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Conformal partial waves in momentum space
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Abstract

The decomposition of 4-point correlation functions into conformal partial waves is a
central tool in the study of conformal field theory. We compute these partial waves for
scalar operators in Minkowski momentum space, and find a closed-form result valid in
arbitrary space-time dimension d > 3 (including non-integer d). Each conformal partial
wave is expressed as a sum over ordinary spin partial waves, and the coefficients of this
sum factorize into a product of vertex functions that only depend on the conformal data
of the incoming, respectively outgoing operators. As a simple example, we apply this
conformal partial wave decomposition to the scalar box integral in d = 4 dimensions.
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1 Introduction

Conformal field theory (CFT) can be defined non-perturbatively from its 2- and 3-point corre-
lation functions, thanks to a convergent operator product expansion (OPE) that reduces the
computation of higher-point functions to these elementary building blocks. In particular, the
decomposition of 4-point functions into conformal partial waves is at the heart of the mod-
ern conformal bootstrap program. The bootstrap exploits the self-consistency of the OPE to
put constraints on the dynamics of a theory encoded in the CFT data [1-4]. The problem of
computing the conformal partial waves, i.e. determining the kinematics underlying 4-point
correlators, has been solved long ago [5,6]. Closed-form results exist for scalar operators in
dimensions d = 2 and 4, and various techniques for an efficient computation of the conformal
partial waves in arbitrary dimensions have been developed, both for scalars [7-11] and for
operators that carry spin [12-29].

In this work, we address a different but related problem: we compute the conformal partial
waves in the momentum-space representation of correlation functions in Minkowski space, as
opposed to the ordinary Euclidean position-space approach. We focus on correlation functions
involving 4 scalar primary operators ¢;, each carrying momentum p;, in d > 3 dimensions, of
the form

(01[1(P1) P2 (P P3(P3)P4(p4)]10) = (27)46%(py + Py + P3 + Ps) G(P1, P2 P3),  (1.1)

where the square brackets around pairs of operators on the left-hand side can mean any of
the following: no particular ordering (Wightman function), a commutator (possibly retarded
or advanced), a time-ordered product or its hermitian conjugate. The conformal partial wave
expansion for G takes the form

G(p1, pa, p3) = st A1+t AatA3D/2 Z A120A034Ga¢(P1, P2, P3) 5 (1.2)
0

where the sum is over primary operators O with scaling dimension A and spin ¢, 1,5 and
Ao34 are OPE coefficients encoding the dynamical information about the theory, and s is the
center-of-mass energy

s=(p1+p2)*=(p3s+ps)*>0, (1.3)

which is strictly positive by the spectral condition on the correlation function (1.1). The con-
formal partial waves G ; are completely fixed by symmetry in terms of A and ¢, of the scaling
dimensions A; of the external operators (which may be distinct or not) and of the space-time
dimension d (possibly including non-integer dimensions, as our results are analytic in d > 3).
We obtain

¢ p? p2 p? p2
- 12 1 22 34 3 P4
Ga,(p1,P2,P3) = Z CA,K,mC,(,f 972(cos Q)VA[,Z,]m (?’ ?) Vi,@,zn (_’ _) > (1.4)

=0 S S

where 6 is the scattering angle, defined in terms of the momenta p; in eq. (2.10), and
d_3 2 . . . . .

Cr(n )/2(cos 0) a Gegenbauer polynomial of degree m that appears in the ordinary spin partial

wave expansion in d dimensions. The numerical factor Cp ¢ ,, > 0 is given in eq. (2.40), and

the “vertex functions” V[abﬂn are defined in section 3, depending on which ordering is under-
stood in the definition (1’.1). This result admits a simple diagrammatic representation given
in figure 1. One observes a factorization in the sense that the dependence on the external CFT
data (the scaling dimensions A;) and on the “invariant masses” pl.2 is entirely contained in the

vertex functions V[ab]

ae.m- Note that we have used the evident notation pi =(p1 +p2+p3)>
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Figure 1: Diagrammatic representation of the conformal partial wave (1.4), in which
each line corresponds to a local primary operator of the CFT carrying a certain mo-
mentum. Note that the vertex functions VA[aZbEn only depend on the scaling dimen-
sions, on the spin (the total spin ¢ and its projection m onto a reference direction),

and on the momenta of the lines attached to it.

Sections 2 and 3 of this work are dedicated to the derivation of the momentum-space con-
formal partial waves (1.4). This derivation does not rely on solving a Casimir equation as in
ordinary position space: in fact, since the conformal Ward identities are second-order differ-
ential equations with respect to the momenta p;, one cannot make use of invariant cross-ratios
in momentum space. Instead, the 4-point function depends on six Lorentz-invariant quantities
(taken here to be all four piz, s and cos 0), and solving a differential equation in as many vari-
ables appears like a formidable task. This disadvantage is however counterbalanced by two
elements that are unique to the Minkowski momentum-space representation of correlation
functions:

* The orthogonality of momentum eigenstates, that allows to factorize the conformal par-
tial wave into a product of 3-point functions, up to the contraction of Lorentz indices.

* The ability to use a reference frame, the center-of-mass frame, in which the 2-point func-
tion of the intermediate operator can be decomposed into polarizations that transform
under irreducible representations of the rotation group SO(d — 1).

These points have been put forward in a recent derivation of position-space conformal blocks
[24], as well as in Mack’s classification of all the representations of the Lorentzian conformal
group in d = 4 [30]. The operator product expansion in general and the conformal partial
wave expansion (1.2) in particular are nothing but the use of a Hilbert space completeness
relation, which in a CFT can be made explicit thanks to the two properties listed above. In
fact, the correlation function (1.1) computes the overlap between two states of the theory: one
state obtained by acting on the vacuum with the product of operators [¢3¢,], and the other
state obtained acting with [¢;¢,]". The partial wave (1.4) corresponds to the projection of
this overlap of states onto a conformal family consisting of a primary operator and of all of its
descendants.

A corollary of this observation is that each conformal partial wave is positive in the forward
scattering limit p; — —py4, p» — —p3 provided that ¢; = ¢, and ¢, = ¢3. In this case the
vertex functions are complex conjugate of each other, VEZ ]m = (VEZL)*, and the Gegenbauer
polynomial evaluated at zero scattering angle (cos 6 = 1) is positive, hence G, ; = 0. The pos-
itivity of this configuration and its decomposition into conformal partial waves have actually
been used in the derivation of sum rules for anomaly coefficients [31,32].

It should be emphasized that the conformal partial wave expansion described in this work
relies heavily on the Hamiltonian evolution being unitary, i.e. given by exp(iHt) where t is the
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Lorentzian time and H a Hamiltonian operator bounded below. In a Euclidean theory, where
this evolution is replaced by exp(—H 7) with Euclidean “time” 7, the OPE only makes sense for
correlation functions that are time-ordered,’ a property that is lost upon Fourier transform-
ing. For this reason, the conformal partial wave expansion (1.2) differs at a fundamental level
from other decompositions of the momentum-space 4-point function, such as the decomposi-
tion into Witten exchange diagrams in the case of a holographic theory (usually formulated
in Mellin space [33-35]), or the decomposition into symmetric Polyakov blocks expressed di-
rectly in Euclidean momentum space [36,37].2 For the same reason, it is difficult to compare
our conformal partial wave expansion with recent results on 4-point correlators in Euclidean
momentum space [40-44].

On the other hand, egs. (1.2) and (1.4) are immediately suitable for comparison with re-
sults obtained using ordinary Feynman diagram computations in theories that are both pertur-
bative and conformal. While the goal of this work is not to study such situations systematically,
we present in section 4 a simple example that involves the real part of the scalar box integral in
four dimensions. This box integral appears in the 4-point function of the composite operator
&2 in the theory of a free boson ®, or in that of the gauge-invariant operator tr(®'®') in N = 4
supersymmetric Yang-Mills. The general form of this loop integral with off-shell momenta is
known thanks to its dual conformal [45] or Yangian invariance [46].

Besides perturbative CFT, the conformal partial waves (1.4) will certainly find applications
in other contexts. One of their salient features is the presence of double zeroes at scaling
dimension of double-trace operators, a property reminiscent of the “double-twist” functional
methods for the conformal bootstrap [47-52]. However, it should be emphasized that the cor-
relator (1.1) is ill-suited for writing a bootstrap equation, as it does not have crossing symmetry
built in. Microcausality in Minkowski momentum space implies certain analyticity properties
of the correlation functions that might eventually be used to place bounds on the CFT data,
but the relevant methods remain to be developed. Similarly, our conformal partial wave ex-
pansion could also find use in the cosmological bootstrap program [53-60], even though the
connection between correlators in Minkowski momentum space and observables in de Sitter
remains to be established (see ref. [61] for hints in this direction). For now, we provide the
decomposition (1.2) as a tool and encourage the community to find its own applications.

2 Spin eigenstates and completeness relation

The core of the computation of the conformal partial waves is the formulation of a Hilbert
space completeness relation. In this section, we assemble the different elements, construct a
complete basis of states, and detail its dependence on the kinematic invariants of the 4-point
function. The computation of the overlap of these states with the pairs of operators [¢ ¢, ]
and [¢3¢,4] is discussed instead in section 3.

2.1 Kinematics of the 4-point function

We begin with a detailed description of the kinematics of the 4-point function, as it will play
a central role in what follows. As seen in eq. (1.1), momentum-space correlation functions

11f one uses radial quantization instead, then this applies to any configuration which is equivalent to a radially-
ordered one under a global conformal symmetry transformation, which in practice extends to most of the space of
configurations. The conformal bootstrap works precisely because it uses configurations that can be expanded into
two or more distinct OPEs by different choices of quantization surfaces.

