,
op; pj Op;

Kij = Ki — Kj . (9.1.4)

(9.1.3)

By Aj, 7 = 1,2, 3 we denote the conformal dimension of the j-th operator in a given 3-point
function. For example in (T JH2 JH3)) we have Aj = d and Ag = Ag =d — 1.
The triple-K integral (6.1) and its reduced version (6.3) are

oo 3

118,885} (P1, P2, D3) :/0 dz 2 [] #) K, (pj2), (9.1.5)
j=1

INGy = Ld 1y Npa—d k) (9.1.6)

where K, is the Bessel function K (modified Bessel function of the second kind) and we
use a shortened notation {k;} = {k1kaks}.

Solutions to the primary CWIs, see section 6.2, are given as linear combinations of
reduced triple-K integrals multiplied by constants, denoted by «; and called primary con-
stants. If a primary constant is not restricted by means of the secondary CWIs, then it is
a free parameter depending on the details of the theory.

If a triple-K integral diverges it can be regularised by

Ia{ﬁl BaBs} Ia+ue{,31 +ve,B2+ve,B3+ve}s (9.1.7)

with v = v = —1/2 then substituted at the end of the calculation for any form factor.
If the regulator € cannot be removed, then both triple-K integrals and primary constants
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are power series in € regularised in the dimensional regularisation scheme d — d — ¢,
Aj — Aj — €.

The differential operators appearing in the secondary CWIs are defined by (5.31)
and (5.32) and read

0 d

L — 2 2 9 50 O

v =pi(pitpe = pa)g -+ 2pipag
+ [(2d — Ay — 289 + N)pi + (241 — d)(p3 — p3)] (9.1.8)

0
=p1— — (2A1 —d 1.

R=pi ~ (201 - d) (9.19)
v = Ly with (p1 <> p2) and (A1 > Ay), (9.1.10)
R’ =R with (p1 — pg) and (Al — Ag) (9.1.11)

The secondary CWIs denoted by an asterisk are redundant, i.e., they do not impose any
additional constraints on primary constants, see section 7.2.
Finally, we use the constant /,(g,} defined in (6.54),

20-3D () - (a —B3+1+4+epi+ 6252)
) 11 '

Lo {18285} = Tla— s+ 1) 5 (9.1.12)

e1,e26{—1,1}
Tensor decomposition

In momentum space correlators may be expressed in terms of tensor structures constructed
from momenta and the metric multiplied by scalar form factors. Due to momentum con-
servation not all momenta are independent and we use the convention to consider different
momenta as being independent depending on their Lorentz indices are discussed (see sec-
tion 4.1 and in particular (4.7)):

p1, p2 for p1,v1; pa,p3 for pg, vy and ps, p1 for us, vs. (9.1.13)

The transverse and transverse-traceless projectors (4.1) and (4.2) are

Th(p) = 0k — p;fa, (9.1.14)
1(p) = 5 (R (p)7(p) + 74 (p)7(p)) — 7 (p)mas(p). (9.1.15)

The transverse(-traceless) and semi-local parts of the conserved current J# the stress-energy
tensor TH are given by (4.17) and (4.18) and read

Gt =ahge, gl = Jr -k, (9.1.16)
t =TT, Y =T (9.1.17)

loc

The semi-local parts (denoted with the subscript ‘loc’) can also be expressed as

p p v “p¥ 1 R
u D w  DPE o, D pHp y
= — t =—=R —RF — R AT — — 9.1.18
Joc p2 7 loc p2 + p2 p4 + d— 17T ( p2> ) ( )
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where longitudinal and trace parts are
r=pu,J", R” = p,T", R=p,R", T=T. (9.1.19)

It will also be useful to define the operator 7" as in (4.22), namely

1 Pa pt'p”
nv — 2 (nsv) _ (2l — . 1.2
74" (p) pz[p Ga d_1<5 +(d )p2 )} (9.1.20)
We also denote THV® = 6“5%“”.

Operators in the theory
We assume the CF'T contains the following data:

e A symmetry group G. The conserved current J**, a = 1,...,dim@G, is then the
Noether current associated with the symmetry and is sourced by a potential Aj.
Currents transform in the adjoint representation and we denote the structure con-
stants as f°. We assume the Killing form is diagonal, tr(7°T") = %6“1’, where T
are generators of the group.

e Scalar primary operators O all of the same dimension A. They are sourced by ¢}
and transform in a representation R of the symmetry group. The representation

matrices are denoted by (TI‘%)I 7,

e A stress-energy tensor 7}, sourced by a metric gt”.

The relevant Ward identities in the CFT are discussed in section 5; in particular
the transverse Ward identities are given in section 5.4. Note that we define the 3-point
function of the stress-energy tensor to be the correlator of three separate stress-energy
tensor insertions (and this results in additional terms containing functional derivatives
relative to other papers in the literature, see the discussion in section 5.4).

The normalisation constants co, ¢y, cp for 2-point functions are

<<Ol(p)OJ(_p)>> — Co(SIJF (;l —A— ’UE) p2A7d+2ve, (9'1‘21)
(J4(p)J"*(=p)) = ¢ m (p)6*'T (1 — g — ve) pl=2t2ve, (9.1.22)
(@ )T () = ert T (G v ) 2, (9.1.23)

where we use the general regularisation scheme (6.7) which takes d — d + 2ue, A; —
Aj + (u + v)e. Notice that the parameter v does not appear in the 2-point functions.
Dimensional regularisation then corresponds to u =v = —1/2.

In the following, we will illustrate our general results with specific examples in d = 3
and 5 dimensions. We consider for these purposes scalar operators both with dimensions
A = d — 2 and with dimension A = d. The former may be constructed as @ = ¢? in
a theory of free scalars, where ¢ is the fundamental field, while the latter presents an
interesting case being marginal.
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9.2 (000)

(O (p1) O™ (p2) O™ (p3)) = AT (1, pa, p3), (9.2.1)

The primary CWIs are
K ARl — 0, i,j=1,2,3, (9.2.2)

The solution in terms of triple-K integrals (9.1.6) is
A{112[3 == a{11213<]0{000}, (923)

where a{lbl‘?’

is an arbitrary constant. (Note that primary constants inherit the group
structure of the correlation function.) For any permutation o of the set {1,2,3} the A;
form factor satisfies

AT (5o 1), Do) Poz) = A1 (b1, D2, p3).- (9.2.4)

9.3 (JMO0)

Ward identities. The transverse Ward identity is

P (T4 (p1) O™ (p2) O (p3)) =
= — (TR (OF (p2) O (—p2))) — (TH) "2 (O (p3) O™ (—p3))). (9:3.1)

Reconstruction formula. The full 3-point function can be reconstructed from the
transverse-traceless part as

(712 (p1) O™ (p2) O™ (py)) = (7% (p1) O™ (p2) O™ (ps))

- IZ}; [(TR) "2 (O (p2) O™ (—p2))) + (TH)“2(O" (p3)O" (—pa))] . (9:3.2)

Decomposition of the 3-point function. The tensor decomposition of the transverse-
traceless part is

(" (1) O (p2) O™ (b)) = mht (1) - AP0, (9:3.3)

where the form factor A; depends on the momentum magnitudes. This form factor is
symmetric under (pg, I2) <> (ps, I3), i.e.,

A?[3I2(p17p3’p2) = "4(111213 (pl’p27p3)' (934)

This form factor is given by

G218 = coefficient of py" in (J1(p1) 0" (p2) O™ (p3)). (9.3.5)
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Primary conformal Ward identities. The primary CWIs are
Ki A28 =0, ij=1,2,3, (9.3.6)
The solution in terms of triple-K integrals (9.1.6) is

A(Izlzlg _ a?1213J1{000}7 (9.3.7)

alals alsls aa1213
1 1 - 1 :

where o is a constant. In particular « If the integral diverges, the

regularisation (9.1.7) should be used.
Secondary conformal Ward identities. The independent secondary CWTI is

Ly A{ = 2(d — 2) [pa, (J"(p1) O™ (p2) O™ (p3)))] | (9.3.8)

where Ly is given by (9.1.8). Assuming the unitarity bound Ay = A3 = A > % —1 for the
dimensions of the scalar operators we find

alalz _ _ _
Qy ( 2d +2A (u U)G)Z%Jrue,{g71+ve,Afg+ve,Af%Jr’ue} -

d
= —2(—2+d+ 2ue)l (2 - A - ve) (T8 213 ¢p, (9.3.9)
where the constant l,(s,} is defined in (9.1.12). After the substitution of the solution of
the secondary CWI to (9.3.7), the limit v = v = —1/2 should be taken. The form factor
then represents the 3-point function regulated in the dimensional regularisation (6.20).

The 3-point function (J**OQO)) is therefore completely determined in terms of this
normalisation.

Examples

For d =3 and A; = A3 =1 we find

2) TS IPYE)
qgtats — 2R 0o (9.3.10)
bazai2s
For d =5 and A, = A3 =3 we find
AR = g fr(T8) 2T LT 2128 ;‘26‘123. (9.3.11)
123
9.4 (JMJr20)
Ward identities. The transverse Ward identity is
n1al p2a2 I gJHa 1
D1 (71 (21) T2 (52)0" (p)) = Py (= (91, 22) O () (94.1)
102
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Reconstruction formula. The full 3-point function can be reconstructed from the
transverse-traceless part as

(T4 (p1) J*22 (p2) O (ps)) = (7" (p1)j"** (p2) O (p3)))
Pl p1a 070 phpas 077

I T
22 ({ SAT (p1,P2)0" (p3))) + 2 { SAT (p2,p1)O" (P3))
M1, 2 aa
D1 Py Prapeg 0" I
g oam PLPIO (). (9.4.2)

Decomposition of the 3-point function. The tensor decomposition of the transverse-
traceless part is

(7711 (p1)7"2%2 (p2) O (p3))) = mh! (p1)7h2 (p2) [Ai‘w”p?lp?’" +Agetgmes | (9.4.3)

The form factors A; and Ay are functions of the momentum magnitudes. Both form factors
are symmetric under (p1,a1) <> (p2,a2), i.e., they satisfy

AP (p2,p1,ps) = AT (1, p2,ps),  J=1,2. (9-4.4)

These form factors can be calculated as follows

A2l — coefficient of ph'ph?, (9.4.5)

APl — coefficient of §#142
in (J#191 (py).J"2%2 () O (p3))).-

Primary conformal Ward identities. The primary CWIs are

Kip A7 =0, Kz A7 =0, (9.4.7)
KlQ Ag,lagf — O, K13 Aglagf — 2A(i‘l,1a21’ 4.
The solution in terms of triple-K integrals (9.1.6) is
Aalazl _ a1a2[J 048
1 aq 2{000}5 (9.4. )
A3l = P12 Iy 01y + a5 o000y
where a?1213, j = 1,2 are constants. In particular a?”ll = oz;.”'”[ for 7 = 1,2. If the
integrals diverge, the regularisation (9.1.7) should be used.
Secondary conformal Ward identities. The independent secondary CWTI is
L A1111a21 +2RAgla2] —
= 2(d — 2) - coefficient of p§? in p1,, (J*1 (p1)J*22(p2) O (p3))), (9.4.10)
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where L and R operators are given by (9.1.8) and (9.1.9). This leads to

I
l%+1+ue{%flJrve,gflJrve,%fAfve} _(2 +2A + (u + Sv)e)a(flaz

+

414 A+ (u+v)e)ag ! B
(—2+d—A—(u=v)e)(A+ (utv)e)|

d
- 26d7A7272n(_2 + d + 2u€)F <2 — A — Ue) CalaQICO’
(9.4.11)

where the constant lo(g;) is defined in (9.1.12) and 122K g 3 constant defined by

6JM1Q1 a1 a: - -
P (g (91, 22) O (93)) = P A2 (OR () O (—py)) + ...
i

p1=p2=p
(9.4.12)

i.e., we first write down the most general tensor decomposition for pi,, <<56J1:7%;(p1,p2)

O%(p3))) then extract the coefficient of p4? and set p; = pa = p in this coefficient.

After the substitution of the solution of the secondary CWI to (9.4.8)—(9.4.9), the
limit w = v = —1/2 should be taken. The form factors then represent the 3-point function
regulated in the dimensional regularisation (6.20).

In summary, the 3-point function ((J#'J#20)) depends on the 2-point function normal-
isations co and ¢ and on one undetermined primary constant 04‘1”‘121 . Note that for
these correlation functions to be non-zero the symmetric group G must have an invariant
tensor 919! (which is a non-trivial condition). Then a9/ = q ro1a2!,

Examples

For d =3 and A3 =1 we find

arasl a(lll(ml
AS _ — (9.4.13)
Pp3aias
I
Angl — acluazf <1 _ 1> _ w (9.4.14)
aizs  2p3 D3
For d =3 and A3 =3 we find
A(flagf _ O[tlnaﬂal#—f_p?’7 (9.4.15)
a
123
-9 2 2
Aglazl — 7056111(121 P3 +2]Z]iz;2 + 12 . (9.4.16)
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For d =5 and A3 =3 we find

Aalagf _ alaglpg + 3p3a12 =+ Q(G%Z + b12)
1

= o 3 , (9.4.17)
123
Agla2[ _ a(flaﬂp% + 2p§a12 +p3(—a%22+24b12) + 2@13(—&%2 + b12) + QﬁpgcalaQIC@.
G123
(9.4.18)
For d =5 and A3 =5 we find
; arasl
AT = ;3 [—2p3 — 6p3ar2 — 2p3(5afy — 4bia) — 3aiz(ar2 + 3ps)(aly — bi2)],
123
(9.4.19)
aalagl
Agreet = 2; [—2p3 — 4p3aiz — 4p3(afy — br2) + p3a12(afy — Thia)
123
+ 3@%2(2]93 + alg)(a%Q — 31)12)] . (9.4.20)
9.5 <J#1 Jhe JM3>
Ward identities. The transverse Ward identity is
P (I (p1) JH29% (p2) JH2 % (p3)) =
= if 109 (]3P (pg) JH292 (—pa))) — 1f "1 20 (JH2 (p3) JH% (—ps))), (9.5.1)

where % are the structure constants of the symmetry group.