2Instead, there is an interesting connection between the conformal partial waves expansion described in this
work and the Polyakov-Regge blocks recently introduced [38], through the generalization in momentum space of
the concept of CFT dispersion relations [39]. We leave the exploration of this point for future work.
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involving n operators are always proportional to a delta function imposing momentum con-
servation, and hence depend non-trivially on n—1 momenta only. It is convenient to introduce
the double-bracket notation

(01 p1(p1) -+~ Pn(Pa) 10) = 2m) 5 (py + ... + pu){P1(P1) - PuPr)) - 2.1

Whenever this notation is being used, it is understood that one can trade one of the momenta
for the sum of the others, say p, =—(p; + ...+ pp_1)-

For the 4-point function, this mean that there are 3 independent momenta, and hence 6
Lorentz invariants.® In analogy with scattering amplitudes, one can use the “invariant masses”

p%: p%: p§> P?;:(p1+P2+p3)2> (22)

as well as the Mandelstam variables

s=(p1+p2)>, t =(p; +p3)’ u=(py+ps)*, (2.3)

subject to the constraint s + t +u = Y, pl.z. Unlike scattering amplitudes, however, we do
not require the pl.2 to take any special value. In fact, we even want to be agnostic about
their sign: the momenta p; might be space-like, time-like, or even light-like. However, the
specific ordering of the operators in eq. (1.1) does imply a constraint on the momentum flowing
between the pairs [¢1¢,] and [¢p3¢p4]: defining

P =—Pp1—D2=P3+ Dy, 2.4)

the correlation function (1.1) vanishes by the spectral condition whenever p lies outside the
forward light cone, i.e. unless

p°>0, and s=p?>0. (2.5)

We will assume henceforth that these two conditions are fulfilled.

With s strictly positive, one can rescale all dimensionful quantities by s, including the 4-
point function (1.1) whose overall scaling dimension is fixed by its operator content and by
the space-time dimension. Since we chose in the definition (1.2) to factor out precisely the
appropriate power of s, G ¢ is dimensionless. It is a function of the rescaled invariant masses

2
W, = %, (2.6)

and of a fifth dimensionless variable that we define as follows: we introduce two new linear
combinations of the momenta,

(p-p2)py —(p-p1)pY (p-p3)py — (P~ P4)PY

b b
412 = = , (2.7)
v/ (p1-p2)? —p2p? v/ (p3 - p4)? —p3p?
which have the property of being both orthogonal to p, and normalized in units of s,
Q12°P =0q34-Pp =0, 4}, =q3,=—s. (2.8)

The definitions (2.7) are non-singular as long as neither p; and p,, nor p; and p, are colin-
ear; the special configuration in which some of these momenta are colinear can be eventually

3We are always working in d > 3 dimensions. In d = 2, three vectors cannot be linearly independent and there
is one less invariant
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reached as a limit of the general case. We now define 6 to be the angle between these two
vectors,

cos O E_ng&, (2.9

or in terms of the Mandelstam invariants

N (n2 2y 2 2
o5 = s(u—t)—(py —p3)(P5 —py) . 2.10)

v/ (s —p?—p2)2 — 4p2p2,/(s — p — p2)* — 4p2p?

6 corresponds in fact to the scattering angle in a 2 — 2 inelastic process in which the four
“particles” have distinct masses (possibly including negative masses squared). In the center-
of-mass frame, working for definiteness in d = 3, one can always choose

p=+5(1,0,0),
q12 = v/5(0,1,0) , (2.11)
qs4 = v/5(0,cos 0,sin ) ,

which in terms of momenta p; corresponds to

Vs
== (1+wq —wy,045,0),
Vs
D2 = Y (1—wy +wy,—045,0), (2.12)

p3 = g (1 +W3 —W4,—QB4COS 9:_034Sin9) )

where we have defined

le = \/(1 — Wi _W2)2 _4W1W2, 934 = \/(1 — W3 _W4)2_4W3W4. (2.13)

The quantities under the square roots are non-negative for any configuration of momenta.
Note that Q;, and Q34 will play an important role later. The center-of-mass configuration is
illustrated in figure 2.

2.2 Polarization tensors

The Hilbert space completeness relation relies on a basis of momentum eigenstates that can be
constructed out of a single primary operator insertion acting on the vacuum, for all primaries of
the theory. In the case of scalar external operators, only scalar and traceless symmetric tensor
operators enter the OPE. In order to avoid dealing with the contraction of tensor indices, and
more importantly to obtain the factorized result (1.4), it is necessary to introduce a complete

orthogonal basis of polarization tensors ek, after which one could write

Ot (p)|0) = Z 8&1...#[ O(f,m)(p) 0) . (2.14)

The goal of this section is to provide the explicit construction of such a basis, using only the
momenta at hand, so that its transformation under special conformal transformations can later
be determined explicitly. Such a construction is most easily done using spinor variables [62],
but then it depends explicitly on the space-time dimension d. For scalar external operators,
we will show that a d-independent construction can be performed.

The starting point is to realize that, thanks to the ability of going to the center-of-mass

frame (2.11), the polarization tensors ¢l " can be decomposed into products of the vector

6
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434

Figure 2: A possible configuration of momenta in the center-of-mass frame (energy
along the vertical axis). The scattering angle 6 corresponds to the angle between the
planes spanned by (p;, p2) and (ps, p4), or equivalently between the vectors q;, and
G34- In this particular example p; is time-like (backward directed), while p,, p; and
P4 are all space-like, as seen by their position relative to the light cone (dotted lines);
the covariant definition (2.10) is valid independently of the sign of the pl.z.

p and of invariant tensors of the group of spatial rotations SO(d — 1). An orthogonal basis of
such polarization tensors is given by

ghi-ht = s—(=m)/2 [e(fl'"“mp“m“ . --p“f) — traCES] , (2.15)
M-

where the indices on the right-hand side are symmetrized, and the tensors &' M form them-
selves a basis of traceless, symmetric tensors orthogonal to p,

pu, et =0. (2.16)
This means that the tensors ST'"“ " only have non-zero entries when all indices are spatial.

In our case, one can even go further and construct explicitly the tensors ET'"“ ™ out of
the momenta at hand. The reason is that we are only interested in polarization tensors that
live in a plane spanned by a pair of momenta, say p; and p,, or equivalently p and q;,. Any
polarization overlapping with a state created by two scalar operators acting on the vacuum is
of this form. Using the projector onto the directions transverse to p,

[T
0y =n -2l (2.17)

p

one has (see appendix A),
Uq-ehm _ gk m! 1 T’g‘fbl‘uz o n‘izn_l'u'zanZn-#l .. qu)
e, (p,q) = 3 o . (2.18)
= ni(m—2n)! 22n (L3 4 —p) sm/2—n
n=0 2 n

This is a covariant definition in terms of any pair of momenta p and q that satisfy p-q = 0,

p? = —q? = 5. Similarly, a covariant definition of the more general tensors eh, " is directly
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obtained plugging eq. (2.18) into (2.15). The final result is most easily expressed with the
help of an auxiliary polarization vector z* satisfying z2 = 0, in terms of which

P4

uy By ent(p,q) = (z-p)f—m(z.q)szl (_E e
1 (- m 4

> 5 ; . (2.9
st/2 2 2 2 m (z- q)z) (2.19)

Note that the hypergeometric series terminates both for even and odd m (either one of the
first two parameters is a negative integer), so that the right-hand side is in fact a homogeneous
polynomial of degree ¢ in z-p and z-q. The hypergeometric form is nevertheless convenient for
its compactness, and it shows explicitly that the definition (2.19) is analytic in the space-time
dimension d. It also gives a simple proof of the identities

gl (p,q) = (=1)"ehrH(p,—q) = (=1) ek (—p,q) = (1) el (—p,—q) . (2.20)
The orthogonality of the basis follows by construction. Its normalization is given by

Emipay.ny (P> DERT (P, Q) = 8y (=1)" Ny m » (2.21)

where

_mie—m) [d=2+2m)p (A= _ (2.22)

N >
e e (BRaem), 2 (D),

Moreover, if one considers two distinct polarization tensors defined with respect to two refer-
ence vectors g and g’, both orthogonal to the same vector p, then one one obtains the identity
(proof given in appendix A)

!
m Cl9=3)/2(cos 0), (2.23)

Em/“'lmUé (p, q)grlﬁll---/‘tﬂ (p; q/) = 5m’m(_1)m-/\[l,m (d _ 3) m
m

where 0 is the angle between g and q’, and C,gf_e’)/ 2 is a Gegenbauer polynomial. This identity
will play a central role in the computation of the conformal partial waves.

2.3 Spin eigenstates and normalization

We show next how these polarization tensors naturally appear in the 2-point function of pri-
mary operators, and how this leads to the construction of an orthogonal basis of spin eigen-
states. The 2-point function of traceless, symmetric tensor operators in momentum space
satisfies [63]

—1r2ner (§-4),
n(—n)! (2—A—-1),

4
(OM1-He (—p)OV1-(p)) = sA_d/ze(pO)G(p2)BA:f Z
n=0

N |:p(“1pvl .o .p“npvnfn:u‘n-%—lvn-#l .o .n“lvf)

—traces] , (2.24)
STl

where
(4m)@+2/2 (A —1),

T 2284 (A— L2 (At 0)

Bay (2.25)
This result is the unique solution (up to a normalization constant) to the conformal Ward
identities for the 2-point function. Alternatively, it can be obtained from the direct Fourier
transform of the position-space 2-point function in Lorentzian signature. The Heaviside ©-
functions appearing in eq. (2.24) indicate that the 2-point function vanishes whenever p lies
outside the forward light cone.
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To relate eq. (2.24) with the polarization tensors described above, we consider again its
projection onto the plane spanned by p and a vector q orthogonal to it. This amounts to
replacing

UiV AV
n‘“’—)p—p ; 19 , (2.26)

in eq. (2.24). A bit of combinatorics (see appendix A) allows then to rewrite the 2-point
function (2.24) as

{

B
(Om-te(—p)OT- (p)) =sA742 —j\Afj’m gh1-#e(—p,—q)e)1-"(p,q), (2.27)
m=0 »m

where
. (A—E —d +2)[—m

Bpynm =
Abm= (A +m—1),_p,

Requiring that the 2-point function defines a positive inner product, one actually recovers the
well-known unitarity bounds A > (d — 2)/2 for scalars, and A —{ > d — 2 for traceless,
symmetric tensors of spin £. Note that in the generic case the 2-point function is a sum of
¢ + 1 polarizations, the exception being spinning operators that saturate the unitarity bound:
when A —/{ =d—2, all By ,, with m < { vanish: conserved currents only have transverse
polarizations m = £.

This construction suggests to define the spin eigenstates

Ba¢>0. (2.28)

|0 (p| ) = 0™ (p ) 0) =N b (9, a)O,, ., (P)10) - (2.29)

The notation indicates that this is a state carrying momentum p, with total spin £, and com-
ponent m along a direction that is defined by a reference vector q. These states form an
orthogonal basis,

(0m)(—p’| = @)| 0™ (p|q)) = 2m) 5% (D = P)S i S mNy B ms™ 2. (2.30)

They realize the decomposition (2.14) envisioned at the beginning of this section. Note that
an equivalent definition of the spin eigenstates can be obtained more generically by group-
theoretical considerations, according to which m labels the representation of the state under
the little group that preserves the momentum p [24,30]. The advantage of our explicit con-
struction in terms of the momentum p and of the reference vector q is that it is immediately
suited to examine the transformation properties of the polarization tensors under special con-
formal transformations, as developed later in section 3.1.

2.4 Completeness relation

We are now equipped with a complete basis of states that can appear in the OPE of two scalar
operators acting on the vacuum. This means that we can write

{
[63(P3)b4()10) = D > fom(Ps ) [O“™(ps +pslasa)) (2.31)

O m=0

where the sum is over all primary operators entering the OPE. To determine the coefficients
fo.m(ps,p4), one computes the overlap of both sides of this equation with

d
f % (O™ (— k| —q(K))

Vi

) (2.32)
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where the integral is over the forward light cone (k%2 > 0 and k° > 0), and the reference vector

is chosen as 28 _( i
k — -k)k
g(k) = —24 L : (2.33)

\/(%4 k)2 — Q§4k2
This vector satisfies the two conditions q(k) -k = 0 and q(k)? = necessary to comply with
our definition of the polarization tensors. Since (2.31) is a momentum eigenstate, the integral
over k collapses to a single value k = p3 + p4 = p, where q(p) = q34, and one deduces that

2

Ne _
fon(be,pi) = T2 (OD (] —qu)lgap)eap]) . 239
Al,m
The expression (...)) is a function of p; and p, as it involves the 3-point function and a polar-
ization tensor &b "*!(—p,—qs4) constructed out of the momenta p5 and p, only.
The same logic applies to the product of scalar operators acting on the vacuum to the right,
hence

<0|[¢1(p1)¢2(p2)]—22 Nom 1221, (0162 (p) 1O p 1 1))

BA {,m
x (O™ (—p| —qp)|. (235

Using both egs. (2.31) and (2.35) in the correlator (1.1) and resolving the trivial delta function,
one gets

Nem
G(p1,p2.p3) = Z ( - ) s422 (0™ (—p | —q12)0C™ (] g34))

O m=0 BA,Lm

x ([$1(p1)P2(p2) 0™ (p | 1)) (O™ (—p | —q34) P3(P3)P4(p2)]) -
(2.36)

Note that we have also used the orthogonality of the 2-point function to write this expression
as a single sum over primary operators O and as a sum over spin m. Using the representation
(2.27) for the 2-point function and the property (2.23) of the polarization tensors, one can
show that

B
(O (=p| = q12)0“™(p I aq)) = s271/2 @MWN P(cos0). (237

One arrives therefore at

¢
G(p1,P2,P3) = st/z_A Z CA’g,mef_?’)/z(cos 0)
o m=0

x ([$1(p1)P2(p2) O™ (p | 1)) (O™ (—p | —34) P3(P3)P4a(p2)]) -
(2.38)

This is now precisely in the form of egs. (1.2) and (1.4), where the vertex functions are given
by the 3-point correlators, and we have defined

m!
Caym= Mm/\/zm( i3’ (2.39)

or explicitly

2227 (2 (0 — m)I(d — 2+ 2m)_, T (A — S2)T(A + )
(4m)@ 2201 (432 +m),_ (52) (A—Dp(A—L—d+2)

Caem = (2.40)

10
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This coefficient diverges when m < £ and the unitarity bound A —{ > d — 2 is saturated. This
is because we have included in the completeness relation (2.31) the null states corresponding
to the longitudinal polarizations of conserved currents. We shall see however in section 3.3
that both of the 3-point functions entering eq. (2.38) vanish in this case. We can therefore
safely exclude these null states from the sum.

Similarly, the coefficient C, 4 ,, would be singular if one were to consider the identity op-
erator (A = ¢ = 0) in the sum. Note however that the vacuum state does not contribute to the
completeness relation (2.31) when s > 0, so it should be excluded as well.

Finally, the coefficient Cx 4, is also singular in d = 3 for m > 0, but the Gegenbauer

polynomial Cr(f_?’)/ 2 vanishes in the same case: the product of the two is in fact well-defined
in the limit d — 3, and it is proportional to the Chebyshev polynomial T,,(cos 6).

In summary, using polarization tensors defined in terms of the kinematic variables, we have
been able to write down a decomposition of the 4-point function into conformal partial waves,
and to reduce the computation of these partial wave to a pair of 3-point functions, which we
are going to discuss next.

3 Vertex functions

In this section we describe the computation of the 3-point functions appearing in eq. (2.38).
This computations relies essentially on the results of ref. [64], but the projection onto spin
eigenstates is new. At first this looks like a major complication, as the standard approach
relying on solving conformal Ward identities requires to determine the transformation of the
polarization tensors under special conformal symmetry. We shall see nonetheless that the
results take a particularly simple form for the highest-spin function in each conformal family
(m =1{), and that the lower spin functions can then be determined recursively.

3.1 Conformal Ward identities

The starting point is to strip the 3-point correlation functions from its dynamical information,
the OPE coefficient, and from an overall power of s fixed by scaling symmetry. We write

2 2
_ Py p
([$1(P1)B2(p) IO (P |q12)) = Aypo st Azra—20/2y 12 (f, f) : (3.1)

VA[TZZ’ ]m on the right-hand side is a function of two dimensionless variables only. It is precisely
the vertex function that enters in the conformal partial wave (1.4). All information about
scale and Poincaré symmetry is already included in this equation and in the definition (2.19)
of the polarization tensors. What remains to be determined is actually contained in the action
of special conformal transformations, together with a boundary condition that can be traced
back to Euclidean position space. Note that the vertex function VEZL in eq. (1.4) is simply

related to V1'% by hermitian conjugation and a change in the labels 1 — 4 and 2 — 3. We

Al,m
shall therefore focus exclusively on VA[le2 ]m in this whole section.

Working in Minkowski space, there is no choice but to use the infinitesimal form of special
conformal transformation, as their exponentiated form does not preserve the causal structure
of space-time. At the level of correlation functions, this means solving a partial differential
equation: the Ward identity for special conformal transformations in momentum space is a
second-order differential equation that can be written as [65, 66]

Ky ([61(p1)a(p2)10"H(=py —pa)) = 0, (3.2)
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where I?f‘z is the differential operator*

2
- 22 1 22 el
Ky, = Z Pp B EP?—ﬁ —(4; —d)a . (3.3)
i=1 9Ppiadp 9pipop; Pia

Note that this differential equation is valid no matter what the ordering between the operators
¢, and ¢, is: the difference in orderings only means different boundary conditions, which
will be discussed later in section 3.2.

The Ward identity (3.2) does not apply directly to the vertex function VA[TZ ]m, but rather
to the correlator with the primary operator O*1#¢ acting on the vacuum. In order to include
the polarization tensors and the power of s in this equation, we write, in accordance with
eq. (2.14),

{
([p1(p1)2(p2) 1O (—py = pa)) = Aygo st HA2FA2DI2 " ghittt(p, g1 IR (w1, w).

m=0
(3.4)
We also introduce an external polarization vector z* as in eq. (2.19), and use the shorthand
notation

Em =2y, 2y, 0D, q12) - (3.5)
It is straightforward (if tedious) to compute the action of I?f‘z on the polarization tensors, as

they are explicitly defined in terms of p; and p,. In doing so, we encounter derivatives of the
hypergeometric function (2.19), and we find it convenient to introduce

;. O&n
me 8(z-q12)’

which describes a traceless symmetric tensor with £ — 1 indices. The Ward identity (3.2) is
now a simple vector equation, whose components can be resolved taking its scalar product
with various reference vectors. For instance, the Ward identity given by p - K;, becomes

€ (3.6)

{
Z Sm{ﬂrlnz I:(]. + wi— Wz)ﬁl + (1 —w; + W2)D2:| QIZm

m=0

[12]
VA,Z,m

+(€—m)(d—2+€+m)}

5 (W11W2):O' (3.7)

If one introduce an auxiliary vector r orthogonal to both p and g5, the Ward identity r - K,
gives

{
i~ A—m—d+2)(d—3+{+m)
E " Q7 1Dy + € m(
{Em 1250 T et T T3 om)(d — 5 + 2m)

g (Z—m)(A+m—1)} [12]

m=0

m+1 m+ 1 VA,Lm(Wl’WZ) =0. (3.8)

*This operator only involves the scaling dimensions A; and A, of the scalar operators ¢, and ¢,, and not that
of O; coincidentally, it does not act on the spin indices of the operator ©. This is a consequence of translation
symmetry: in position space, one can use this symmetry to place O at the origin of the coordinate system, where
the action of the special conformal transformations is trivial; in momentum space, once the delta function imposing
momentum conservation is factored out of the 3-point function, I?f‘z only involves the conformal data of two out
of three operators.