Reconstruction formula. The full 3-point function can be reconstructed from the

transverse-traceless part as
((JH1 (p1) JH292 (p2) J"2%2 (p3))) = (5" (p1)5"2"2 (P2) 37" (p3))

b B (it (0 o) 7202 (o) - o ) 7 ) ) |

pl
+ [(11,a1,p1) <> (p2, b2, p2)] + [(11, a1, p1) < (13, a3, p3)]
'p’“p‘”
[T gt (74755 ()
plpz
+ [(p1,a1,p1) < (13, a3, p3)] + [(12, a2, p2) <> (13, a3, P3)]. (9.5.2)

Decomposition of the 3-point function. The tensor decomposition of the transverse-
traceless part is

(191 (1) (p2) 7755 (p)) = 74 (p)mh2 (p2) s (py) [AT12%5 iy 2
+Agla2a35a1a2p?3 +Agla3a2(p2 <_>p3)50lla3 3‘2
+ A9 () s )52 0] (9.5.3)
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The form factors A; and A, are functions of the momentum magnitudes. If no arguments
are given, then we assume the standard ordering, A; = A;(p1,p2,p3), while by p; <+ p; we
denote the exchange of the two momenta, e.g., A2(p1 <> p3) = Aa(ps, p2,p1)-

The A; factor is completely antisymmetric, i.e., for any permutation o of the set
{1,2,3} it satisfies

AN by 1), o2, Pa(s) = (—1)T AT (p1, pa, p3), (9.5.4)

where (—1)7 denotes the sign of the permutation o. The form factors Ay is antisymmetric

under (p1,a1) <> (p2,a2), i.e.,

A!lezzuzs (p2,p1,p3) = _Aglazag (p1, P2, P3)- (9.5.5)

Note that the group structure of the form factors requires an existence of a tensor of the
form t®19293 As argued in [3], the correlation function vanishes if the symmetry group is
Abelian.

The form factors can be calculated as follows

A7192% = coefficient of ph'ph*p)?, (9.5.6)
A51%2% = coefficient of §#1H2ph* (9.5.7)

in ((JH191(py) JH292 (pg) JH392 (p3))).

Primary conformal Ward identities. The primary CWIs are

Kip AT'% =0, K13 AJ'% =0, 9.5.8
Ko Ag1a2a3 =0, Kis A;laza?’ _ 2A(111a2a3. ( J. )
The solution in terms of triple-K integrals (9.1.6) is
A(fla2a3 = a‘f1“2“3J3{000}, (959)
Ag1a2a3 = Oéclllma3 JQ{OOl} + aguzzag J1{000}7 (9510)
where af'*%, j = 1,2 are constants. If the integrals diverge, the regularisation (9.1.7)

should be used.

Secondary conformal Ward identities. The independent secondary CWIs are

() Ly A 4 2R (A — Ay 65 )] =
=2(d — 2) - coefficient of p§?p/® in p1,, (J*1* (p1)J"2*% (p2) J** (p3))), (9.5.11)
L1 [A5%" (p1 4> p3)] + 2pF [A5 " (p2 > ps) — A" *®] =
= 2(d — 2) - coefficient of §*2#3 in py,,, (J*1** (p1) S22 (p2) J#** (p3))),  (9.5.12)
where L and R operators are given by (5.31) and (5.32). The identity denoted by the
asterisk is redundant, i.e., it is trivially satisfied in all cases and does not impose any
additional conditions on primary constants. The secondary CWIs lead to
23—%—1}5 X ifalazag cy

r2 (%l + ve)

819298 — (d — 2 4 2v¢€) | —a 1929 4 ; (9.5.13)
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where ¢y is the 2-point function normalisation (9.1.22). After the substitution of the
solution of the secondary CWI to (9.5.9)-(9.5.10), the limit v = v = —1/2 should be
taken. The form factors then represent the 3-point function regulated in the dimensional
regularisation (6.20).

The 3-point function ((J#* JH#2.J#3)) therefore depends on the 2-point function normal-

isation ¢y and on one undetermined primary constant aj*“**3.

Examples

For d =3 we find

9 ajazas
Agiens = 2 (9.5.14)
(123
Agines — ggioass D3y IYTTEBCs (9.5.15)
G723 a123
For d =5 we find
ajasas 2a1f1a2a3 3
Ay T [afas + a123b123 + 3c123] (9.5.16)
123
aiazas atlllamg)pg 2 2
Ay == 3. [p3 + 3psaiz + 2(aiy + b12)]
123
8 7Ti a1a2a30J
B \Ff—z [051523 — a123b123 — C123] - (9.5.17)
3aiys

9.6 (TM"100)

Ward identities. The transverse and trace Ward identities are

P (T 0 (p1) O™ (P2) O (p3)) = psy, (O (p3) O™ (—ps)) + oy (O (p2) O (—p2)),

(T(p1)O" (p2) 0" (p3))) = — A3 [(O"(p3) O™ (=p3))) + (O (p2) 0" (—p2)

Reconstruction formula. The full 3-point function can be reconstructed from the
transverse-traceless part as

(T (p1) O (p2) O™ (p3)) = (" (p1) O™ (p2) O (p3)))

870 1) — 2w () | (O ()OS (o)) + (2 bl (963)

where Z4""" is defined in (9.1.20).
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Decomposition of the 3-point function. The tensor decomposition of the transverse-
traceless part is

(t7 (p1)O™ (p2)O" (b)) = 1LY (p1) - A9 051 (964)

where A; is a form factor depending on the momentum magnitudes. This form factor is
symmetric under (pe, I2) <> (ps, I3), i.e.,

AP (p1,p3, p2) = AR (p1,pa, p3) (9.6.5)

and may be calculated as

ATy = coefficient of ph'ps! in (17 (p1) 0" (p2) 0" (p3)). (9.6.6)

Primary conformal Ward identities. The primary CWIs are
K Alls =0, 4 j=1,23. (9.6.7)

The solution in terms of triple-K integrals (9.1.6) is

LI LI
A12 3 = 0[12 3J2{000}, (968)
where af2® is a constant (note a2 = of2/3). If the integral diverges, the regularisa-

tion (9.1.7) should be used.
Secondary conformal Ward identities. The independent secondary CWI is
Ly Al21s = 94 . coefficient of ph* in py,, (TH1 (p1)O™ (p2) OB (p3)Y), (9.6.9)

where Ly is defined in (9.1.8). Assuming the unitarity bound for the conformal dimension
of the scalar operator Ay = Az = A > % — 1 we find

I 1.
a12 3(72 —2d+2A — (u - ’U)E)l%—}-l—l,-ue{%—i—ve,A—%—&-ve,A—%-{-ve} =

d
= —2(d + 2ue)l’ <2 —A— ve) 62l cy, (9.6.10)
where the constant l,(s,} is defined in (9.1.12). After the substitution of the solution of
the secondary CWI to (9.6.8), the limit v = v = —1/2 should be taken. The form factor
then represents the 3-point function regulated in the dimensional regularisation (6.20).

The 3-point function (T#1*1O0)) is thus uniquely determined in terms of the 2-point
function normalisation co.

Examples

For d=3 and A; = A3 =1 we find

P11+ ai23
A{QI?’ = —2\/7?6(951213@. (9611)
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For d =3 and A; = A3 =3 we find

3
a393 — a123b123 — 123
A{QI?, — %\/77_006[213 123 5 . (9612)

a723

For d =5 and A; = A3 =3 we find

( 8p? +9 3a3
A{QL; — —%ﬁ0051213 PT+ p136123 - CL23. (9613)
Q723

For d =5 and A; = A3 =5 we find
16+/mcpd 2
A{QIB = —fi [3a?23 — 9ail23b123 + 3a%23b%23 + 3a‘;’230123 + 3ajo3bi23C123 + 20?23] )

45a:1)’23
(9.6.14)

9.7 (THvi JH20)

The transverse-traceless part of (T#1*1.J#2()) vanishes. We present the detailed analysis
of this case in appendix F.

Ward identities. The transverse and trace Ward identities are

P (T (p1) 172 (p2) O (p3)) = P (( 5;:5;"1 (p1,P2)O (p3)), (9.7.1)
2

P2z Ty (P1) T2 (p2) O (3)) = 2poy, <<$(p2,p1>01<p3>>>, (9.7.2)

(T (p1) T2 (p2) O (p3)) = 0. (9.7.3)

Reconstruction formula. The full 3-point function can be reconstructed from the
transverse-traceless part as

(T (1) J42% (p2) O (p3))) = (1 (p1) "2 (p2)O" (p3)))

TThe fr 0T,
+ TP s (1) (T (1, ) ()
1 asg

asa

2052y 5 oJ
+ %5111&15 161«

P3 5g0<151 (p2’p1)ol(p3)>>7 (974)

where Z4""" is defined in (9.1.20).
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Decomposition of the 3-point function. The tensor decomposition of the transverse-
traceless part is

(17 ()" (2)O' (pa)) = T (pa)wtt () [AT' 95 i 4+ A3'0™op2 ] . (0.7.5)

The form factors A1 and Ay depend on the momentum magnitudes, and may be calculated

as follows
AT = coefficient of ph'phph?, 9.7.6)

A" = 2 - coefficient of §#1F2ph!

in (THM¥1(py)J#2%(p2)O! (p3)). These form factors do not exhibit any symmetry proper-
ties.

Primary conformal Ward identities. The primary CWIs are

Kip AY =0, K3 A =0, (9.7.8)
K A4 =0, Ky A%l = 4A¢, o
The solution in terms of triple-K integrals (9.1.6) is
Ay = oty 9.7.9
1 = @1 J3{000}> (9.7.9)
A" = 208" To (0013 + 5" J1 000} (9.7.10)

where of I’ j =1,2 are constants. If the integrals diverge, the regularisation (9.1.7) should
be used.

Secondary conformal Ward identities. The independent secondary CWIs are

Lo AY + R AYY = 2d - coefficient of ph'ph? in py,, (TF(p1)J"2%(p2) O (p3)), (9.7.11)
L) AT + 2R A3 = —2(d — 2) - coefficient of ph*ph" in pay, (TH17 (p1)J"2% (p2) O (p3))),
(9.7.12)
(9.

Lo AS' = 4d - coefficient of 6#1#2 in py,,, (T (p1)J*2%(p2) O (p3))), 7.13)

where the L and R operators are given by (9.1.8) and (9.1.9). This leads to the trivial

solution
al

9.8 (THvi jhz Jhs)
Ward identities. The transverse and trace Ward identities are
Py (Tyaon (P1)JH2%2 (p2) JH2% (p3))) =
V1 5TM1 Vi Hoa2 1 5TM1 v naas
=" (a5 (P1,P3) ] (p2)) + P (e (P1,P2) ] (p3)))
0A 0AL
+ 20melnpll (292 (py) 23 (o)) + 207200 g (192 (pg) 393 (—pg)),  (9.8.1)
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P2pz (T (P1) T2 (P2) T2 (p3))) =
5. J02

= 2pap, <(W(p2, p1) " (P3))) + O p1a(J* (P3) T % (=p3)), (9-8.2)

(T(p1)J"2% (p2) JH* (p3))) =

= g 122D 7 (0) + (s

(p1,p3)J"*"* (p2))- (9.8.3)
Reconstruction formula. The full 3-point function can be reconstructed from the
transverse-traceless part as

(T2 (1) S22 (p2) JH3% (p3)) = (17 (p1) 74272 (p2) "2 (p3))

M3
2720 ) ]+ D50 | (7920 2) I3 )
3

7'('“11}1 5Ta a
o) | 7 opd + T (T p e 92)
a3

2p#3p3a o o §.Jasas "
+ %5#1 1§ 151 « 5ga151 (p3,p1)J“2 2(p2)>>

+ everything with (po, ag, p2) <> (p3,as, u3), (9.8.4)
where J4"""" is defined in (9.1.20).

Decomposition of the 3-point function. The tensor decomposition of the transverse-
traceless part is

({17 (p1) 2% (p2) " (3)))
= 05 (Pt (p) s (pa) | A9 ' P pR + A5 5°2°%p5 i’
+ Al3l2t1350¢1042p§1p?3 +A§3a2 (p2 Hp3)5a1a3p§1p?2
+ AT gonas 56*251} : (9.8.5)
The form factors A;, j = 1,2,3,4 are functions of the momentum magnitudes. If no
arguments are specified then the standard ordering is assumed, A; = A;(p1,p2, p3), while
by p; <+ p; we denote the exchange of the two momenta, e.g., Az(p2 < p3) = As(p1,p3,p2).