12


https://scipost.org
https://scipost.org/SciPostPhys.10.4.081

Scil SciPost Phys. 10, 081 (2021)

Finally, the remaining content of the Ward identity can be obtained from the scalar product
g15 - K14, which after subtraction of eq. (3.8) leads to

J4
Z{s oy (D, — Do) !

m=0

z-p m 12]
—ng—m(A {— d+2)—€m 192 mDO}VAem(Wl’WZ)_ (39)
Several elements of egs. (3.7), (3.8) and (3.9) must still be explained: the quantity
Q15 = /(1 —w; —w,y)2—4w,w, was originally defined in eq. (2.13); D; and D, are ellip-
tic differential operators of the Appell F, type,

R R 5 R
D,=w(1—w —2ww —w
1 =wq( 1)8W1 Wag Ow, ZQW%
d )
+[cg—(a+b+1wy] ——(a+b+1)wy— —ab, (3.10)
ow,q owy
~ 02 22 9 22
D2:W2(1_W2)8_M/§_2W1W28W18W2 _Wlawﬁ
d d
+[cg—(a+b+1)wy] — —(a+b+1)w;— —ab, (3.11D)
3W2 an
with
d+A—A1—A2+m d
a= > C1:1+__A1:
2 2
2d—A—A;— A, + d
b= 21 2 m, C2=1+E_A2; (3.12)

the remaining differential operator Dy, is given by
~ 0
DO = (1_W1 +W2)[_2W1_ +(A1 —d + 1)i|
an
G,
—(14+w;—wy) [—2w2—+(A2—d+1)} . (3.13)
aWZ

The interpretation of this system of partial differential equations for £ + 1 functions of 2 vari-
ables w; and w, appears difficult at first. This is worsened by the fact that we have not
expressed the conformal Ward identities in the complete basis {¢,,} of traceless, symmetric
tensors, but have instead appealed to the additional tensors &/ . Nevertheless, the system
contains a lot of redundancies, due in particular to the closure of the conformal algebra in
momentum space, and we will see in the next sections how a simple solution emerges.

3.2 Highest-spin functions in various orderings

The first key observation to be made is that the Ward identities (3.7) and (3.9) contain a closed
system of equations for the function V A e e(wl, ws), i.e. the highest-spin component m = £. The

tensors (z - p)e; appearing in eq. (3.9) are orthogonal to &, the latter being totally transverse
while the former not. When projecting against ¢,, these two equations give therefore the
system

[(1+w; —wy)D; + (1 —wy +wy)Dy ] IZEVAIZZ%(WDWQ = (3.149)
(51 — 52) Ql_zevAlez:é(Wl,Wz) = (3.15)
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which is equivalent to

=~ T =t ,[12 = [ o—ty,[12
By [t T wiwy) | = Dy [ Vi (wy,wy) | = 0. (3.16)
As already stated, D; and D, form a system of generalized hypergeometric differential equa-
tions of the Appell F, type, with a particular solution being F,(a, b; ¢y, cy; w1, w,). General so-
lutions to such systems can be constructed from linear combinations of the four functions [67]

A—d/2. Ay—d )2 Ay—d/2
Wll W22 FAlAz;A,E(Wla W), Wll FglAz;A,z(Wl,Wz), 3.17)
Ay—d /2 :
Wz Alﬁz;A,l(Wl’ WZ): FEIZZ;A,Z(WD WZ):

where we have used Zi = d — A; and introduced the following notation for the Appell F,

function:
Ag+A—A+l A +Ap+A+L—d
2 > 2

FAaAb;A,Z(WlaWZ) =F, q P swi,wo | . (3.18)
A—%41, 80,2 +1
Note that the function F satisfies the identities
FangngWi,wa) =Fp a5 (W1, W) = Fa,a 0 e(Wa, w1). (3.19)

An equivalent basis of solutions is obtained after the change of variables
(wq,wy) = (wy/w,y,1/w,), in terms of the four functions

Ar=d/2. (Dg—D1—A—0)/2 w, 1 (A1 +8,—A—(—d)/2 w1
Wy Wy Fansngt\wyo ;) Wi FR angt iy vy )
A1=d/2, (Dg=D+A——d)/2,, w1 (B +0,+A—(-2d)/2,, w1

Wq Wi LNV WA E iy B Wi FR Ringt inyo iy ) -

(3.20)
The highest-spin vertex function VAU[Z]L, (w1, ws) is therefore a linear combination of the func-
tions (3.17), or of the functions (3.20), multiplied by ng. What linear combination depends
on the ordering of the operators in the 3-point function (3.1). We examine below two distinct
cases.

Wightman function When ¢, and ¢, are out-of-time-order, the Wightman function (3.1)
has been computed in ref. [64] (see also ref. [68]). The starting point is the Euclidean position-
space 3-point function

2y, " B, (0] @1(x1) 2 (x2)OF1-H4(0) |0)

14
B Az [x5(z - x1) = x}(z - x3) ]
- 207 |21 22 A+ x o | 2= ATHAFE ), — x,|A1+Ar—A+ )

(3.21)

This equation specifies our normalization of the OPE coefficient A;5». If we define the
Lorentzian 3-point function by analytic continuation and take its Fourier transform, we ar-
rive at [64]

2y, 2, (@1(p1)P2(p2) 0P (p))

(=) (4m)d+2o~(Ar+DotAtle2) (A 1),
r(a,—4+1)r(a—g+1)r (St )p(atasatt)
(P22 (p2)Aad/2 &

p} p?
Z(Z p) Nz p)"Fy (—; p_z) , (3.22)
=0 by P>

= 1120

(_pg)(Al—A2+A+l)/2
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where

w1 1 w1 1
fo(_, _)ZFAlA;Az,é (_,_ 5 (3.23)
Wy Wy Wy Wy
and the F,, with n > 0 are obtained acting recursively on J, with a certain differential operator
whose form is not important in our discussion: as we shall see, F is all we need to determine

the highest-spin vertex function. Eq. (3.22) should be matched with our own formalism, in
which?®

2y, 2, (P1(P1)P2(p2) O (p))
!

2 2
= Aygp (p?)Brtazta-2d)/2 E %y, By, EhLH (P,Q12)VA1,zg,m (l?’ ?) . (3.29)
m=0

If we consider this to be a function of p and p;, taking

(p-pp*— (p*)pY
di2 = 5
v (p-P1)*—p?p]

and if we expand the polarization tensors into powers of z - p; using eq. (2.19), we obtain

2y, 2, (D1(P1)P2(p2) O (p))

¢ ¢ 2
2)(Ar+Ag+AT=2d)/2 (=1)(z-p1) 12 (Iﬁ —(p+p1)2)+...

(.0 4
[(p-pr)—p2p2]"> 70 \P* P2

D> =—DP—P1, (3.25)

= A120 (P
(3.26)

where the ellipsis indicate lower powers of z- p; (hence higher powers of z-p), which are more
complicated as they involve linear combinations of VAlze - with distinct m. The leading power
in z - p; must match with the term n = 0 in eq. (3.22), implying

. {
lZ(4n)d+22—(A1+A2+A+€+2)(A _ 1)Z [(1 —w,— WZ)Z _ 4W1W2:| /2

r(a-g+)r(a-g+)r(=tt)r(amgtt) |,

A—d/2 Ay—A—A—0)/2 wy 1
s G LSSl FAIA;AM(_,_ _
Wy W3

12
Vai(wi,wa) =

It is remarkable that this vertex function is given by a single Appell F, function out of the four
solutions (3.20). This has to do with the observation made in ref. [64] that the Euclidean
OPE fixes the behavior of the Wightman 3-point function in a neighborhood of p% =p?=0,
i.e. around w; = 0 and w, — —00.

The result (3.27) is valid when p; is time-like and backward-directed (the Wightman func-
tion vanishes otherwise by the spectral condition), and when p, is space-like. The case of
time-like p, can be obtained in terms of the functions in the list (3.17) following the analysis
of ref. [64].

Time-ordered product In the case where the 3-point function (3.1) contains a time-ordered
product of the operators ¢; and ¢,, the general structure is more complicated, as both p,
and p, can be either space-like or time-like. We focus here on the case where they are both
space-like, i.e. w;,w, < 0. In this case, the Euclidean OPE condition only gives information

>Note that we replaced the generic label [12] with 12 for the Wightman function. Similarly, we use T[12] for
time-ordered product given later in eq. (3.32).
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about the behavior at p?2 = 0 (w;,w, — —00): it implies that the highest-spin vertex function
is a linear combination of the first two functions in the list (3.20),

VI ) = (—wy)Art8e=8==d2[( gy 4, )2 — 4w, |

AL
X A(—Wl)Al_d/zF (—Wl 1 )+BF (—Wl * ) (3.28)
Wy A1 DAL Wy Wy A DAL Wy ’ Wy : :

The coefficients A and B can be fixed by symmetry arguments and by the relation to the Wight-
man function. The singularities of the time-ordered product have been analyzed in ref. [69],
where it was found that there is a branch-point singularity at w; = 0 when A; < %, and that
the coefficient of this singularity is related to the Wightman function by a multiplicative factor,
giving

1
lim (—w —ie)d/?> AlVT[lz](wl,Wz)— — y hn"(l) W(i/z AlVlu(wl,wz)
w1—0 lem[n(z 1)] w1
(3.29)
This implies

(“Lam)Hr(§—4,)(Aa—-1
A i@ (5 - 4) (A - 1), | (3.30)

2A1+A2+A+Z+11" (A _ % + 1) T (AZ—A5+A+Z) I—.(A1+A§—A+€)

The coefficient B can be fixed in turn by imposing the exchange symmetry between the oper-
ators ¢; and ¢,, which is built into the time-ordered product but does not appear obvious in
eq. (3.28). This constraint can be resolved by going from the basis of Appell F, functions (3.20)
to the symmetric basis (3.17). We find that the result is symmetric under the simultaneous
exchange w; <= w, and A; <= A, if and only if

r(a,—9r (AZ—A1+A+Z ) r ( A=Ay =Dy ++d )
b= 2 : : A, (3.31)
T (% _ Al) r (A1—A2+A+€ ) r ( A1+A2+A+é—d)

2 2

after which we arrive at

S _ /2
2] ll 1(47'C)d+12 (A1+A2+A+€+1)(A _ 1)@ [(1 —w; _W2)2 —4W1W2:|

Varr Wi, we) = [ (ArmAgtA+) [ (AamArtAH) [ (ArtAy=A+) [ (ArtAgtA+d
2 2 2 2

A—d/2 Ay—d/2
X[fAlAZ;A,Z(_Wl) 1742y )R /FAlAz;A,E(Wl:WZ)

A—d/2
+fA152;A,g(—W1) ! /FA gz-A[(Wl,Wz)

Ay—d
+ f& apa (W)™ I2Fx AW, w2)

+ leﬁz;A,fFﬁlﬁz;A,Z (Wl) Wz)] P

(3.32)
where we have defined

[(§—2,)T(§—a,)r(ferfgar=d)
faapne = T (1 _ Aa+Ab—A+e)

(3.33)
2

This result is analytic in the scaling dimensions A, A,, with the exception of poles at
A, Ay = % + n with integer n. This means that the result (3.32) is valid in all generality,
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and not only in the regime A; < % used to fix the coefficient A. The apparent divergences
when A, A, = % +n are reminiscent of the anomalies discussed in refs. [70,71]: they appear
precisely when the powers of w; and w, are integer, in which case the terms of the different
hypergeometric series can be mixed. Resolving these special cases by analytic continuation
in A; (or in d), one finds cancellations between the coefficients fo_a,;a ¢, SO that the vertex
functions remain in fact finite, however with the appearance of logarithms of w; and w,. An
example realizing the case A, = A, = % is presented below in section 4.3.

Other orderings Besides the Wightman function and the time-ordered product, other order-
ings of the operators can be envisioned, but they can all be related to the two results (3.27)
and (3.32): ordinary commutators are nothing but the difference between two Wightman
functions; causal commutators (i.e. advanced or retarded) are similarly related to the sum or
difference between the time-ordered product and the Wightman function, and as such they
coincide with the former when both momenta p; and p, are space-like; the anti-time-ordered
product is complex conjugated to the time-ordered one. In order to obtain a complete picture
of all the possible vertex functions, one needs of course to go beyond the kinematics assump-
tions made in deriving egs. (3.27) and (3.32). Causal commutators would be a useful tool to
do so, as they have well-understood domains of analyticity in terms of complex momenta. We
leave this task for future work.

One important property that is shared by all orderings is the vanishing of the highest-spin
vertex function when the intermediate operator takes a double-trace dimension, i.e. when
A = Ay + Ay + ¢ + 2n with integer n. This ensures the triviality of Gaussian theories in
momentum space, and places on equal footing the contributions of single- and double-trace
operators in large-N theories. It also implies that the conformal partial wave expansion (1.2)
shares the “dispersive” property of the double discontinuity in position space [38].

3.3 Lower spin functions

With the knowledge of the highest-spin vertex function, the computation of all remaining ver-
tex functions VEZ ] with m < ¢ does not require solving more partial differential equations, nor
making assumptions about boundary conditions, as eq. (3.8) gives a simple two-step algebraic
recursion relation: since the tensors ¢, are orthogonal to each other, we get

[12] m+1
v W) =
2m W1 W2) = S A )

1 5 M12]
" [ V(I —wy—wy)2—4wiw, PoVamaa(W1:2) (3.34)

(m+2)(A—m—d)(d—1+{+m) V[lg]
(d—1+2m)(d+1+2m) Ab,mt

2(W1,Wz)],

using the first-order differential operator D, defined in eq. (3.13). The last line must be
dropped in the first step of the recursion, namely when m = £ — 1; equivalently, the recur-

sion relation can be defined in terms of the functions VA[IL,2 % (w;,w,) computed above and of
VA[i,z, ]11 +1(wq,w,) = 0. Note that the operator D, is odd under the permutation 1 < 2, which is

consistent with the fact that the Gegenbauer polynomials Cr(f_B)/ 2(cos 0) is similarly odd under
cos@ — —cos 6 for odd m: in this way the exchange symmetry 1 «— 2 of the time-ordered
product is preserved for all m.

Derivatives of Appell F, functions can be again expressed in terms of linear combinations of
F, functions, so one could in principle write down closed-form formulae for the vertex func-

tions VEEZ ]m(W1>W2) with the different operator orderings. This exercise is not particularly
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enlightening, though, and the recursion relation (3.34) seems simple enough to provide the
most efficient implementation of the vertex functions. In fact, since Dy, is a first-order differ-
ential operator that only raises powers of w; and w,, the vertex functions with m < £ inherit
the analytic structure of the highest-spin function.

The case in which the operator O*1# is a conserved current deserves special attention.
It turns out that the differential operator D, annihilates VA[TKZ, % (w1, w,) whenever the unitarity
bound is saturated (A = d —2 + {) and the two operators ¢; and ¢, have identical scaling
dimensions (A; = A,), two conditions that must be met for O to be conserved. This implies

that V' (wq,w,) = 0. Moreover, the factor (A—m—d) in eq. (3.34) ensures that the second

AL L—-1
step of the recursion is trivial as well, and so VADL,2 ]e ,(w1,w;) = 0. It follows immediately that

all vertex functions with m < ¢ vanish in this case. This is not a surprise: conserved currents
only admit transverse polarizations, while any longitudinal polarization defines a null state.
This property is essential in the conformal partial wave expansion, as it implies that one does
not need to sum over m < { for conserved currents, and hence that the singularities in the
definition (2.40) of the coefficient C, 4 ,, never occurs.

3.4 Special kinematic limits

We will finally examine several special kinematic limits in which the vertex functions admits
a simpler form, and compare the conformal partial waves in these limits with results already
existing in the literature.

Light-like limit The first interesting case is the limit w,, w, — 0 of the vertex function with a
time-ordered product. As the Appell F, function is analytic around the point (w;, w,) = (0,0),
one can see from eq. (3.32) that the limit exists if A;, Ay > % (the opposite situation is dis-
cussed below). In this case, the recursion relation (3.34) becomes an algebraic equation,

2] m+1 [12]
VaL0.0) = e (A= 8V, 0,0
(m + 2)(A m— d)(d —1+0+ m) T[12] :|
0,0 3.35
(d—1+2m)(d +1+2m) Vatms2(0:0) (3.35)
which is solved by
Ag—A1+A—L—d+2
(—oyt-mpr (P2,

T[12] T[12]
0,0) = 0,0
Vaem(0:0) =V, i ( )m!(ﬁ—m)! (A—1+m)p

d—2+2
—(l—m), d—A—1+m, &===1

A1—Ay+d—A—L+2m
—2— ,d—2+2m

X 3F, ;1. (3.36)

Remarkably, the recursion relation only depends on the difference between the external scaling
dimensions, A;—A,, and not on their sum. In fact, when A; = A,(= Ay), all vertex functions
with odd ¢ —m vanish identically, and one obtains

0.0y D! (A=742), 6]
AM 2n 22np1(¢ — 2n)! (d—;l+€—2n)n(3_§_£) Vai

(0,0). (3.37)

The conformal partial waves (1.4) can then be written as

22211 (a-4+1)r(a+0) [vioe)

Gay(w; =0,c0s0) = G DA, vi%edo, 0)] gas(cosf),  (3.38)
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where g ¢ is a polynomial of degree £ in cos 0, defined by

/2 2—A—( 2—A—(
Cvreen  d-s+at—an (57,5 ws
0) = 6
gA,E(COS ) HZ:(:) 2€+2n+1(n!)2 (2 __e) (d 3)5 - (3 A—Z) (3 g) f on (cos )
(3.39)

These are precisely the polynomials defined in ref. [63], where the light-like limit of the con-

formal partial wave expansion was studied. The g ; have the remarkable property of interpo-

lating continuously between the Gegenbauer polynomials clfd‘”/ %(cos ©) when A—/ saturates
old=2)/2

the unitarity bound, and C, (cos0) when A —{¢ — oo. Using

—1 d+10—(2A 5 +A+(+1) d\2 - ( A+l+d
i (4m)tT2 ¢ r(A,—35) T —Ay)(A—-1)
vTe9lg 0) = (29 —3) T(25 - 4y) L 340

ALL 2 _ _ _ 4
T(55) T (A —55)T (2 + 2579 T (g + 555 —d +1)

one can also verify that the multiplicative coefficient in eq. (3.38) also matches the definition
of G ¢(cos 0) in ref. [63].6

Scattering amplitude and form factor An alternative, maybe more interesting situation
is the asymptotic limit w; — 0 in the case A; < %. The time-ordered vertex function (3.32)
diverges in this case, but one obtains a well-defined limit by multiplying it with the appropriate
powers of w;. The peculiarity of this limit is that it allows to define objects that have an
interesting field-theoretical interpretation: consider

F(s,t,u)= l_[ hm ( —p))V* A (TLd1(P1)d2(P2) D3 (P3)ba(—P1 —p2—p3)I),  (3.41)

i=1 p
as well as the subsequent limit pi =s+t+u—0,

As, t) = znné (—p2)/2RF (s, t,u). (3.42)
py—0—

F and A have been interpreted respectively as a “form factor” and as an “amplitude” [69]:
on the one hand, they are related to the time-ordered correlation function in eq. (3.41) by a
procedure similar to the LSZ reduction in massive quantum field theory; on the other hand,
from a careful analysis of the singularities in the Fourier transform from position space, one can
show that they admit a conformal partial wave expansion that is reminiscent of the “unitarity
cuts” method relating higher-point amplitudes to lower-point ones. This latter property follows
from the fact that the form factor is related to the same limit of the partially-time-ordered
function,

F(s,t,u) ~ l_[ 11m ( —p2)12720 | (T1(p1)b2(P2) 1 TL3(p3)ba(—p1—P2—p3)])» (3.43)

llp

provided that the limit is taken with p;, p, backward-directed, and p5 forward-directed. The
equivalence is up to a phase involving the dilatation operator (i.e. it depends on the scaling
dimension A of the intermediate operator in the conformal partial wave). We do not want to
re-derive here the results of ref. [69], but we can directly make use of the right-hand side of the
equivalence (3.43) to provide a simple computation of the form factor F and of the amplitude
A using our conformal partial waves, up to the aforementioned phase.