The form factors A;, Az and A, are symmetric under (pg,az2) <> (p3,as), i.e., they
satisfy,

A?SaQ(plvp?)apZ) = A?QQB(plap%p?))a .] € {17274}3 (986)
while the form factor As does not exhibit any symmetry properties.
The form factors may be determined as follows

AP2% = coefficient of ph'ph' ph*ph®, (9.8.7)
A5?%* = coefficient of 6*2#3ph*pot, (9.8.8)
A2 = 2. coefficient of §#1H2pitpl?, (9.8.9)
A" = 2. coefficient of §H1H2oH3M1 (9.8.10)

in (T#¥1(py)JH2%2 (pg) JH39 (p3))).
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Primary conformal Ward identities. The primary CWIs are

K12 A?zas — 0’ K13 Acllgag _ O,
Kip A% = —2A2%3 K3 A%293 = —9 49293 o511
K A3** =0, Kyg A" = 4A72%, -G
K AP® = 2A32%, Ki3 AJ** = 2A53%% (pa = p3),

The solution in terms of triple-K integrals (9.1.6) is

A$2% = 8293 ] 00n, (9.8.12)
AP = a*® J3(100y + 5 Jafo00} (9.8.13)
AP = 2052" J31001) + 3°* Jago00} (9.8.14)
AP = 20 Tpgonny + 5% (Jigoroy + J1goo1y) + @4** Jogoooy (9.8.15)
where 04?2‘13, j =1,2,3,4 are constants. In particular all constants are symmetric in the

group indices, aj*** = aj?*

should be used.

, 7 =1,2,3,4. If the integrals diverge, the regularisation (9.1.7)

Secondary conformal Ward identities. The independent secondary CWIs are

(¥) Lg AT + R[Ag* — A% (p2 < p3)] =

= 2d - coefficient of ph* p§*p® in pry, (T (p1)J*2%2 (p2) J*3% (p3)),  (9.8.16)
L AT 4+ 2R [A32% — A2 =

= 2d - coefficient of ph* ps'p* in po,, (T (p1)J*2%2 (p2) JH3% (p3)),  (9.8.17)
Ly A — 3 [AG2%5 — A2 (py 5 py)] =

= 2d - coefficient of §*2#3ph™ in py,, (TH** (p1)J*2% (p2) J*3* (p3))), (9.8.18)
Ly Ag2% — 2R A% —

= 4d - coefficient of §**#2pi® in py,, (TH" (p1)J"22 (p2) JH3*% (p3)))), (9.8.19)

where L and R are given by (9.1.8) and (9.1.9). The identity denoted by the asterisk

is redundant, i.e., it is trivially satisfied in all cases and does not impose any additional
conditions on primary constants. The secondary CWIs lead to the following relations,

237%71)66&2(136']

aagag — _ d+ 2116 Oéa2a3 _|_ _— 9820
2 ( Jon I'2 (4 + ve) ( )
2% = (9273 (9.8.21)

1
ay?® = —(d — 2 4 2ve)ay*® — 56(u —0) [(d + 2ve) (2(d — 2 + 2ve)a*™ + a?*®)

25— g —vecjcgzlls

TTE 19T (f 1)

] + O((u — v)%e?), (9.8.22)

where c; is the normalisation of the 2-point function (9.1.22), while the constant ¢® is

defined as 5
<<ﬁ(1 . 2)JH3b(1 3)) 2cabééﬁ1 <<J31)(p3)=]“3b(—?3)>>- (9.8.23)
H2
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After the substitution of the solution of the secondary CWIs to (9.8.12)—(9.8.15), the limit
u = v = —1/2 should be taken. The form factors then represent the 3-point function
regulated in the dimensional regularisation (6.20).

The 3-point function (T#1*1.J#2 JH3)) thus depends on the 2-point function normalisa-
tions ¢; and ¢® and one undetermined primary constant a{?*®. The dependence of this
correlator on two 2-point function normalisations rather than the one found in [3] is related

to our definition of this correlator, as discussed above (7.28).

Examples

For d =3 we find

asas 2(4]71 + a23)

Ag205 = gr0s L T2 (9.8.24)
Ay23
. L2027 4y7(2
A0 = 0208 fl + V7 ( ];1 + a23)CJ5a2a37 (9.8.25)
G723 G723
af?® 4/7(2p1 +a
AP = —5— [~2p] — p3 +p3 — 3pip2 + 3pips] + vt DLEGs) o (9.5.26)
a39s a123
Jazas _ asas (2P1+ 023) (P} — a3y + 4bs)
! ! 2‘1%23
Qp% a2a3 a3a
— 2Jr P ass | cjo — 4\/Taszc®3%cy. (9.8.27)
For d =5 we find
a2a3 __ 20/112(13 4 3 2 2
AP = = [4p1 + 20pJags + 4pi(Tass + 6bas)
123
+ 15p1a23(a§3 + b23> + 30,%3(0,%3 + 523)] , (9.8.28)
Aazus _ 2a1112a3p% 3 b 3
9 = T% [a123 + a1230123 + C123]
8+/me i3
- “;3 [2p1 + 6ptazs + 2p7 (5a3; — dbss)
G723
+ 9p1 (ag’3 — agzbag) + 3ag3(a%3 - 523)] , (9.8.29)
Agees = U3 [0t~ 8pb(pa + pa) — Splpa(2p + 3ps)
3 = a%zg P1 P1(P2 +~ P3 P1P2(2pP2 D3

+ p2(—19p% — 40p3ps + 24pap3 + 15p3)
— 3(4p1 + p2 + p3) (P35 — p3) (P35 + 3paps + p3)]

| 8y/me 6

0o [2p1 + 6p3ass + 2p7 (5a3s — 4bos)
123

+ 9prags(a3s — bag) + 3a3s(ads — bas)], (9.8.30)
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aza3s

ACLQCLg _ O41
4 - 3
20793

(290 + 6pTass + 4p1(2a55 — bas) + pi(ads + bas)(3p1ass — Tajs + 32b3)

— 3azs(3p1 + azs)(a3s — 4ba3)(a3s + bos)]

NI

90 (20 + 4piass + 4p3(ass — bas) — plazs(ads — Thas)
123

- 6]91@%3(@%3 — 3bo3) — 3“33(053 - 3b23)]
+ 8V7(p3 + p3)c®%2¢;. (9.8.31)

9.9 <TH1V1 TH2v2 (’))

Ward identities. The transverse and trace Ward identities are

pllll <<T,LL1V1 (pl)Tﬂzz/z (pQ)OI(p3)>> = 2p,fl ( fSTZ;V; (p1 pQ)OI(pB)»v (9.9.1)
(P20 () = 205 5 (01,220 (p2) 992)

Reconstruction formula. The full 3-point function can be reconstructed from the
transverse-traceless part as

(T (p1) T2 (p2) O (p3))) = (1 (p1)£"2" (p2) O (p3))

Vi 15} T (pl) a1 ] s svaf 5T061/31 I
+ 2 | FHma(p )pll +ﬁ5 1 1- SH202 g2 2<<5ga252 (p1,p2)O" (p3)))

+ 2[(p1, v1, 1) > (2, v2, p2)]

pivi ) Hav2
— 4| e (p, )pfl + T y _(1171)5a1ﬂ1 Fhav202 (p, )p252 + dl y _(1172)504262

<5 (1, pa) O ), (9.9.3)

where J4" is defined in (9.1.20).

Decomposition of the 3-point function. The tensor decomposition of the transverse-
traceless part is

(##17 (p1) 272 (p2) O (p3))) = TLE (p1)TIA2 2 (pa) [A1P§1P§1P§2P§2

+ Aforrespfiplt 4 afgmiesshie] (9.9.4)

The form factors A;, j = 1,2,3 are functions of the momentum magnitudes. All form
factors are symmetric under p; < p2, i.e., they satisfy

Al(p2,p1,p3) = Aj(p1,p2,p3),  j=1,2,3. (9.9.5)

— 76 —



These form factors may be calculated using

Al = coefficient of ph*p4' ph2ph?, (9.9.6)
Al =4 coefficient of §"1F2pl pk?, (9.9.7)
Al = 2. coefficient of §*1H257172, (9.9.8)

in (T (p1)TH2"* (pa) O (p3))).

Primary conformal Ward identities. The primary CWIs are

Kio A{ = O, Kis A{ = 07
Kip A% =0, K3 AL = 8Al (9.9.9)
Kio Aé = 0, Kis Aé = 2A£a

The solution in terms of triple-K integrals (9.1.6) is

A{ = o Jago00} (9.9.10)
Af = 404{J3{001} + OéJQ{OOO}a (9.9.11)
Ag = 201 Jogo02; + 51001} + a5Jo{000} (9.9.12)

where 04]1- ,J = 1,2,3 are constants. If the integrals diverge, the regularisation (9.1.7) should
be used.

Secondary conformal Ward identities. The independent secondary CWIs are

Ly Al + R AL =

= 2d - coefficient of ph ph2p%> in py,, (TF"(p1)TH2"2(p2) O (p3))), (9.9.13)
Lo AL +4R AL =

= 8d - coefficient of §*112pk? in py,, (TH"* (p1)TH2"2(p2) O (p3)). (9.9.14)

where L and R are defined in (9.1.8) and (9.1.9). They lead to the following relations

I
ld+3+ue,{g+ve,g+ve,%—A—ve} [ o (6 +2A 4+ (u + 31/)6)&1

2

N 2B+ A+ (u+v)e) Al =
(—2+d—A—(u—0)e )2+ A+ (utv)e) 2]
=404 A—2—2n(d + 2ue)l’ (;i — A - ve) c{co, (9.9.15)

2 2

I
ld+1+us,{g+ve,g+ve,d A—ve} [ o (2 +24+ (u + 31})6)012

N 8(14+ A+ (u+v)e) al] _
(d—A—(u—0)e)(A+ (u+tv)e) °
= 1664.A_2n(d + 2ue)T <;l —A - ve> cheo, (9.9.16)
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where the constant l,(g,} is defined in (9.1.12) and the constants cK and cf are defined as

8Ty y _
PG o p2)OR ()| = e B (O (p) O ()
p1=p2=p

+ o5 SH2pEpT A3 (O (p3) OF (—p3))) + - .-
(9.9.17)

i.e., we first write down the most general tensor decomposition for pi* ((gﬁf;ﬁ; (p1,p2)

O%(p)s), then extract the coefficient of ph'ph*p4? and set p; = pa = p in this expres-
sion.

After the substitution of the solution of the secondary CWIs to (9.9.10)-(9.9.12), the
limit 4 = v = —1/2 should be taken. The form factors then represent the 3-point function
regulated in the dimensional regularisation (6.20).

The 3-point function (T#*1T#220)) thus depends on the 2-point function normalisa-
tions co, e and ¢ and one undetermined primary constant al.

Examples

For d =3 and A3 =1 we find

ol
Af = =21 [} + 4pyarz + 3(a?y + 2012)] (9.9.18)
P3aias
of 4 /mcle
AL = L[} 4 3p3ans + ps(—a2y + 8bi2) — 3ady) — m, (9.9.19)
p3a 123 p3
al(ag —
Aé = 12:1;2(121)3) [_ - 3])%@12 +p3(a%2 - 10b12) + 30,12(@%2 — 2b12)]
123
TCO
+ J;?’ [(e] = 3¢b) (0T + p3) + 3(cf + c)p3] - (9.9.20)
For d =3 and A3 =3 we find
I 2‘1{
Al = - [a123 + a1203b103 + 30123] (9.9.21)
Q23
20!
Aé = 3 1 [pg + 3p3a12 + 6p3b12 + 3p3a12( a%Q -+ b12) + a%2(b12 _ Q%Q)] ’ (9'9‘22)
123
I
aj
Aé =5 2 [pg + 2p3a12 +p3( 3a%2 + 8b12) — p%(ai’g + 5a12b12)
a7o3
+ 6p3(ais — 3aTybi2) + 3ady(afy — 3b12)]
— PVmcseo(pt +p3 +p3). (9.9.23)
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For d =5 and A3 =3 we find

3al
A{ = P ! [Sp% + 15p§a12 +p§(29a%2 + 2[)12) + 5p3a12(5a%2 —+ 2()12)
123
+8(aty + alybiz + 070)] (9.9.24)
I
(6%
A} = —1 [9p] + 36p3aiz + 6p3(Tai, + 4b12) — 12p3a1a(aiy — 8bi2)
G123
+ p3(—5laty + 96a3,b12 + 32b%5) + 8aia(—3aty + 3afzbiz + biy)]
+ 8v/mpscico, (9.9.25)
I
«Q
A= 4a31 [91’2 + 27pia1z + 6p5(aiy + Tbiz) + 18piaia(—3afy + Thio)
123
+ p3(—39aty + 30a25b1g + 64b2,) 4 Ipzara(ady — 4bia)(3aly — 2b12)
+ 24a3y(afy — 3aiabiz + b))
— §v/meops [3(2¢] — 5¢)(pT + p3) + (2¢1 + 15¢3)p3] - (9.9.26)

For d =5 and A3 =5 we find

6al
Af = P L [—3afy3 + Balozbios + afosbio + afyzcios + Baisbisscias + 4ctas] | (9.9.27)
123
20!
A= a471 [—9p5 — 36pSars — 3p3(17aT, + 2b12) — 24p5aia(afy + bi2)
123
+ 8p3(3aly — 12a25b19 4 5b%y) + p3(5laly — 159a3,b1o + 55a1ably)
+9aiy(a12 + 4ps) (aty — 3aisbiz + bia)] (9.9.28)
I
«
Ay = 53— [-995 — 2Tplarz — 3p§(5al; + 8b1o) + 9p5 (3ay — Sarabra)
123
+ 8p3(6aty — 15aiybiz + 4b5) + 9p3(aly + 3adybiz — 11a1obiy)
+ p3(—69a8,+369a1,b12 — 393a3,b1,) — 27a%, (a12+3p3) (als —5adsbio+5b3,)]
+ Bv/megeo (D + p3 +p3). (9.9.29)

9.10 (THnTw2vz Jis)

This correlation function is at most semi-local, as was proved in [6] through a position
space analysis. Our result confirms the triviality of this correlator through independent
calculations in momentum space. In appendix F we discuss the triviality of (T#*1.J#20)),
which is very similar to (TH*1TH2v2 JH3))

Ward identities. The transverse and trace Ward identities are

P (T () Ty ()7 () = 207 (5 222 1 p2) P2 p). (0.10.)
P3ps «Tmlll (pl)T,uzllQ (pZ)Jusa(p3)>> =0, (9'10'2)
(T (P1) Ty (P2) T (3))) = 2(( 5;}22 (p1,p2)J"3%(p3)).- (9.10.3)
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Reconstruction formula. The full 3-point function can be reconstructed from the
transverse-traceless part as

(T (p) TH2" (p2) J72 (p3)) = (# (p1)t"2" (p2) 3% (p3)))

+ oo pypft U e <<j$£(pl’p2)‘] )

+ 2[(_M1,V1,p1) < (2,12, p2)] _

— 4| e (pyp 4 W%m_ TH (pa)py” + W%@ X
<5 (1, p2) (o)) (9.10.4)

where .7 is defined in (9.1.20).