®Eq. (1.14) in ref. [63] contains a typo: the numerator is missing a factor of T'(A + £) (corrected in the arXiv
version).
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T[12]

The computation involves two distinct vertex functions, V, ’,* " and the complex conjugate

of V [3 fn] 1% [zlfn] is evaluated with both w; and wo, — 0. In thlS case the computation proceeds
as in the light-like limit discussed above: the recursion relation (3.34) for the vertex function
is again algebraic, though it differs from eq. (3.35) by the replacement A; ; > d —A; 5. One
arrives at

lim (= )22 (—wy) 2722y T2y, )
wq,wy—0_

(T Am) T (§ = 80)T (5 - 8,) (A1), (B2 EE)  sin[ n At At ]

2
A1+ +AH-IT ( AI_A§+A+Z ) T (Az—Aﬁ'A*‘l ) (A—1+ m)f—m

2

(—2)tmp! —(t—m), d—A—1+m, 320

)\ 3t2
m!({ —m)! AZ—A1+d2—A—€+2m’ d—2+2m

;1. (3.44)

For VT[ 4] , consider first the highest-spin vertex function as defined in eq. (3.28), which in the

11m1t w3 — 0 becomes
o Nd/2—Dgy,T[34]
W?LI}L( ws) VA,M (w3, wy)

— A*(_W4)(A3+A4—A+Z—2)/2(1 _ W4)1—A3

A - —— 1
x oF, A—{ A23 A4+2,A4 A3+§ { d+2;A—%+1;— ) (3.45)
Wy

where A* is the complex conjugate of the coefficient A given in eq. (3.30), upon replacement
1 — 3 and 2 — 4. Applying the recursion relation (3.34) leads to

w3—0_

1
lim (—W )d/2 A3VT[12](W1,W2) A*( —w )(A3+A4 —A+L— 2)/2(1 w )1 SvAfm(W_) ,

4
(3.46)
where we have defined
) (Z)—% ol-mp) (%—1+m)e_m_j(A_€_d+2+j)£—m—j
AT Lmlie —m— j)! (d—2+2m)_p-

A—{—Ag—A4+2 Ay—ADg+A—(—d+2
2 j 2 j

2=A=0pm(A=F+1),

. - At Al d
xzszl(A e d+2+j;A—§+1+j;z). (3.47)

The conformal partial waves corresponding to the form factor follow simply from plugging the
vertex functions (3.44) and (3.46) in eq. (1.4). This gives a closed-form expression for distinct
A,; that was lacking in ref. [69], as well as a new representation of the result in the case of
identical operators (A; = Ag): the function f, ¢(2,cos 6) computed in appendix B of ref. [69]
using a method based on the conformal Casimir equations can be written

fai(z,c0s6) = zA280)/2(1 —z)1=8
/2 A—l—d+2

Z( 1)'15' —+€ 2n) (575 n o(d=3)/2

20n! ( d—3 ) (3—A—e 1—on (€cOSO)VA g 0-20(2),
{—n+1

(3.48)

20


https://scipost.org
https://scipost.org/SciPostPhys.10.4.081

Scil SciPost Phys. 10, 081 (2021)

. (]
P D4
P - - - -- - bbbl &
L9 @ reeereens } . .“ ......... o Iy
@2————-4-——— : -————--== }?
D2 é P3

T3

Figure 3: The scalar box diagram corresponding to the 4-point function (4.1) in the
theory of a free complex scalar field. The solid lines are propagators of the field ®,
with arrows indicating the charge flow. The external, dashed lines correspond to the
composite operators 2 and 3. The dual graph in terms of the variables x;—x;,; = p;
is shown in red, with dotted lines.

in terms of z2 = 1/w, = pf‘ /s. Similarly, for the scattering amplitude (3.30) one recovers the
polynomials g, , of eq. (3.39) in the case of identical external operators, as well as a new set
of polynomials obtained by plugging the vertex function (3.44) twice in eq. (1.4) when the
external operators are distinct.

These examples of special kinematics are far from being exhaustive, but they illustrate
how our results can be efficiently used in various specific configurations. This concludes the
derivation of the vertex functions, and we move next to a complete physical example where
the conformal partial wave expansion are put to good use.

4 Example: the scalar box integral in 4 dimensions

We present in this section an example in which the conformal partial wave expansion can
be explicitly compared with a known 4-point function. We take the theory of a free, complex
scalar field ®, and consider the time-ordered 4-point function involving the composite operator

. . —2
®2 and its complex conjugate @,

(O T[®2(p1)3" (p2)®2(p3)®" (p4)110) . 4.1)

This correlation function is given in terms of a single Feynman diagram shown in figure 3.
In d = 4 dimensions, the integral over the loop momentum can be performed in arbitrary
kinematics, and the result is a Bloch-Wigner dilogarithm [72-74]. The simplicity of this result
can be traced back to presence of a dual conformal symmetry at the level of the integrand [45,
46].

4.1 CFT optical theorem

The 4-point function (4.1) in itself does not admit a decomposition into conformal partial
waves: the time-ordered product runs over all 4 operators, and as such it does not respect the
structure of the correlator (1.1). However, the real part of that function does, by an identity
that is sometimes referred to as the “CFT optical theorem” [31,32] (see also ref. [75]): by a
combinatoric identity involving the time-ordered product and its hermitian conjugate T, it can
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be shown that

(0 T[%(p1)® (p2)®2(p3)% " (p4)110) + (01 T[8(p1)® (p2)®(p3) " (p4)]10)
= (0| T[®2(p1)3 (p,)1 T[®%(ps)® (p2)1I0) ,  (4.2)

provided that the following conditions on the momenta and Mandelstam invariants are ful-
filled:
p? <o, s> 0, t,u<0. (4.3)

The right-hand side of this optical theorem is precisely in the form of eq. (1.1), and we can
therefore define

G(s, w;, 08 0) = (T[8%(p1)3" (p2) 1 T[®2(p3)® (p4)]) - (4.4)

At the same time, the left-hand side of eq. (4.2) corresponds to (twice) the real part of the
scalar box integral. This can be compared with the known results that give [45, 74]”

1-1/z
o) log| = >
G(s,w;,cos0) = @r) (1 }/ ) (4.5)
su z2—3

z and Z are related to the dual conformal cross ratios, given in terms of p; = x; — x;; by the
two equations

2 .2 2 2 2 .2 2.2
= X12X34 _ p1p3 - __ x14X23 _ p2p4
zz—ﬁ——, (1—2)(1—2)—ﬁ—— (4.6)
X13X04 su X13X04 su

4.2 1R divergences

In spite of the relative simplicity of (4.5) in terms of z and %, the dependence on w; and cos 6
is quite intricate: determining z and Z requires solving a quadratic equation involving the
Mandelstam invariant u, which is itself given by

s

U2—5[1—W1—Wz—WB—W4—(W1—W2)(W3—W4)

— 0504/ (1—w; —ws)2 — 4w wy/ (1 —wy —w,)? —4w3w4]. (4.7)

A comparison with the conformal partial wave expansion at generic kinematics is quite difficult
to achieve. Instead, we will focus on the IR divergences of this box integral when some or all
of the pl.2 approach zero. In the simplest case where all “masses” are identical (w; = w), we

have
si=2 11\J1+ Sw? (4.8)
T2 (1—4w)(1—cosh) )’ '
and, asw — 0,
51277 2w?
G S = 0)=— | .
(s, w; =w,cos6) s2(1—cos ) Og(l—c059)+ (4.9)

The real part of the box integral has a logarithmic divergence in w, and moreover a pole in the
forward limit cos 8 — 1.

70ur real part of the box integral differs from the usual conventions by a multiplicative factor of 2!°7® that has
to do with the use of the standard CFT normalization of operators in position space: on the one hand, the free field
propagator in 4 dimensions is {T[®(p)®(—p)])) = 47%i/p?, accounting for an overall factor of (47%)*; on the other

hand, each vertex involving the properly-normalized CFT operator %sz gives rise to a factor of +/2, contributing
in total another factor of 4 to our box integral.
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To perform the comparison with the conformal partial waves, one would like to expand G
in spin partial waves first, and write

G(s,w;,cos0) =52 Z (Z + %) a,(w;)Py(cos0), (4.10)
{=0

or equivalently, using the orthogonality of Legendre polynomials,

1
ag(Wi):f d cos 0 s2G(s, w;,cos 6). (4.11)
-1
Note that the asymptotic limit in eq. (4.9) does not commute with the partial wave expansion,
since the pole in cos 0 is not integrable. One must work instead with generic w, and take the
limit w — 0 at the end. To do so, note that G can be rewritten as

64’ 2 1—-1/2\T?
G i 0)=— 1 . 12
(S,WUCOS ) 32012Q34 aCOSG [ Og(l—l/é)] (4 )

The angular integral can now be performed using integration by parts after taking the IR limit
in the logarithm. For identical w; = w, the limit w — 0 gives

25617 0 2w? 2
G ;= 0)=— 1 +... .13
(5, =w,cos6) 52 3cos@|:0g(1—c059) :| ’ (4.13)
and thus
a,(w; =w) = 10247’ [log(—w) + H, > + ..., (4.14)

where H, is the {-th harmonic number, and the ellipsis indicates that we have neglected terms
of order wlog(—w) and higher. For each individual partial wave the leading IR divergence is
now a double logarithm in w.