Decomposition of the 3-point function. The tensor decomposition of the transverse-
traceless part is

(B (p1)t"2 (p2) 35 (ps)) = T4 (p1)TTE22 (pa) w3 (ps) | ASpS* ' 52 ps>pS®
+ AgeT R pG g2 ple
+ AGEU s plpeeplt — AG(py ¢ pa)d°2ps py pl?
+ Agserez§hifapas
+ Ag5a1a25a3ﬂ2pgl — As(p1 p2)5a1a25a3ﬂ1p§2 : (9.10.5)
The form factors Aj, j = 1,...,5 are functions of the momentum magnitudes. If no
arguments are specified then the standard ordering is assumed, A; = A;(p1,p2, p3), while

by p; <+ p; we denote the exchange of the two momenta, e.g., Az(p1 < p2) = As(p2, p1,p3).
The form factors A;, As and A4 are antisymmetric under p; <> ps, i.e., they satisfy

Af(p2,p1,p3) = —Af(p1,p2,p3),  J€{1,2,4}. (9.10.6)

The remaining form factors As and A5 do not exhibit any symmetry properties.

The form factors can be calculated as follows

Af = coefficient of ph'ph' ph*psph®, (9.10.7)
A§ = 4 - coefficient of 6"1"2ph* p§*pl®, (9.10.8)
§ = 2 coefficient of §H1H3pltph?pi2, (9.10.9)
1 =2 coefficient of §H1#2§"172 i3 (9.10.10)
Ag = 4 - coefficient of §H1#2§H372pt (9.10.11)

in (T (py)TH2v2(po) JH3%(p3))).
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Primary conformal Ward identities. The primary CWIs are

Kip A9 = 0, Ky3 A9 = 0,

Ky A% =0, K3 A% = 242,

Kip AS = 2A9, K3 A% =0, (9.10.12)
Ky A% =0, Ky A% = 4A2,

K12 Ag = —2Ag, K13 Ag =-2 [Ag + Ag(pl <~ pg)] .

The solution in terms of triple-K integrals (9.1.6) is

A$ = a§ Ts 000} (9.10.13)
A3 = afJagoory + a3 J3(000} (9.10.14)
A§ = aJyfor0y + @5J31000} (9.10.15)
Af = alJzq002y + 205200013 + @4 L1{000} (9.10.16)
A5 = aiJ3(101y + @5 Jaq100) + 5124001} + 5 J1{000} (9.10.17)
where af, j = 1,...,5 are constants. If the integrals diverge, the regularisation (9.1.7)

should be used.

Secondary conformal Ward identities. The independent secondary CWIs are
Ly Af + R[Ag — A3 =
= 2d - coefficient of ph' ph*p5*p!® in pry, (T (p1)TH2* (p2) J"**(ps)), (9.10.18)
Ly A5 + 2R [245 + A5(p1 € p2)] =
= 4d - coefficient of *1#3ph2pk? in py,, (TH (p1)TH2"2 (p2) J***(p3)),  (9.10.19)
Lo A3 = 2R[A5(p1 < p2)] =
= 8d - coefficient of 6*1#2pS2ph® in py,, (TH (p1)TH2Y2 (p2) J***(p3)),  (9.10.20)
Ly A — 2p} [247 + A5(p1 > p2)] =
= 8d - coefficient of 0#236H1"2 in py,, (TH" (p1)TH*"2(p2)JJH3*(p3))), (9.10.21)
where L and R are given by (9.1.9) and (9.1.9). They lead to

ol =al=al=al=0, (9.10.22)
O(e).

(9.10.23)

gl =

(07

9.11 <TH1V1 T#2V2T#3V3>
Ward identities. The transverse and trace Ward identities are
p’fl «Tm v (Pl)Tuzuz (p2)T, H3v3 (p3)) =

ST, vy 6T
= 207" (5 uaws (P12 23) T (02))) + 207" (5 L (91, 22) T (03))
(=

201 (s (T 1 (P2) T (—02))) + 201 (4 (T iy (P3) Tiss (—P3) )
+ 5#31/3173 <<Tau1 (p2)Tu2V2( 2)) + 5#21/2]92 <<Tau1 (p3)Tu3V3 (—p3))
— P3u <<TM2V2 (pQ)Tu:sV:s (_p2)>> — P2 <<TM2V2 (p3)Tu3V3 (_p3)>>7 (9'11'1)
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<<T(p1)TM2V2 (pQ)TM3V3 (p3)>> =

oT

= 2<<W(P1,P2)Tu3u3 (p3)) + 2(

5grars (P1P3) Tz (p2)- (9.11.2)

Reconstruction formula. Define
[LH1VIp2V2pisys (p1,p2,p3) —

_ via 51 ﬂ-'ulyl(pl) a1 ag SU33s 6TC¥151 v
=92 |:yli1 1 1(p1)p1 + ﬁ(s 1P1 | jH3C3 §V3 3«W(p1’p3ﬂw2 2(p2)>>

+ |:y#1111ﬁ3 (pl)(ng:“S(;V?;)% + p§35u3l/3) _ pg%ﬂlljl (p1)5#3a351/353
QrH1VL
+ d_(1pl)5“3a35”363] (Toyps (P2) T2 (—p2))), (9.11.3)

where 7% is defined in (9.1.20). The full 3-point function can be reconstructed from the
transverse-traceless part as

(T (pr) T4 (p2) T (ps)) = (" (P1)t"*" (P2) 1" (ps)))
+ Z LHo(W)Vo(1)Ho(2)Vo(2) o (3)Vo(3) (pa(l) R pa(g) y pg(g))

g

o TH3V3 (g
_ [%;és 3(p3)p3g, + #

d—1
— [(p1,v1,p1) — (p2,v2,p2) = (13, v3,p3) — (11,11, P1))
— [(p1,v1, 1) = (3, v3, p3) = (p2, V2, P2) = (1, v1, p1)], (9.11.4)

Sag iy | LH171H2720555 (1 o, p3)

where the sum is taken over all six permutations o of the set {1,2, 3}.

Decomposition of the 3-point function. The tensor decomposition of the transverse-
traceless part is

(#17 (p) " (p2) 8™ (p3))

= I35 (P, (P2 TGS () | v ) pos i
+ AgdPBpSipe e pl + Ag(pr > ps)d™ P pltp iRt
+ As(p2 ¢ p3)07 P05 D5 pg
+ Agse12MpRapl 4 Ay (pr o py)ao236%0 pt it
+ As(pa ¢ p3)d196% P pg2ps?
b AGTSEE 4 Ay e papinss ey
+ Aua(ps ¢ ps)5@1°25°3%2 pt plf
+A55a1525a26350¢351] ) (9.11.5)

The form factors Aj, j = 1,...,5 are functions of the momentum magnitudes. If no
arguments are specified then the standard ordering is assumed, A; = A;(p1, p2, p3), while
by p; <+ p; we denote the exchange of the two momenta, e.g., A1(p1 < p3) = Aa(ps, p2,p1).
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The form factors A; and As are symmetric under any permutation of momenta, i.e.,
for any permutation o of the set {1,2, 3},

Aj(pa(1)7p0(2)7p0'(3)) = Aj(pl,PZaP3)7 JE {]-a 5} (9116)
The remaining form factors are symmetric under p; <> po, i.e., they satisfy

Aj(p27p1ap3) = Aj(p17p27p3)7 .7 € {27374} (9117)

The form factors can be calculated as

Ay = coefficient of ph' ps' ph*pi2p! P p2, (9.11.8)
Ay = 4 - coefficient of §"'"2ph' ph*pi*p}?, (9.11.9)
Az = 2 - coefficient of §#1H26"172p!Ppl3 (9.11.10)
Ay = 8- coefficient of 0#1#36H2"3pgt pe?, (9.11.11)
As = 8- coeflicient of §172 5127851341 (9.11.12)

in (T (p1)TH2"2(po)TH3¥3 (p3)).

Primary conformal Ward identities. The primary CWIs are

Ki2 Ay =0, Ki3A41 =0,

Ki2 A2 =0, K13 Ay = 84y,

Ko A3 =0, Ki3 A3 = 2A,, (9.11.13)
K2 Ay = 4[As(p1 <> p3) — Aa(p2 < p3)], Ki3 Ay = —4As(p2 < p3),

Kig A5 = 2[A4(p2 <> p3) — As(p1 < p3)], Ki3 A5 = 2[Ag — Ag(p1 <> p3)].

The solution in terms of triple-K integrals (9.1.6) is

Ay = a1 Jsg000) (9.11.14)
Az = 4a1 51001y + @2J4q000) 5 (9.11.15)
Az = 2c1 4002y + @2J350013 + @3J2{000} 5 (9.11.16)
Ay = 8arJdyq110y — 20235001y + @ad21000} (9.11.17)
As = 8an Jyq111y + 202 (Jaqi10y + Jaq101) + Jogo11) + asJogooo} (9.11.18)
where «j, j = 1,...,5 are constants. If the integrals diverge, the regularisation (9.1.7)

should be used.
Secondary conformal Ward identities. The independent secondary CWIs are

() Le A1 + R [Az — Aa(p2 > p3)] =

= 2d - coeff. of ph' pp2p®p® in pry, (THY (p1)TH22 (p2) TH*3 (ps)),  (9.11.19)
Le A2 + 2R [2A3 — Aa(p1 > p3)] =

= 8d - coefficient of §*1#2pS2p*pT® in pry, (TH (p1)TH2"2 (p2)TH*"3 (ps))), (9.11.20)
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(%) La[A2(p1 < p3)] + R[Aa(p2 <> p3) — Aa] + 27 [Aa(p2 ¢ p3) — Ag] =

= 8d - coefficient of 6"2"3ph' pi?pi® in pry, (T (1)1 (p2)TH*"? (ps))), (9.11.21)
Ly [As(p2 ¢ p3)] — 2R As + 2p7 [Aa(p1 < p3) — 443) =

= 16d - coefficient of §#1H26H32p 3 in py,, (T (p1)TH*"2 (p2) T3 (p3))), (9.11.22)
Ly [A3(p1 < p3)] + 7 [As — Aa(pa ¢ p3)] =

= 4d - coefficient of §#2H3§V2¥3ph* in py,, (TH* (p1)TH2"2 (p2) T3 (p3))), (9.11.23)

where the operators L and R are defined in (9.1.8) and (9.1.9). The identities denoted by
asterisks are redundant, i.e., they are trivially satisfied in all cases and do not impose any
additional conditions on primary constants. The secondary CWIs lead to which lead to

237%71)507_‘
az = —(d+ 2ve) (2(2+ d + 2ve)ag + az) + , 9.11.24
’ ( ) (& Jou + az2) I'(¢4ve) T (1+ 4+ ve) ( )
a4 = (2 + 3d + 61)6)6!2 + 2as, (9.11.25)
25727116 1 9 o
a5 = —2(d + 2ve)*as + G +d cgeru = ve
PQ (§ + UE)
1

- §(u —v)e(d + 2ve) [(2 + d + 2ve) (8(d + 2ve)ay + 3a2) + 2a3] . (9.11.26)

The constant cr is the 2-point function normalisation (9.1.23), while the constant ¢4 is
defined as

0T,
59#21’2

(

(1, P2) Tiaws (P3))) = 4¢90(u1 (i (T )y2) (P3) Thagw (=03))) + - - (9.11.27)

The omitted terms do not contain the tensor structures listed explicitly. After the substitu-
tion of the solution of the secondary CWIs to (9.11.14)—(9.11.18), the limit v = v = —1/2
should be taken. The form factors then represent the 3-point function regulated in the
dimensional regularisation (6.20).

The 3-point function (T TH2¥2THsY3)) therefore depends on the 2-point function
normalisations ¢z and ¢, and two undetermined primary constants a; and ag. The de-
pendence of this correlator on two 2-point function normalisations rather than only one as
found in [3] is related to the definition (5.48) we adopt for this correlator. Our definition
differs by the semi-local terms on the right-hand side of (5.48), and it is these terms that
produce the dependence of our solution on ¢, through (9.11.27). (Similar considerations
also apply for ((T),,,, J#2JH3)) as discussed above (7.28).)

An additional effect in dimension d = 3 is that the tensor decomposition becomes de-
generate meaning there are only two instead of the usual five form factors. In consequence,
the stress-energy tensor 3-point function in d = 3 only depends on the primary constant
a1, rather than on both a; and as. Along with the two 2-point function normalisations,
this makes three parameters in total (or two using the definition of the 3-point function
in [3]). We present a discussion of this degeneracy in appendix B, the results of which we
make use of below.
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Examples

For d =3 we find

8
Ar= ag‘l'[0?23'+'301235123-+>150123]7 (9.11.28)
123
8ar
Ag = s - [4273 + 20]73@12 =+ 4173(7@12 + 6b12) + 15p3a12(a12 + b12) + 3a12(a12 + blg)]
123
2
+ 5 - [afo3 + a123b123 + 3caas] (9.11.29)
Ay23
Ay = 20978 (s g o 1162, + 6b1s) + 12a19(a2y + b
8= [7p3 + 28p3a12 + 3ps(1lajy + 6b12) + 12a12(ajy + bi2))
123
8\/mc
+ 2]?3 [pg + 3]93@12 + 2(@12 + blg)} — # [a§’23 — a123b123 — 0123] N (9.11.30)
a123 30123
A . 4041 5 4
4= [—3p3 — 12p3a1z — 9p3(afy + 2b12) + 9Ip3ara(afy — 3bi2)
123
+ (4ps + a12)(3aly — 3ajybiz + 4b3,)]
a2 4 3 2 2
+ 5 [—p3 — 3p3a12 — 6p3bia + a12(afy — b12)(3ps + a12)]
73
16+/mer
_ Lovmer [atys — a123b123 — c123] , (9.11.31)
3“123
2a
123
«
123
+ §V(er + deger) (0} + p3 + p3). (9.11.32)

For d =5 we find

T2a
A = - ! [a123<a123 + a123b123 + b123) + a123(a123 + 5[)123)0123 + 106123] (9.11.33)

a193

24a
Ag = Tl [—12p% — 72pSa1s + 24p5(—8ai, + bi2) + 24p3aia(—13ai, + 6b12)

aji23
+ 8p3(—42aty + 33a2yb1o + 8b2y) + 3psaia(—TTaly + T3a3abia + 2303,)

+ 30psaiy(—3aiy + 3aisbio + bly) + bady(—3aty + 3afzbio + b%z)]

60[2
6 4 2 2 3 2
+ 5 [_30/123 + 3@123[)123 + a123b123 + a123C123 + 30/123[)1230123 + 40123] R

123
(9.11.34)
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2012
As = a51p3 [—81p§ — 405p3ara — 3p3(281ady — 22b19) — 15p3a12(65a7, — 22b12)
123

— 8p2(87aty — 63alyb1a — 13b35) — 100psaia(3aly — 3atybia — biy)
— 20a3,(3aiy — 3aiabiz — bY)]
2
a
+ aips [—9p5 — 36p3ai2 — 3p3(19at, — 2b12) — 24p3ai2(2ai, — bi2)
123

— 8p3(3aly — 3aiybiz — bly) — 2a12(3aty — 3aisbia — biy)]

16
L 16vmer

45“?23

[3a%23(a‘1123 — 3afysbias + biag) + Bai23(aiss + bis)cizs + 20%23] )

(9.11.35)

4o
Ay = a?l [45p5 + 225pJa1z + 15p5(29a2, + 2b12) + T5plara(5ads + 2b12)
123

+ 8p3(75a3y — 23b12)b1a — Spsaia(THaty — 255a35b1o + T9b%,)
— p3(435a8, — 1335a15b12 + 343a7,b7y — 96b3,)
— 3a12(5p3 + a12)(15a%y — 45ai,b1a + 11a3,b3, — 4b3,)]

(6%
+ GTZ (99 + 36pSa12 + 3p3(17a3, + 2b12) + 24piaia(ads + bra)
123

- 8p§(3a‘112 - 12@%21712 + 5b%2) - p§a12(51a£112 — 159&%2b12 + 551)?2)
- 9“%2(4173 + a12)(a1112 — 30%2512 + b%g)]

32/Tc
* 45{3T [Baias(atas — BaTysbizs + blag) + 3arzs(afys + bizs)eizs + 2ciys]
123
(9.11.36)
61
Ay = ——————— [5aiy3(afsg — 4b123) (3alss — 3aiasbios — biag)

(p1 + p2 + p3)4

+ 5a%23(23a41123 - 23@%231)123 + 4b%23)0123 — 4a123(a%23 — 4b123)0§23 + 8c§23]
a2
' 2(p1 + p2 +p3)? [BaTy3(aTas — 4b123)(3aiss — 3atasbios — bly)
+ 3a123(23aly3 — 23aia3bizs + 4bTa3)c123 — 4(atys — 25123)0%23]

— Vler + deger)(p + p3 + p5).- (9.11.37)

A Decomposition of (T*1*1T#2¥2T#3¥3) in non-conformal case

In this section we present the decomposition of the stress-energy tensor 3-point function
for a general quantum field theory. As the stress-energy tensor in a general theory is no
longer traceless, our arguments in the main text need some minor modifications. First, we
discuss how to reconstruct the full correlation function from the purely transverse part,
making use of the transverse Ward identities in a similar fashion to section 4.3. We then
proceed to construct the general tensor decomposition of this transverse part in terms of
ten independent form factors.
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As in the main text, we will denote the transverse-traceless part of the stress-energy
tensor by t* = HZZTM . Here, we will also make use of the purely transverse part,
ty = mhmy TP, which includes a nonvanishing trace part (t7)j. The difference between
the stress-energy tensor and its transverse part can then be written ¢ =T —t4’, i.e.,

loc

_ " v oV
v <7;25; + %55 -~ p;’f&) psT. (A1)

To obtain the reconstruction formula, we use the Ward identity (9.11.1) to re-express
p/gTafB in terms of 2-point functions when the expectation value of 5{;; with other operators
is taken. Defining the operator

Hn1, v
[V p2v2pi3Vs (p1,p2, p3) = % <2p§u15;11) _ plpl;pbzl) <
b1 by

as SV3a 6T v
8 [25#3 o 31)531«6927;5;(1’17173)T“2 2(p2))

+ (5/33041 (2pgﬂ35V3)a3 +p§35ll31/3) _p§15a3ﬂ3553’/3> <<T0¢5,35 (pQ)TM2V2(_p2)>> ,

(A.2)
the reconstruction formula takes the form
(T (pr)TH2 (o) T (p3)) = (4 (1)t (p2) "™ (p3))
+ Z LHo(1)Ve(1)Ho(2)Vo(2)Ho(3)Va(3) (pa(l)ij(Q)jpg(S))
o
1 ve) _ D5P5p3 511 o
- = <2p§“35a§) _ Lza?r Dp3g, LHVIH2 2033 (p1, 2, P3)
D3 p3
— [(p1,v1,p1) — (p2,v2,p2) = (13, v3,P3) — (11,1, P1))
= [(p1,v1,p1) = (13, v3, 3) = (p2,v2, p2) = (11, v1,P1)), (A.3)

where the sum is taken over all six permutations o of the set {1,2,3}. Note the similarity
between these expression and (9.11.3), (9.11.4).

We turn now to the tensor decomposition of the purely transverse part of the 3-point
function. The most general form of this is

(t0" (p) ™™ (p2) ™ (p3))) =

= o, (PTG (D1)7(2, (P2)72 ) (P2)7(5, (P3)m (p3) X 1 Praeiaath, (A.4)
where X 1810282038 i5 g general tensor built from the metric 6*” and two independent
momenta, with a kinematic dependence on the momentum magnitudes pi, po and p3. Note,
however, that if X®1/1a202038s contains pjo-‘j or p?j for j € {1,2,3} then the contractions
with the corresponding transverse projectors vanish. We will assume that X ®181e2f20383 jg
symmetric under «; <+ (; and we use the convention (4.7) (explained in detail in section 4.1)
for the momenta appearing under the various Lorentz indices:

p1,p2 for pi,v1; p2,p3 for ps, ve and p3, py for pg,vs. (A.5)
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o1, P1, a2, B2 oz, B3

P2 P2 P3"P3"P1°P

55162p31p§2p61¥3pé33 55253pg1p51p§42p(113 5&153p31p§v2p§2p?3

saraz 561582 pos pfs sazas 5623 pst p’gl saras 56153 P32 p§2

50410435042B3p§1p§2 50&10&3 6a251p§2pf3 5a1a2 6a3ﬁ2p§1pf3
§e1B2 §aaPs s

5@353])?11)?1 pgzp/gz sa1B pgngzp?:ap% 5a2,82p§¥1p§1 p?sp?rs

5043,33551521);1])?2 gaib 5525319?217?3 5azﬁ25ﬁ153pglp?3

5383 gz 58152 §a1B1 goaas 58203 §a2B2 §onas §81P3

504151 5042B2p?3p,f3 50&252 50&3,8319311)51 5(1161 5&353p§2p§2

§e1B1 oaPa sz fBa

Table 1. When contracted with the transverse projectors, this table presents all 24 tensor structures
in the decomposition of the transverse part of (T#1¥1TH2v2THs¥s))  Tensors are divided into 10 orbits
of the action of the symmetry group S3, after the contractions with the transverse projectors are
taken.

The following table lists all 24 simple tensors from which X 181262038 may be built.

Contracting each tensor in the table with the transverse projectors we obtain 24 trans-
verse tensors denoted by P,, a = 1,2,...,24. Each tensor P, can then be multiplied by a
form factor B, to obtain the decomposition

24
<<t511V1 (pl)t/%zuz (pQ)tg?’VS (p3)>> _ Z Ba(p1,p2, ps)P£1u1M2V2M3V3. (A.G)
a=1

However, the number of independent form factors may be reduced by looking at the sym-
metry properties. If we denote the permutation group of the set {1,2,3} by Ss, then the
3-point function is Ss-invariant, i.e., for any o € Ss,

(" (1)t (pa)ty?” (p3)) = (7D (Do)t PP (Do)t P (Do) (AT)

When contracted with the transverse projectors, the tensors at the first, fifth and the last
row of the table lead to the Ss-invariant tensors. Therefore, corresponding form factors are
invariant under any permutation of their arguments, for example

Bl(Pl,pZaPS) = Bl(po(1)7pa(2)7pcr(3)) (AS)

for any o € S3. The remaining tensors transform non-trivially under the action of S3. For
concreteness, consider the second line of the table, i.e., the part of the decomposition

Bo(p1,pa, p3) Py Y5 4 Ba(py, pa, ps) PYMHHRY2ESYE 4 By (py, pa, pg) Pyt HHRRHSYE 1 (AL9)
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Under the action of the symmetry group the tensors P, Ps, P, shuffle among each other.
For example, under the action of the transposition (p1, u1,v1) <> (p3, 3, v3) we obtain

BQ(p37p27p1)P£1V1u2V2M3V3 + B3(p37p27p1)P2MlV1M2V2M3V3 + B4(p37p27pl)Pflylu2y2M3V3~
(A.10)
Since the entire 3-point function is Ss-invariant, this implies that (A.9) and (A.10) are
equal. Since all tensor structures P, are independent, we find

B3(p1,p2,p3) = Ba(p3, p2,p1), By(p1,p2,p3) = Ba(ps, p2,p1)- (A.11)

By analysing other symmetries we find that (A.9) depends on one form factor only, say Ba,
By(p1,p2, p3) PY 2219 4 By (py 4 p3) P15 4 By (pg < pa) PRV (AL12)

Moreover, Ba(p1,p2,p3) = Ba(p1 < p2).

The described procedure reduces the number of independent form factors from 24
down to 10. The same procedure applied to the transverse-traceless part of the 3-point
function reduces the number of independent tensors from 11 down to 5. In this case the
decomposition is given by (4.13).

B Degeneracy of the tensor structure of (T*1*1TH2¥2TH33) in d = 3

In dimension d = 3, a special degeneracy occurs which allows the transverse-traceless part
of (THTH2v2TH3V3Y) 0 be decomposed in terms of only two form factors rather than five.
To see this, we first define the cross-product
n =P X P2 = P2 X p3 = P3 X P1 (B.1)
and note that n? = J2/4, where J? is defined in (8.12). Using (4.5) we find

4
M = =5 \pipipf + pipil = i P (PP + Ppl) + ”#"V] (B2

for any 7,5 = 1,2,3 and 4 # j. From the fact that 5“51_1’;;(1:5) =0, we find

_ 2 B -
5 (py)n®n” = =pTIR5(P)) Pty moas Plsnymoays 4= 123 (B3)

We can now go back to the decomposition of the transverse-traceless part of (TH1¥17TH2V2
TH3v3)) | equation (9.11.5), and exchange all 6*% for (B.2). However, if one transverse-
traceless projector is contracted with two vectors m, then, according to (B.3), we can
replace such a contraction with a contraction of two momenta with appropriate prefactors.
Therefore, the only terms surviving in (9.11.5) are terms with either zero or two vectors
n. Hence we find only two tensor structures in the decomposition of ((t#1¥1¢#2V2¢H3Y3 )

(7 ()22 (p2) ™ (p3))
= I35 (P TILE, (p) TGS, () | B o) ool
+ Bon”n®p3tppepl® + B(p1 ¢ ps)n®npgpl pg2pie

+ By(p2 ¢ p3)n’inf 3p§‘1p§2p'§2p‘1"3] : (B.4)
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The new form factors B; are functions of the momentum magnitudes. As usual, if no
arguments are specified then the standard ordering is assumed, B; = B;(p1, p2, p3), while
by p; <+ p; we denote the exchange of the two momenta, e.g., Ba(p1 <> p3) = Ba(ps, p2,p1)-

We can now express the new form factors Bj; in terms of the old ones, A;, defined
n (9.11.5). Using equation (B.3), we write the explicit form of the contraction of two

transverse-traceless projectors with a metric as

4 1
IS (pO)TIRZE (p2)0™ 2 = —TI% (p)TIL2E (pa) |0 + S (03 — pt — p3)ps'p5 |

a1 \P1) 0,8, \P J2 a1 P10y 6, \P 2
(B.5)
from which we find
2
=A+— Jg [( — pi — p3)Aa(p1,p2.p3) + (p1 < p3) + (p2 & p3)]
J4 [((8pTp3 — J*)As + (p5 — (pT — P3)*)A4) + (p1 < p3) + (p2 > p3)]
8
— S1(PT+ Py +p3) 45, (B.6)
4 16
By = A+ o (p5 — P} — p3)As — p3 AL +
1 1
+ 503 — Pl = P5)Aa(pr © ps) + 5 (T — p3 — P3)Aa(p2 > ps)
16
+ s, (B.7)

Using the general expressions (9.11.28)—(9.11.32) for the form factors in d = 3, we arrive
at the final result

6?23 _ 32 ﬁCT

Bl = 19200(1 T 3J4a2 [(3 + 869)&?23(@%23 — 5b123) + 24(1 + 209)(1::{)2317%23
123 123
— 8(L123b?23 —+ (3(8Cg — 1)0/1123 — 4809@%23(7123 — 8b%23) C123 + 8@1236%23}, (B8)
2
Ciy3P3  256+/mer
By = —1920a Jﬁ‘{% e, [2(1 + ¢g)p3(ps + 2a12)

+ 3 (2(2 +cg)ats — 4512) +piarz ((3 + 2¢q)aty — (5 + 6¢y)bi2)

— 3(1 4 2¢4)adybis + arab?y + (1+ QCQ)@] (B.9)

The variables used in this expression are symmetric polynomials of the momentum mag-
nitudes as defined in (9.1.2). Note that this expression has no dependence on the pri-
mary constant as. Therefore, in d = 3, the most general form of the correlation function
(THTH2v2TH3V3Y) depends on only one undetermined primary constant and on two 2-
point function normalisations c¢r and ¢4. This is in agreement with [3], noting that the
normalisation constant ¢, arises through our definition of the 3-point function in (5.48).