To study a slightly more general form, one can also consider the situation in which the
masses are equal two-by-two, say w, = w; and w3 = w,, and take the limit w; — O while
keeping w, generic. Using eq. (4.12), one arrives at

25677
a,(w;) = —— [log(—w) + log(—w,) — 2log(1 —w,) + 2Hg]2 +..., (4.15)
(1—wy)?
neglecting terms that vanish as w; — 0. We shall now see in the next section how the partial
waves (4.14) and (4.15) are matched one-to-one by the conformal partial waves.

4.3 Conformal partial wave expansion

To compute the conformal partial waves, one simply needs to apply the recipe given in sec-
tions 2 and 3 to the 4-point function (4.4). We work with d = 4, and with scaling dimensions
of the external operator that are all equal, A; = 2. Since the theory is non-interacting, it is
straightforward to determine the spectrum of primary operators that enter the OPE of 2 and

=2 . . .1
&, as these must be composites of the free field. There are two families of such operators:

* Operators of the schematic form [Ezmnafqﬂ], that have spin ¢ and scaling dimensions
A =4+ +2n. As these are precisely double-trace dimensions, the vertex functions
involving them vanish. These operators do not contribute to the conformal partial wave
expansion in momentum space.
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* Operators of the form [®3¢®], with spin £ and scaling dimensions A = 2+¢. There is one
such operator for every spin £ > 0, and each of them is a conserved current saturating
the unitarity bound, with the exception of the scalar operator [®®].

Therefore, the conformal partial wave decomposition (1.2) is a sum over integers labeled by
the spin £, with each term given by single polarization m = £. Plugging the operator data in
the coefficient C, 4 4 of eq. (2.40), one gets

o
G(s,w;,cos0) =52 Z (2 + %) Py(cos 0)a,(w;), (4.16)
(=0
where now
23[ /1 4
al(W ) ( ) T[¢¢ (W]_, 2)V2T_‘|£z)§>l;|(W3, W4)>k . (4.17)

‘I>2<I> [30¢®] 71-3(2@)] 2+L,0,0

The computation of the vertex functions is slightly more complicated, as one cannot simply
plug the relevant scaling dimensions in eq. (3.32): the coefficients fo a,.a ¢ diverge precisely
when A; = %. Fortunately, it is straightforward to regularize the computation of these vertex
functions by analytic continuation in d: the free scalar theory can be defined in any d # 4, and
we shall see that the limit d — 4 ends up to be finite, due to cancellations among the different
terms in eq. (3.32).

In generic d, the scaling dimension of 2 and 3 is A; = d—2, and the conserved currents
entering the OPE have A = d —2+ (. The coefficients fo A . appearing in eq. (3.32) take
the values

4—d d—4
farayad =T =3+0T (%), [z 7,00 =0T(F), faZyne=FZapae=0. (4.18)

Since the combination fa a,;a¢ + le Ryiad vanishes in the limit d — 4, the individual diver-
gences cancel out and the powers (—w;)* /2 turn into logarithms. The general structure of
the vertex function is still quite complicated, as it involves Appell F, functions and derivatives
of them with respect to their parameters. But it is simple to obtain the limit in which one of
their argument w; is small. For instance, as w; — 0, we get

5:0+1 (26) 1

— [log(—wl) + log( W2 ) +2H, + ]
220(01)3 1 —wy (1—wy)?
(4.19)

This function already bears resemblance to the partial wave decomposition obtained above.

Assuming all identical w; = w, one gets

(26)!
26(01)2 <1>2<1> 30(3)

Tlp¢]
Vored

(wy,wy) =871

a,(w; =w) = 25677 [log(—w)+H, +...7%, (4.20)

while with w, = w; and w3 = w, we have

(20)!

_ 7 _ _ _ _ 2
ap(w;) =64n SO @262[63%][ og(—wq) +log(—w,) —2log(1 —wy) +2H, +...]
(4.21)
These coefficients match precisely egs. (4.14) and (4.15) provided that
2[+2(€!)2
2 _
Aqﬂ?[%@%] (20! (4.22)

This is indeed the known expression for the OPE coefficients in the complex scalar field theory
in d = 4 dimensions. This example gives therefore a non-trivial verification of our general
results in a specific conformal field theory.
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5 Conclusions

In this work, we have presented a computation of the conformal partial waves in momentum
space, with an emphasis on their factorization properties: they are given as a finite sum over
vertex functions and polynomials in the scattering angle. The terms of this sum are in one-
to-one correspondence with the ordinary spin partial waves. The vertex functions are simple
to obtain using a recursion relation descending from the highest-spin function, and the latter
are expressed in terms of Appell F, double hypergeometric functions, which are straightfor-
ward to evaluate numerically. In some particular cases where the scaling dimensions of the
external operators take (half-)integer values, the vertex function must be obtained by analytic
continuation: we gave an example where this situation happens in section 4. The outcome of
this work is a new mathematical tool for the study of conformal field theory, which we hope
will be useful in the future. Some directions that are certainly worth investigating are the
possibility to use partial wave unitarity to put constraints on the CFT data, in the spirit of the
S-matrix bootstrap [76], as well as the prospect of writing CFT dispersion relations directly in
momentum space [38,39].

We also believe that our computation of the conformal partial waves illustrates the power
of Minkowski momentum-space techniques in CFT. It is well known that the orthogonality of
momentum eigenstates allows to factorize the computation of correlation functions: after all,
this is the reason why the majority of quantum field theory results are obtained in momentum
space. What is certainly less appreciated is the structural simplicity of the operator product
expansion in momentum space. While 3-point function are admittedly complicated, the fact
that they depend by momentum conservation on only two momenta is very powerful: they
can always be thought to live on a 2-dimensional slice of Minkowski space, and their spin can
be projected onto this subspace.® For this reason, the dependence on the scattering angle can
always be factorized in the operator product expansion in momentum space.

In fact, it is a simple exercise to generalize the computation of conformal partial waves
to correlation functions involving more than four points, at least as long as one is interested
in the comb channel [77-81]. Similarly, we believe that the inclusion of spinning external
operators in the computation could be potentially simpler in momentum space than it is for
ordinary conformal blocks in position space (see ref. [82], as well as the connection with the
Mellin-space representation in refs. [83,84]).

Finally, several properties of our conformal partial waves could (and should) be studied
in the future. First and foremost, we have not touched the question of the convergence of
the momentum space OPE. This convergence is actually guaranteed in a distributional sense,
since CFT correlation functions in Minkowski space are tempered distributions and so are their
Fourier transforms, and the position-space OPE can be shown to converge distributionally [85].
Nevertheless, the situation can be quite subtle, as illustrated by the solution to this problem in
d = 2 dimensions [86]: depending on the kinematics, the OPE might or might not converge
in a point-like manner.

Other interesting properties of the momentum-space conformal partial wave expansion
have to do with the remarkable fact that our results are valid in any space-time dimension
d > 3. This would allow to study them in the limit d — oo [87,88], or to examine whether
recursion relations between various space-time dimensions can be found [89-91]. The analyt-
icity in d also implies the ability to study momentum-space correlation functions in non-integer
dimensions, where unitarity is known to be broken [92,93]. Similarly, if one projects the OPE
onto ordinary spin partial waves by working at fixed m, then the result is not only analytic in
d but also in the spin £ of the exchanged operator: in this case one can imagine formulating

8As already mentioned, this also implies that the ideal framework to work with momentum-space 3-point func-
tions is in terms of spinor variables [62].
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an OPE inversion formula in momentum space [94,95]. It would be interesting in any case
to understand the concept of light-ray operators in the same context [96-98]. We leave the
study of these interesting properties for future work.
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A Proof of combinatorial identities

This appendix contains proofs of several results presented in section 2. These proofs are com-
plicated, and it seems obvious that they could be simplified by use of geometric arguments in
integer dimensions. Nevertheless, an important property of these proofs is that they only use
combinatorics, and as such their results are valid in any space-time dimension d, including
non-integer d.

The two main results of this appendix are the proofs of the representation (2.19) for the
polarization tensors, and of the decomposition (2.27) of the 2-point function. A key element
is the transverse polarization tensor (2.18), and we detail its derivation first.

A.1 Transverse polarization tensor

By assumption, we only consider tensors living in a space spanned by two orthogonal vectors
p and q. The most general tensor in this space can be written in terms of the vectors p“, g,

and of the invariant tensor n*”.° We require sil'"“ * to satisfies three conditions:
. Uleeelhieeehieech U eeelhieeehjeeeh
(1) permutation symmetry ¢ '~ = g T

(2) tracelessness nuluzeﬁl"'“e =0, and

(3) transversality p,, ET'"W =0.