Finally, while similar considerations hold for other 3-point correlators in d = 3 involving
the stress-energy tensor, in these cases it turns out that the use of equation (B.2) does not
reduce the number of independent primary constants in the final result.
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C Triple-K integrals by Fourier transform

Here we present the computation leading from the momentum space integral in (3.4) to
the triple-K representation. The method generalises the results of [31], as we consider a
general integral

d?k [
/ : . (1)
(271-) ’k‘?ég’k_p1|2§2‘k+p2|2(51
Using Schwinger parameters
R >0 (C.2)
Ao~ Ta) o 58 e s, e} . .
we can write
d?k R
/ (27T)d k263|k _ p1|252‘k + p2|251
13 d’k LM ot 2 01—1 62—1 d3—1
= amydt 3dss1 857 T8yt X
R+
X exp [—(33k2+32|k—p1\2+31\k+p2|2)] ; (C.3)
where we use the following abbreviations
% =T(6,)T(62)I(83), d5 = dsjdsadss. (C.4)
enoting sy = s1 + so 4+ s3, we rewrite the expression in the exponent as
D ing ite th ‘on in th
s3k? + solk — p1|2 4 s1]k + po|? = s + A, (C.5)
where ) ) )
l—k+ S$1P2 — S2P1 A — S152P3 + 5183p5 + S253D7 (C.6)
St ’ St ' '
We can now re-express the integral (C.1) as
d4 2 - soph? — s1ph?
-3 o> 61—1 d2—1 83—1_—A —sl 1t 2Py 1Py
r " ds's]' sy s e /(27r)de ! ]1;[1 (l I+ ” ) . (C.7)

This expression can be expanded and split up into a sum of integrals. The integral over I
gives some moment of a Gaussian random variable. For any a such that Rea > 0 we can
find

ddl 2m _—al? __ I (% + m) 1
S7MeT M = y C—_, (C.8)
(27) (4m)2T (%) aztm
ddl 1. 2m
/ dlul cee luzme—de = Sd—dv (CQ)
(2m) (47)22mazt™

and integrals with an odd number of [ vanish. S#1--#2m ig a completely symmetric tensor
built from metrics only, with each coefficient equal to 1, e.g.,

GHIM2HBIA — SHLM2 §H3Ha | SHIES SH2fa | §H1RA GH2HS (C.10)
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The calculations of the integral (C.1) therefore boil down to the calculation of several
integrals of the form
1

(47)52mD3

This expression gives the coefficient of the completely symmetric tensor S#*--#2m when we

a
. L —5-m §_ _ 1 _
idm, {5, = /3 dss, 2 sl lsg?’ te=2, (C.11)
R
+

evaluate (C.7). In fact, the coefficient of all the tensors in (C.7) can similarly be expressed
in terms of ig, (5,1 for some values of m and d;. (In this case, however, the J; parameters
are no longer equal to those in (C.1), since each momentum in (C.7) is accompanied by a
Schwinger parameter.)

Let us now express the integral (C.11) in terms of the triple-K integral (6.1). Defining
0t = 01 + 62 + 63, we make the following substitution in (C.11)

vivg +vivg +vgvg  V

j = =5 1 =1,2,3 C.12
Sj 21}] 2Uj, J 9 Hy Dy ( )
giving
23~ 5¢—d—2m : dim-g;—1 7
. _ L b—d -1 Py
tdm,{6;} = m /R3 doV jl:[lvj e 2. (C.13)
Observing that
V = viv9v3 (Ufl + v;l + 1)3—1) (C.14)

and introducing a new Schwinger parameter ¢t to exponentiate the term in brackets, we
find
d
: 2> / % di2m—d,—1
dm,{8;} = dtt+m_t_><
" T ) ST + 2m — 6,) Jo
”jp? t

] 5 d 6¢—6;—1
. / ; HU'_E_WH— T e 2y
3 J
R .
+ j=1

2—d—3m+5t

— /oo dt td+2m76t71 X
d
(47)2D30(d + 2m — &) Jo

3 _d_ P
« / dig T plrtom =20k, s - ol e (C.15)
R3 i
Using the standard formula [40]
1 v [ 22
K,(z)== (E> / e awy Y du, |arg z| < u (C.16)
2\2 0 4

we now obtain our final result
2—%—2m+4

idvmv{di} =

iy e T i /5
dt(v2t)z Hpj K§+m—5t+6j( 2tp;)

(47)3T3T(d + 2m — &) Jo ol

2—%—2m+4

oo 3 d

d _ 2 im—0:+9;

- de 2t 1] p2 ‘Ko, (pjx)
(477)3F3F(d+2m—5t)/0 H 7 g tm0uto;

2—%—2m+4

" @I s o gy f i) cn)

where I'® = I'(61)'(02)['(d3) and I stands for the triple-K integral (6.1).
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C.1 Triple-K integrals via Feynman parametrisation

Instead of Schwinger parameters, one can use the more familiar Feynman parametrisation
in order to evaluate (C.1). Using standard results [56], we can write (C.1) as

I'(6;) / 1/ a4 1 . " »
dXx "+ I — 7, C.18
I3 Jioap H v )4 (12 + D)% 1;[1( wopy’ — z1py’) (C.18)
where
dX = dzidzodxs (5(1‘1 + 22 + 23 — 1), (C.lg)
l =k — zop1 + 21p2, (C.20)
D= p%$2$3 +p§$1$3 + p§x1x2. (C.21)

Looking at the coefficient of the tensor S#1-#2m defined in the previous section, we obtain

T (6, —m—4
iamisy = ot B [ gt )
! (4m)z2mT3  Jjo)3

Comparing with (C.17), we then find

00 3
a Bj
Ia{ﬁ1ﬂ253} = /O dzx HijK,Bj (ijC)

j=1
:201731—1 a7ﬁt+1 F a+ﬂt+1 %
2 2
Lia—1— .
></ dX Dz(Bi—o- ”H Flamt=fes (C.23)

where 8, = 1 + B2 + 53 and I is the triple-K integral (6.1).

D Properties of triple-K integrals

In this appendix we list some properties of modified Bessel functions used in the main text.
For further references, see e.g., [40].
The Bessel function I (modified Bessel function of the first kind) is given by the series

= 1 T\ v+
Lz)=Y — (—) , _1,-2,-3, ... D.1
(z) ];]!r(uﬂﬂ) 2 v (D-1)
The Bessel function K (modified Bessel function of the second kind) is defined by
™
K, (z)= — [I_v(x) — I, ()], Z, D.2
@) = g L@ ~ L) v e (D.2)
K, (z)= lin% Kpie(z), neZ. (D.3)
e—
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The finite pointwise limit for x > 0 exists for any integer n. K, is an even function of v,
ie, K_,(z) = K,(z) for any v € R. If v =  + n, for an integer n, the Bessel function
reduces to elementary functions

e Lv=3] 1,
Te ® (lv|=5+4)! 1 1
Klo) =[5 > A _2% iE Ytac z, (D.4)

and in particular

K;<$>=\/§Z;’ Kg(x)z\/Z;I(lJr:c) (D5)

et me *
Kg(a:): 53 (x* + 3z + 3), K%(x): 5 — (2% 4 62% + 152 + 5).
2

X x2

The series expansion of the Bessel function K, for v ¢ Z is given directly in terms of
the expansion (D.1) via the definition (D.2). In particular

I'(v)2v—!

xV

K,(z) = [[(-v)27" '2¥ + O(2* )] + [ + O(xQJ“’)] , vé&Z. (D.6)

For a non-negative integer index n, the expansion reads

by (5) S I D (Y o)

where v is the digamma function. At large x, the Bessel functions have the asymptotic

expansions

1 € me ”
Iy(a;):ﬁﬁ—i- K,(x)= 5%—%..., v eR. (D.8)

For any index v € R, the Bessel function K satisfies the following identities

aaa [a" K, (az)] = —za” K,_1(ax), (D.9)
Ky 1(z) + i—VK,,(a:) Ky (), (D.10)
K o (x) = K, (x). (D.11)

E Appell’s F; function

Appell’s Fy function can be defined by the following double series [41, 42]

o0

Fy(a, ;7,7 €,m) Z (@) l” Z”f’ I VIE+ Vil < 1, (E.1)
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where (a); is a Pochhammer symbol. Notice that

Fi(e, B;v,756,m) = Fu(B, 57,736, m) = Fa(e, 857,730, €).

The series representation, however, is not very useful as in our case

J
3 p3

(E.2)

(E.3)

and the series converges when p3 > p; + po, which is opposite to the triangle inequality.

As in the case of ordinary hypergeometric functions, the Fy function satisfies certain

differential equations. Let «, 3,7,7" be fixed numbers. The following system of equations

0?2 0?2 0?2
0= {5(1 — 5)@ — 7728772 — 257765877

0 0
H =+ B+ 19 5 — (@t B+ g —aﬁ] Fe,m),
2 02 o2
0= [77(1 - 77)8772 — 22— - 2@785877

&2

F (o (at B+ 1) ;7—(@+B+1)£§£ —aﬁ] Fe,m),

has exactly four solutions given by [42, 43]

Fy(a, 857,75 €,m),

T F(a+1-7,8+1-72-77;5¢m),

NV Ea+1 -9, 8+1—757,2—v5&m),

E T Fyla+2—y -9 B+2—7—712—7.2— &),

The following reduction formulae can be found in [44] or [42]

e z - y _
F4<°“’5’ T a gy <1—x><1—y>>

(1-2)P(1—y)"

9

1—ay
a4 oy _
F4<O"5’5’5’ 00—y <1—w><1—y>)

= (1 - x)a(l - y)QQFl(aa I+a-— Baﬁa l’y),

L ta B8 z - y _
F4<°“’5’“ L T <1—x><1—y>>

1—=x

oF1(2v — 1v;vs2) = (1 — )72,
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(E.4)

(E.10)

(E.11)

(E.12)

(E.13)



E.1 Integrals

Here we present the list of integrals we use in the paper, which may be found in [44].
(i)
oo
/ da 27 ) (az) I, (be) K, (cx) =
0

—op ((atAtp— At
90 r(a by ”)r(a tu ”) A

- T+ )T (e +1) " catatn
a+A+p—v a+A+ptv a? v?
F, A+ 1 L=, E.14
X 4< 2 ) 2 ) +7M+702762 ’ ( )
valid for
Re(a+ A+ pu) > |Rev|, le| > |a| + 18], Rec > |Rea| +|Reb|. (E.15)
(i)
/ dz 2 'Ky (ax) K, (b)) K, (cx) =
0
204—4
= L A1) + A, —p) + AN )+ ACA, =) (E16)
where
a\* (D\" (a+AX+pu—v a+A+pu+v
A = |- -] T r I'(=MI'(—
o= (&) (4) o (A (2 (NP ()
at+Atp—v at+tA+pu+v .aQ b?
XF4< B s 9 ,A"‘l,,&"‘l,g,g s (El?)
valid for
Rea > |Re |+ |Repu| + | Rev|, Re(a+b+c¢) > 0. (E.18)

(iii)

/ " da 2K, (cx) K,y (cx) =

0
_ 20‘_3F a+u+v r a+u—v r a—pu+v r a—u—v ’
INEI e 2 2 2 2

(E.19)
valid for
Rea > |Repu| + |Rev|, Rec > 0. (E.20)
(iv)
[e¢) 20472 _
/ dz 27 'K, (cx) = r <a + V) r <a V> (E.21)
0 c® 2 2
valid for
Rea > |Rev|, Rec > 0. (E.22)
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0o 2a—3 _
/ dz 2 1log 2K, (czx) = r atv r(27) «
0 c® 2 2

x [¢ (a;”>+w<o‘_y>—zlogﬂ, (E.23)

Rea > |Rev], Rec > 0. (E.24)

valid for

/Ooodma Nog? 2K, (cx) = - 4r(a+”>r<o‘;”)x
() o (55) (o5 o (5) -omed)
.y a—

+¢’<a >+¢< 5 >+4log22]7 (E.25)

Rea > |Rev|, Rec > 0. (E.26)

valid for

F  Triviality of (TH1 JH2©)

As our analysis shows, for any d > 3 and Ag satisfying unitarity bound the correlation
functions (TH*1 JF2Q)) and (THY1TH2V2 JE3)) are trivial, i.e., they are at most semi-local.
The triviality of (TH1*1TH2¥2 JH3)) was proved in [6] through a position space analysis. Our
results independently confirm this through calculations in momentum space. In this section
we discuss the triviality of (T#1"1.J#2Q)) as an example.

The tensor decomposition of the transverse-traceless part of the (T#1*1.J#20)) corre-
lator, the primary and secondary CWIs, and the transverse Ward identities are presented
along with all 3-point functions in part II of the paper. Let us rewrite here the important
data. The solution in terms of triple-K integrals is

A" = i 31000y, (F.1)
AS" = 204" o001y + 5" T 000} - (F.2)

The independent secondary CWIs are

Lo A?I + RA%I = 2d - coefficient of ph'p4? in py,, (TH" (pl)J“W(pg)Ol(pg)», (F.3)

L} A‘fI + 2R’ A%I = —2(d — 2) - coefficient of p§'ps! in po, (TH** (pl)J"?“(pg)(’)I(pg)»,
(F.4)

Lo AS" = 4d - coefficient of 612 in py,,, (T (py)J"2%(p2) O (p3))) (F.5)
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and the transverse Ward identities are

PV (T (p1) T2 (p2) O (p3)) = P} (( 55TA“; L(p1,p2)O0" (p3))), (F.6)

g

Sgrv (P2,21)O" (P3)). (F.7)

P2y <<T,u1V1 (pl)Jma(pQ)O[(p3)>> = 2p2u, <<
If B3 = Az — % > 0, the same reasoning as in section 7.2 shows that the right-hand sides
of (F.6), (F.7) vanish in the zero-momentum limit. Then, by the results of section 6.3.4,
in the remaining cases the coefficient of pg in the series expansion of the right-hand sides
of (F.6), (F.7) is at most ultralocal. Assuming the limit u = v can be taken, the secondary
CWIs lead to the following equations

0=((d- Az)? — 4) (As + 21)6)0[‘1’] + (A3 —d —2)ad!, (F.8)
0=(d—A3—-2)(2+ Ag + 2?)6) — 204, (F.9)
0=2(d — 2A3 — 2ve)ad! — sl = 0. (F.10)

The only solution to these equations is trivial o = a4/ = 0. The same analysis can be
carried out in case when the limit u = v cannot be taken.

Unlike in section 6.3.5, there are no additional conditions following from the coefficients
of pgﬁ 3 or pg'g ® log p3 in the series expansion in p3 of the secondary CWIs (F.8)—(F.9). Recall
that such additional constraints arise when the equations following from the coefficients of

p26 3 or pw % log p3 are more singular than the equations following from the zero-momentum

limit. In our case, it turns out that all coefficients of pgﬁ 3 or pgﬁ *log p3 on the left-hand

sides of (F.8)—(F.9) can be written in terms of l4 1 -Agtdy accounting for all pos-

+ {2’2
sible singularities. One can check that [4 dic(d d 1 pgrdy cannot be more singular than
2

l%+ (2.4 10,93 assuming the unitarity bound Ag > % -1

G Identities with projectors

The projectors are defined as

pHp
o =06 — p2a7 (G.1)
e = ! (ﬂ”ﬂ” + W“W”) 1 ™ (G.2)
af T 2 a’'p B o d -1 aBs :
[Hvee — 5PQ5UBHZIZ}’ (G.3)

One can find the following identities:

pum’ = p JJIHP7 =0, (G.4)

S =7l =d 1, (G.5)

H'wjpp = 5pUH“VpU = WPUH“VPU =0, (G.G)
v vo vo (d + 1)(d B 2) v

ng = 5pUH“p = WPUHMP = WT(” , (G.7)

— 08 —



T
7Ta7T1/*7T1/7

g = 10,
Huypoﬂroca — HMW’U’
d—3
M erde = — = _THvee,
of 2(d — 1)

Basic derivatives can be calculated directly. Denoting

0
8# —_— @.
we find
p p
8n77;w = _Fgwuﬁ - ]712/71'“&’
p p p p
a%H;wpo = _;gnﬁupo - ]TgHHHPU - ;gﬂyuma - p%H,qum
ThOxT, = —p—;w,’;f,
p
TR — Ol = —(d — 2)&#“{ + gﬂ”
alty aty — p2 p2 v
w g eB — _Poqw _ Po e
o 0nIlys = 2 Il P2 Ik
g, 1108 — e o, 1rsd = LI, e e P
kpYattpo T prattpr T o T2 [Pp ko T Po /m]—i_? po*

Analogous expressions with two derivatives are

2

TPy = —Fﬂfﬁ
p
paﬁgﬁa&iwf ==k,
4
Y g2rraf v
1T, 071155 = p2Hp"’
p p
P TE%0, 01157 = pgm;g - p%ngg.

For the semi-local operators defined in (4.17) and (4.18) we find

1
e’
ThO0kJloe = pﬁﬂﬁ T

-3
P2

. . 1 p*
T 00 Jlne — T O00dloe = e pﬂ““paaar — Pw“aaar,

. 2
7T582]1%C = Fﬂ-uaaara
ot -3 2 m 1 oY
D Wﬁaaanjloc = _pﬂ-nr + pﬂ',{p Oar

and

loc

v 2
Hgﬂafetaﬁ = pHZZRa,
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(G.13)
(G.14)

(G.15)

(G.16)

(G.17)

(G.18)

(G.19)

(G.20)

(G.21)

(G.22)

(G.23)
(G.24)
(G.25)

(G.26)

(G.27)



_ B K
8 g_d—=2_., L p

H;U'V"fﬁaatlo;c - H“yaﬁaatﬁ)c - pTHM HO[ROC + pTHM HaaﬁRa - ?HwaﬁﬁaR’B, (G28)

2,08 _ 4
h50% . = Pﬂ“”“ﬁaa}zﬁ, (G.29)
T 9, 028 — — 2w pe - 2 g, e (G.30)
p aBY 7Yk 0c p2 akK p2 axl 0B . .
Acknowledgments

We would like to thank Anatoly Dymarsky for discussions. Research at the Perimeter
Institute is supported by the Government of Canada through Industry Canada and by the
Province of Ontario through the Ministry of Research & Innovation. K.S. acknowledges
support from NWO via a VICI grant and from a grant of the John Templeton Foundation.
The opinions expressed in this publication are those of the authors and do not necessarily
reflect the views of the John Templeton Foundation. A.B. is supported through NWO via
the VICI grant of K.S.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References
[1] A.M. Polyakov, Conformal symmetry of critical fluctuations, JETP Lett. 12 (1970) 381
[INSPIRE].

[2] E.J. Schreier, Conformal symmetry and three-point functions, Phys. Rev. D 3 (1971) 980
[INSPIRE].

[3] H. Osborn and A.C. Petkou, Implications of conformal invariance in field theories for
general dimensions, Annals Phys. 231 (1994) 311 [hep-th/9307010] [INSPIRE].

[4] J. Erdmenger and H. Osborn, Conserved currents and the energy momentum tensor in
conformally invariant theories for general dimensions, Nucl. Phys. B 483 (1997) 431
[hep-th/9605009] [INSPIRE].

[5] S. Giombi, S. Prakash and X. Yin, A Note on CFT Correlators in Three Dimensions, JHEP
07 (2013) 105 [arXiv:1104.4317] [NSPIRE].

[6] M.S. Costa, J. Penedones, D. Poland and S. Rychkov, Spinning Conformal Correlators,
JHEP 11 (2011) 071 [arXiv:1107.3554] [INSPIRE].

[7] M.S. Costa, J. Penedones, D. Poland and S. Rychkov, Spinning Conformal Blocks, JHEP 11
(2011) 154 [arXiv:1109.6321] [INSPIRE].

[8] J. Maldacena and A. Zhiboedov, Constraining Conformal Field Theories with A Higher Spin
Symmetry, J. Phys. A 46 (2013) 214011 [arXiv:1112.1016] [INSPIRE].

[9] J. Maldacena and A. Zhiboedov, Constraining conformal field theories with a slightly broken
higher spin symmetry, Class. Quant. Grav. 30 (2013) 104003 [arXiv:1204.3882] [INSPIRE].

[10] Y.S. Stanev, Correlation Functions of Conserved Currents in Four Dimensional Conformal
Field Theory, Nucl. Phys. B 865 (2012) 200 [arXiv:1206.5639] [INSPIRE].

- 100 —


http://creativecommons.org/licenses/by/4.0/
http://inspirehep.net/search?p=find+J+JETPLett.,12,381
http://dx.doi.org/10.1103/PhysRevD.3.980
http://inspirehep.net/search?p=find+J+Phys.Rev.,D3,980
http://dx.doi.org/10.1006/aphy.1994.1045
http://arxiv.org/abs/hep-th/9307010
http://inspirehep.net/search?p=find+EPRINT+hep-th/9307010
http://dx.doi.org/10.1016/S0550-3213(96)00545-7
http://arxiv.org/abs/hep-th/9605009
http://inspirehep.net/search?p=find+EPRINT+hep-th/9605009
http://dx.doi.org/10.1007/JHEP07(2013)105
http://dx.doi.org/10.1007/JHEP07(2013)105
http://arxiv.org/abs/1104.4317
http://inspirehep.net/search?p=find+EPRINT+arXiv:1104.4317
http://dx.doi.org/10.1007/JHEP11(2011)071
http://arxiv.org/abs/1107.3554
http://inspirehep.net/search?p=find+EPRINT+arXiv:1107.3554
http://dx.doi.org/10.1007/JHEP11(2011)154
http://dx.doi.org/10.1007/JHEP11(2011)154
http://arxiv.org/abs/1109.6321
http://inspirehep.net/search?p=find+EPRINT+arXiv:1109.6321
http://dx.doi.org/10.1088/1751-8113/46/21/214011
http://arxiv.org/abs/1112.1016
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.1016
http://dx.doi.org/10.1088/0264-9381/30/10/104003
http://arxiv.org/abs/1204.3882
http://inspirehep.net/search?p=find+EPRINT+arXiv:1204.3882
http://dx.doi.org/10.1016/j.nuclphysb.2012.07.027
http://arxiv.org/abs/1206.5639
http://inspirehep.net/search?p=find+EPRINT+arXiv:1206.5639

[11] A. Zhiboedov, A note on three-point functions of conserved currents, arXiv:1206.6370
[INSPIRE].

[12] D.Z. Freedman, K. Johnson and J.I. Latorre, Differential reqularization and renormalization:
A New method of calculation in quantum field theory, Nucl. Phys. B 371 (1992) 353
[INSPIRE].

[13] C. Coriand, L. Delle Rose, E. Mottola and M. Serino, Graviton Vertices and the Mapping of
Anomalous Correlators to Momentum Space for a General Conformal Field Theory, JHEP
08 (2012) 147 [arXiv:1203.1339] [INSPIRE].

[14] P. McFadden and K. Skenderis, Holography for Cosmology, Phys. Rev. D 81 (2010) 021301
[arXiv:0907.5542] [INSPIRE].

[15] P. McFadden and K. Skenderis, The Holographic Universe, J. Phys. Conf. Ser. 222 (2010)
012007 [arXiv:1001.2007] [INSPIRE].

[16] P. McFadden and K. Skenderis, Holographic Non-Gaussianity, JCAP 05 (2011) 013
[arXiv:1011.0452] [INSPIRE].

[17] A. Bzowski, P. McFadden and K. Skenderis, Holographic predictions for cosmological 3-point
functions, JHEP 03 (2012) 091 [arXiv:1112.1967] [INSPIRE].

[18] A. Bzowski, P. McFadden and K. Skenderis, Holography for inflation using conformal
perturbation theory, JHEP 04 (2013) 047 [arXiv:1211.4550] [iINSPIRE].

[19] I. Antoniadis, P.O. Mazur and E. Mottola, Conformal Invariance, Dark Energy and CMB
Non-Gaussianity, JCAP 09 (2012) 024 [arXiv:1103.4164] INSPIRE].

[20] J.M. Maldacena and G.L. Pimentel, On graviton non-Gaussianities during inflation, JHEP
09 (2011) 045 [arXiv:1104.2846] [INSPIRE].

[21] P. Creminelli, J. Norena and M. Simonovic, Conformal consistency relations for single-field
inflation, JCAP 07 (2012) 052 [arXiv:1203.4595] [INSPIRE].

[22] A. Kehagias and A. Riotto, Operator Product Ezpansion of Inflationary Correlators and
Conformal Symmetry of de Sitter, Nucl. Phys. B 864 (2012) 492 [arXiv:1205.1523]
[INSPIRE].

[23] A. Kehagias and A. Riotto, The Four-point Correlator in Multifield Inflation, the Operator
Product Expansion and the Symmetries of de Sitter, Nucl. Phys. B 868 (2013) 577
[arXiv:1210.1918] [INSPIRE].

[24] C. Coriano, L. Delle Rose and M. Serino, Three and Four Point Functions of Stress Energy
Tensors in D = 3 for the Analysis of Cosmological Non-Gaussianities, JHEP 12 (2012) 090
[arXiv:1210.0136] [INSPIRE].

[25] I. Mata, S. Raju and S. Trivedi, CMB from CFT, JHEP 07 (2013) 015 [arXiv:1211.5482]
[INSPIRE].

[26] M. Giannotti and E. Mottola, The Trace Anomaly and Massless Scalar Degrees of Freedom
in Gravity, Phys. Rev. D 79 (2009) 045014 [arXiv:0812.0351] [INSPIRE].