Condition (1) is simple to implement by averaging over all permutations of the Lorentz indices,
which we indicate with parentheses surrounding them. Condition (2) implies that n*” and p*
only appear in the linear combination

p*p”
-

n’iv =t , (AD)

which is the definition (2.17) of the transverse projector. We can therefore make the ansatz

|.m/2J n(l—h.uz “e lr)‘lizn_l’uznquhﬁ—l ce q:um)

et (p,q)= > a, =

n=0

7 , (A.2)

°The totally antisymmetric invariant tensor cannot appear in our problem, but it could appear in 2-point func-
tions of other Lorentz representations specific to a given space-time dimension.
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where the power of s is chosen so as to make ET'"“ ™ dimensionless. The coefficients a,, are
still to be determined. Taking the trace of this tensors gives

2]-1
. ghrtin (. o) :Lmi 2(n+1)(d —5+2m—2n)a,.; —(m—2n)(m—2n—1)a,
Mm—1Mm~ L ’ porc m(m _ 1)

(pq iz HMon—1M2n n m—
XT)J_ .nl q»u2+1...qAu 2)

sm/2—n—1 (A.3)
By orthogonality of the terms in the sum, condition (3) implies that each of them must vanish,
which gives a recursion relation for the coefficients a,,,

(m—2n)(m—2n—1)

- , A4
Il = S 1)d—5+2m—2n) " a4

solved by
m! 1

= ap .
ni(m—2n)! 92n (&3 4 — n)n

a, (A.5)
Choosing ay; = 1, one recovers precisely eq. (2.18). The transverse tensor £, is uniquely
defined up to this choice of normalization.

In order to get to eq. (2.19), one needs to contract the Lorentz indices of the transverse
polarization tensors with the null vector z. Using zuzvn’iv = —(z-p)?/s, one gets

lm/2] n m—2n 2n
m! —1 Z - Z -
S TR e

— d—
4= nl(m 2n)!22n(T3+m_n)n

The sum over n defines a hypergeometric series that terminates because of the factor (m—2n)!
in the denominator: one can equivalently write

i (2 \" m m—1 5-—d (z-p)?
Zy, 2y £ —(—) ZFl(—E,——,——m, a7 (A.7)

J5 2 2

Finally, we want to determine the normalization of £, and compute the contraction be-
tween tensors with different reference vectors q and q’. Using the result (2.18) once, one can
write

Lm/2]

M1t / m! L

€ >qJE P =

1 P.9)e 1y .11, (P> 4) nz_(:) n!(m—2n)! 22n(dz;3 +m—n)
= n

o M2n—1 M2
y nl ...fnl” "q:u2n+1...qu

5m/2—n ELul...Mm(p, q/)- (A8)

Since all terms with n > 0 vanish by the identity n’f“ € 1., (P-q) = 0, this is

Doy "Dyt
P e Ly (P20) = T (o). (A.9)
Using once again the explicit result (2.18) for £, on the right-hand side, one gets

lm/2] n {—2n
Uq el "N m! (—1) (—COS 9)
et (o, ey, (0,9 HE_O: nlm— 2 20 (L3 1 m—n).
- n

(A.10)
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where 0 is the angle between q and ¢/, i.e. ¢ - ¢’ = —scos 6. One recognizes the definition of
a Gegenbauer polynomial, hence

. m!
et (D, Qe Ly, o, (0,4) = (_1)m2mT
(%),
Note that our choice of normalization a; = 1 implies that this is a monic polynomial in cos 8,
i.e. its leading coefficient multiplying (cos 6)™ is one. In the case q’ = q, or cos 6 = 1, we can

C,S‘li_3)/2(cos 0). (A.11)

use i3
ca-ar2qy = @3 (A.12)
m!
to arrive at d—3)
e (o, Qe Ly, (0,0 = (—1)mmd—_3m : (A.13)
2m(5°),,
A.2 Non-transverse polarization tensors
By their definition (2.15), the non-transverse polarization tensors satisfy
o Z-p {—m
ZIJ41 "'ngﬁlmw(p’q)zzul '“ZI.ngJ_lm m (f) . (A14)

The result (2.19) follows straightforwardly from eq. (A.7).
What remains to be proved are the normalization property (2.21) and the identity (2.23).
To do so, we construct an explicit representation for the non-transverse tensor using the ansatz

L(€—m)/2] ES_“l"'Um (p, @)nHm+ibmez ... pHmizj-1bmi2j phme2jtt . . .lee)

b; s(t—m)/2—j ’

gﬁl"'ul(p’q) = (A-]-S)

j=0
where by =1 and the b; with j > 0 are to be determined. The trace of this tensor obeys
n.uea.ue 8#11"#8 (P’ q)

L“—%ZHz(j +1)(d —4+20 —2))bjyy + (€ —m—2j)( —m—2j—1)b;

= L(—1)
(11t Bmt1bmsz || o Bme2j—1Hme2) p o0y o)
N (p,q)n n, p p A16)
s(é—m)/Z—j—l ’
Therefore it vanishes if and only if the recursion relation
l—m—-2)){—m—2j—1)
b, =— b, A.17
71 2+ 1)(d—4+2¢—2j) (A17)
is satisfied. This is solved by
(£ —m)! (—1) A18)

T =m =2t 021 (432 4 g —j)
This explicit representation for ¢, can be used to prove a very useful identity: if we contract
one of its indices with p, we obtain

[E=2=D/20o( + 1)bj4q + (€ —m—2j)b;

Pug sy —
ﬁsm (p,q) = 7

j=0
65{"‘1"'“’” (p’ q)n“m+1“m+2 ces n“m+2j—l“m+2jp“m+2j+1 .o .pM[*l)

S(K—m—l)/z—j

(A.19)
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Plugging in the value of b; obtained above, one arrives at

Pug _(=m)(d—3+L+m)
VA T e Ty

The fact that the right-hand side is proportional to the polarization tensor with one less unit
of spin £ but with the same m could have been expected, as this is the unique traceless sym-
metric tensor with transversality properties that can be inferred from the left-hand side. But
the proportionality factor is not trivial, and only an explicit computation could determine it.
Identity (A.20) is at the core of the derivation of eq. (2.23), and it will also be used below in
the computation of the 2-point function.

Using the definition (2.15) together with the symmetry and tracelessness of ¢,,, one can
write

ent-H-1(p,q). (A.20)

Hl...M[( N el p“m-%—l...p“[ , A21
em (P> Denpy . (P, 0) =€ (P, D)y By (P20 (A.21)

The right-hand side can then be simplified applying the identity (A.20) recursively, leading to
ml(—m ) (d—=2+m+m)y_py 4.

es _— .“m
en (0, Dem..n, (P-4 = 0(m—m’)! 9t-m (d—z +m) & (P Dy, (P 0)-
: : 2

{—m

(A.22)
Now this expression is zero unless m’ = m, since any p* or n*” contracted with ¢, vanishes,
thus

gﬁl'"w (p’ q){;‘mlul,..‘u[ (P: q/)
m!(¢ —m)! (d—2+2m),_,

— Hyeefim /
= Omm 0 2t-m (L2 4 m)z_m el " (P, e Ly, .p, (,4)
1—m)! (d—2+4+2m),_ !
= S pym(—1)" T (=m) M) T 0d=3/2(c050), (A.23)
2! 2€—m(d;2+m) 2m(@) m
2 {—m 2 Jm

where we have used eq. (A.11) to obtain the last equality. Defining the normalization constant
as in eq. (2.22), this completes the proof of the identity (2.23), and subsequently of (2.21) in
the case q’ = q corresponding to cos 6 = 1.

A.3 Two-point function

Finally, we give a proof that eq. (2.27) follows from eq. (2.24). As a starting point, we use
that fact that the €)' *‘(p, q) form a complete basis of traceless symmetric tensors constructed
out of the momenta p and q. There are £ + 1 possible combinations of two vectors p and q
into a symmetric tensor with rank £. The tracelessness condition is achieved by adding or
subtracting terms involving the metrics n*”, but this does not affect the counting. We gave an
explicit construction of £ +1 tensors ¢, withm =0, ..., £, and showed that they are orthogonal
in m: therefore they form a basis.
With a complete basis of traceless symmetry tensors, we must be able to write

4
(OH-H (—p)O™-"e (p)) = s/ Z Mymehs M (p,q)e) " (p,q), (A.24)

m,m’=0

where M,.,, is a matrix to be determined. This equality is to be understood in the space
spanned by p and g, i.e. with the replacement (2.26). Using the orthogonality (2.21) of the
polarization tensors, we deduce that

(_1)m’+m

M, =——
e M,mM,m’

sl (0, @)t (0 DOy ogsg (CPIO0y (). (A25)
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With the definition (2.24) of the 2-point function, this becomes

CD™ " Bay (=120 (5=A)0 s
My = NoNom nan(E—n)l(z AD) (P, Qe (p,q)

N Py, Py, " punpanMnH v " M . (A.26)
N

Note that we could drop the trace terms and need not average over permutations of indices
inside the sum. We can now make use once again of the identity (A.20) to contract all instances
of p with the polarization tensors, after which we get

(—1)"+mB,

M., = zgz(—1)n(£—n)!(€—m)!(£_m/)! (%_A)n
T NewNew  Sh200(E—n—m)i({ —n—m")! (2— A1),
(d=2+C+m—n),(d =2+ +m —n),
(ﬁ+£—n)i
(P, DMy, Mgy e E (P, ) - (A27)

X € g —n

The product of polarization tensors in the last line vanishes unless m = m’, which means that
M, is diagonal. Note that it also vanishes if m > £ —n. We obtain

Z( (- —mn (§-2),
2nnl[({ —n—m)' 2 (2—A—10),

(d 2—|—€—|—m—n)2
(42 +0—n),

Z( D—m) ($—4) (d—2+(+m—n),
Hnl(l—n—m) (2—A—1L), %.M_n)n '

Mm/m = (—1)m5m/

Zmn 0

{—n,m

=(—1)"6,,

A2
mmMm (A.28)

Note that the sum is a generalized hypergeometric function evaluated at argument one,

__ Bay —(—m),3—d—{f—m, I—A
My =(=1) 5m’m/\/—_ 3F; d ;1 (A.29)
tm 2—5—4,2—A—!¢
which by Saalschiitz’s theorem equates
Bay (A—L0—d+2),_
Mpym = (_1)€5m’ at { o . (A.30)

mM,m (A +m— 1)£—m

Using this result in eq. (A.24) with the identity (—1)¢eb " (p,q) = e ~H(—p,—q), one ob-
tains eq. (2.27).
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