[27] R. Armillis, C. Coriano, L. Delle Rose and M. Guzzi, Anomalous U(1) Models in Four and
Five Dimensions and their Anomaly Poles, JHEP 12 (2009) 029 [arXiv:0905.0865]
[INSPIRE].

[28] R. Armillis, C. Coriano and L. Delle Rose, Conformal Anomalies and the Gravitational

- 101 —


http://arxiv.org/abs/1206.6370
http://inspirehep.net/search?p=find+EPRINT+arXiv:1206.6370
http://dx.doi.org/10.1016/0550-3213(92)90240-C
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B371,353
http://dx.doi.org/10.1007/JHEP08(2012)147
http://dx.doi.org/10.1007/JHEP08(2012)147
http://arxiv.org/abs/1203.1339
http://inspirehep.net/search?p=find+EPRINT+arXiv:1203.1339
http://dx.doi.org/10.1103/PhysRevD.81.021301
http://arxiv.org/abs/0907.5542
http://inspirehep.net/search?p=find+EPRINT+arXiv:0907.5542
http://dx.doi.org/10.1088/1742-6596/222/1/012007
http://dx.doi.org/10.1088/1742-6596/222/1/012007
http://arxiv.org/abs/1001.2007
http://inspirehep.net/search?p=find+EPRINT+arXiv:1001.2007
http://dx.doi.org/10.1088/1475-7516/2011/05/013
http://arxiv.org/abs/1011.0452
http://inspirehep.net/search?p=find+EPRINT+arXiv:1011.0452
http://dx.doi.org/10.1007/JHEP03(2012)091
http://arxiv.org/abs/1112.1967
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.1967
http://dx.doi.org/10.1007/JHEP04(2013)047
http://arxiv.org/abs/1211.4550
http://inspirehep.net/search?p=find+EPRINT+arXiv:1211.4550
http://dx.doi.org/10.1088/1475-7516/2012/09/024
http://arxiv.org/abs/1103.4164
http://inspirehep.net/search?p=find+EPRINT+arXiv:1103.4164
http://dx.doi.org/10.1007/JHEP09(2011)045
http://dx.doi.org/10.1007/JHEP09(2011)045
http://arxiv.org/abs/1104.2846
http://inspirehep.net/search?p=find+EPRINT+arXiv:1104.2846
http://dx.doi.org/10.1088/1475-7516/2012/07/052
http://arxiv.org/abs/1203.4595
http://inspirehep.net/search?p=find+EPRINT+arXiv:1203.4595
http://dx.doi.org/10.1016/j.nuclphysb.2012.07.004
http://arxiv.org/abs/1205.1523
http://inspirehep.net/search?p=find+EPRINT+arXiv:1205.1523
http://dx.doi.org/10.1016/j.nuclphysb.2012.11.025
http://arxiv.org/abs/1210.1918
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.1918
http://dx.doi.org/10.1007/JHEP12(2012)090
http://arxiv.org/abs/1210.0136
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.0136
http://dx.doi.org/10.1007/JHEP07(2013)015
http://arxiv.org/abs/1211.5482
http://inspirehep.net/search?p=find+EPRINT+arXiv:1211.5482
http://dx.doi.org/10.1103/PhysRevD.79.045014
http://arxiv.org/abs/0812.0351
http://inspirehep.net/search?p=find+EPRINT+arXiv:0812.0351
http://dx.doi.org/10.1088/1126-6708/2009/12/029
http://arxiv.org/abs/0905.0865
http://inspirehep.net/search?p=find+EPRINT+arXiv:0905.0865

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[43]

[44]

[45]

Effective Action: The TJJ Correlator for a Dirac Fermion, Phys. Rev. D 81 (2010) 085001
[arXiv:0910.3381] [INSPIRE].

D. Chowdhury, S. Raju, S. Sachdev, A. Singh and P. Strack, Multipoint correlators of
conformal field theories: implications for quantum critical transport, Phys. Rev. B 87 (2013)
085138 [arXiv:1210.5247] [INSPIRE].

A. Cappelli, R. Guida and N. Magnoli, Fzact consequences of the trace anomaly in
four-dimensions, Nucl. Phys. B 618 (2001) 371 [hep-th/0103237] [INSPIRE].

E. Barnes, D. Vaman, C. Wu and P. Arnold, Real-time finite-temperature correlators from
AdS/CFT, Phys. Rev. D 82 (2010) 025019 [arXiv:1004.1179] [InSPIRE].

A. Petkou and K. Skenderis, A Nonrenormalization theorem for conformal anomalies, Nucl.
Phys. B 561 (1999) 100 [hep-th/9906030] [INSPIRE].

A. Bzowski, P. McFadden and K. Skenderis, Implications of conformal invariance in
momentum space II: renormalization and anomalies, to appear.

AL Davydychev, Recursive algorithm of evaluating vertex type Feynman integrals, J. Phys.
A 25 (1992) 5587 [INSPIRE].

C. Coriano, L. Delle Rose, E. Mottola and M. Serino, Solving the Conformal Constraints for
Scalar Operators in Momentum Space and the Evaluation of Feynman’s Master Integrals,
JHEP 07 (2013) 011 [arXiv:1304.6944] [INSPIRE].

A. Dymarsky, On the four-point function of the stress-energy tensors in a CFT,
arXiv:1311.4546 [INSPIRE].

J.I. Latorre, C. Manuel and X. Vilasis-Cardona, Systematic differential renormalization to all
orders, Annals Phys. 231 (1994) 149 [hep-th/9303044] [INSPIRE].

P. Di Francesco, P. Mathieu, and D. Senechal, Conformal field theory, Springer, New York
(1997).

D.Z. Freedman, S.D. Mathur, A. Matusis and L. Rastelli, Correlation functions in the
CFT(d)/AdS(d+1) correspondence, Nucl. Phys. B 546 (1999) 96 [hep-th/9804058]
[INSPIRE].

M. Abramowitz and I.A. Stegun eds., Handbook of mathematical functions with formulas,
graphs, and mathematical tables, New York, Dover Publications (1972).

P. Appell and M. Kampé de Fériet, Fonctions hypegeométriques et hypersphériques.
Polynomes d’ Hermite, Gauthier-Villars (1926).

H. Bateman, A. Erdélyi and U.S.O. of Naval Research, Bateman Manuscript Project, Higher
transcendental functions, No.v. 1 in Higher Transcendental Functions, McGraw-Hill (1953).

H. Exton, On the system of partial differential equations associated with Appell’s function Fy,
J. Phys. A 28 (1995) 631.

A. Prudnikov, Y. Brychkov and O. Marichev, Integrals and series, vol. 2, Gordon and Breach
(1992).

C.R. Graham, R. Jenne, L.J. Mason, G.A.J. Sparling, Conformally invariant powers of the
Laplacian. I. Ezistence, J. London Math. Soc. Second Ser. 46 (1992) 557.

L. Rosenberg, Electromagnetic interactions of neutrinos, Phys. Rev. 129 (1963) 2786
[INSPIRE].

-102 -


http://dx.doi.org/10.1103/PhysRevD.81.085001
http://arxiv.org/abs/0910.3381
http://inspirehep.net/search?p=find+EPRINT+arXiv:0910.3381
http://dx.doi.org/10.1103/PhysRevB.87.085138
http://dx.doi.org/10.1103/PhysRevB.87.085138
http://arxiv.org/abs/1210.5247
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.5247
http://dx.doi.org/10.1016/S0550-3213(01)00489-8
http://arxiv.org/abs/hep-th/0103237
http://inspirehep.net/search?p=find+EPRINT+hep-th/0103237
http://dx.doi.org/10.1103/PhysRevD.82.025019
http://arxiv.org/abs/1004.1179
http://inspirehep.net/search?p=find+EPRINT+arXiv:1004.1179
http://dx.doi.org/10.1016/S0550-3213(99)00514-3
http://dx.doi.org/10.1016/S0550-3213(99)00514-3
http://arxiv.org/abs/hep-th/9906030
http://inspirehep.net/search?p=find+EPRINT+hep-th/9906030
http://inspirehep.net/search?p=find+J+J.Phys.,A25,5587
http://dx.doi.org/10.1007/JHEP07(2013)011
http://arxiv.org/abs/1304.6944
http://inspirehep.net/search?p=find+EPRINT+arXiv:1304.6944
http://arxiv.org/abs/1311.4546
http://inspirehep.net/search?p=find+EPRINT+arXiv:1311.4546
http://dx.doi.org/10.1006/aphy.1994.1037
http://arxiv.org/abs/hep-th/9303044
http://inspirehep.net/search?p=find+J+Annals.Phys.,231,149
http://dx.doi.org/10.1016/S0550-3213(99)00053-X
http://arxiv.org/abs/hep-th/9804058
http://inspirehep.net/search?p=find+EPRINT+hep-th/9804058
http://dx.doi.org/10.1103/PhysRev.129.2786
http://inspirehep.net/search?p=find+J+Phys.Rev.,129,2786

[47] A. Denner and S. Dittmaier, Reduction schemes for one-loop tensor integrals, Nucl. Phys. B
734 (2006) 62 [hep-ph/0509141] [INSPIRE].

[48] T. Mehen, L. W. Stewart and M.B. Wise, Conformal invariance for nonrelativistic field
theory, Phys. Lett. B 474 (2000) 145 [hep-th/9910025] [INSPIRE].

[49] S. Raju, New Recursion Relations and a Flat Space Limit for AdS/CFT Correlators, Phys.
Rev. D 85 (2012) 126009 [arXiv:1201.6449] [INSPIRE].

[50] S. Raju, Four Point Functions of the Stress Tensor and Conserved Currents in AdSy/CFTs,
Phys. Rev. D 85 (2012) 126008 [arXiv:1201.6452] [INSPIRE].

[61] S. Weinberg, Minimal fields of canonical dimensionality are free, Phys. Rev. D 86 (2012)
105015 [arXiv:1210.3864] [INSPIRE].

[52] G.’t Hooft and M.J.G. Veltman, Scalar One Loop Integrals, Nucl. Phys. B 153 (1979) 365
[INSPIRE].

[53] G. Passarino and M.J.G. Veltman, One Loop Corrections for ete™ Annihilation Into p*p~
in the Weinberg Model, Nucl. Phys. B 160 (1979) 151 [INSPIRE].

R.M. Wald, General Relativity, Chicago, University Press (1984).

L

=
St

N. Birrell and P. Davies, Quantum fields in curved space, Cambridge, University Press (1982).

ot
i)

M.E. Peskin and D.V. Schroeder, An introduction to quantum field theory, Westview Press
Inc., Boulder (1995).

- 103 —


http://dx.doi.org/10.1016/j.nuclphysb.2005.11.007
http://dx.doi.org/10.1016/j.nuclphysb.2005.11.007
http://arxiv.org/abs/hep-ph/0509141
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0509141
http://dx.doi.org/10.1016/S0370-2693(00)00006-X
http://arxiv.org/abs/hep-th/9910025
http://inspirehep.net/search?p=find+EPRINT+hep-th/9910025
http://dx.doi.org/10.1103/PhysRevD.85.126009
http://dx.doi.org/10.1103/PhysRevD.85.126009
http://arxiv.org/abs/1201.6449
http://inspirehep.net/search?p=find+EPRINT+arXiv:1201.6449
http://dx.doi.org/10.1103/PhysRevD.85.126008
http://arxiv.org/abs/1201.6452
http://inspirehep.net/search?p=find+EPRINT+arXiv:1201.6452
http://dx.doi.org/10.1103/PhysRevD.86.105015
http://dx.doi.org/10.1103/PhysRevD.86.105015
http://arxiv.org/abs/1210.3864
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.3864
http://dx.doi.org/10.1016/0550-3213(79)90605-9
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B153,365
http://dx.doi.org/10.1016/0550-3213(79)90234-7
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B160,151

	Introduction and summary of results
	I Theory
	2-point functions in momentum space
	Scalar 2-point function
	Tensorial 2-point functions

	3-point function of scalar operators
	From position to momentum space
	Conformal Ward identities
	Uniqueness of the solution

	Decomposition of tensors
	Representations of tensor structures
	Decomposition of <ttt>
	Finding the form factors
	Example

	Conformal Ward identities in momentum space
	From position space to momentum space
	Dilatation Ward identity
	Special conformal Ward identities
	Primary conformal Ward identities
	Secondary conformal Ward identities

	Transverse Ward identities
	Trace Ward identities

	Solutions to conformal Ward identities
	Triple-K integrals
	Region of validity and regularisation
	Basic properties
	Dilatation degree of the triple-K integral
	Triple-K integrals and 2-point functions

	Solutions to the primary conformal Ward identities
	More on <TTO>
	Uniqueness of the solution

	Solutions to the secondary conformal Ward identities
	<TTO> for free scalars
	Simplifications in the generic case
	Derivation of the equations in the generic case
	Secondary conformal Ward identities in all cases
	Back to the example


	Worked example: <TJJ>
	Primary conformal Ward identities
	Evaluation of secondary conformal Ward identities
	Solutions to secondary conformal Ward identities
	General form of <TJJ> in d=3
	Free fermions in d=3

	Extensions
	Helicity formalism
	Examples in d=3

	Higher-point correlation functions


	II Results
	List of results
	Definitions
	<OOO>
	<JOO>
	<JJO>
	<JJJ>
	<TOO>
	<TJO>
	<TJJ>
	<TTO>
	<TTJ>
	<TTT>

	Decomposition of <TTT> in non-conformal case
	Degeneracy of the tensor structure of <TTT> in d=3
	Triple-K integrals by Fourier transform
	Triple-K integrals via Feynman parametrisation

	Properties of triple-K integrals
	Appell's F4 function
	Integrals

	Triviality of <TJO>
	Identities with projectors


