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Abstract: We review the emergence of hypergeometric structures (of F; Appell functions) from the
conformal Ward identities (CWIs) in conformal field theories (CFTs) in dimensions d > 2. We illustrate
the case of scalar 3- and 4-point functions. 3-point functions are associated to hypergeometric systems
with four independent solutions. For symmetric correlators, they can be expressed in terms of a
single 3K integral—functions of quadratic ratios of momenta—which is a parametric integral of three
modified Bessel K functions. In the case of scalar 4-point functions, by requiring the correlator to
be conformal invariant in coordinate space as well as in some dual variables (i.e., dual conformal
invariant), its explicit expression is also given by a 3K integral, or as a linear combination of Appell
functions which are now quartic ratios of momenta. Similar expressions have been obtained in the
past in the computation of an infinite class of planar ladder (Feynman) diagrams in perturbation
theory, which, however, do not share the same (dual conformal/conformal) symmetry of our solutions.
We then discuss some hypergeometric functions of 3 variables, which define 8 particular solutions of
the CWIs and correspond to Lauricella functions. They can also be combined in terms of 4K integral
and appear in an asymptotic description of the scalar 4-point function, in special kinematical limits.

Keywords: conformal field theory; quantum symmetries; generalized hypergeometric equations

1. Introduction

Conformal symmetry has been important in the study of critical phenomena as well as in
string theory, over about fifty years [1,2]. In ordinary string theory it has played a key role in its
two-dimensional version (d = 2), with the identification of an infinite-dimensional Virasoro algebra
which has been crucial for the characterization of the dynamics of the theory [3].

The interest in conformal field theories (CFTs), however, has developed in parallel but also
independently of string theory, and in d = 2 the presence of such enhanced symmetry has allowed, on
the other hand, to come up with important predictions about the behavior of several statistical models
at their critical points, accounting for many of their universality properties. This, in general, allows the
computations of their critical exponents and the characterization of their correlation functions [4,5].

CFT descriptions, as just mentioned, describe systems which develop, at a critical point,
long-range quantum correlations with power-like decay laws as functions of their separation
(coordinate) points. The absence of any dimensionful parameter in the theory only allows correlators
characterized by an algebraic—rather than exponential—decay as a function of distance. These are
controlled by some exponents related to the scaling dimensions of the field operators appearing in the
quantum average. A set of primary fields—together with their descendents—and their correlation
functions, provide information about the quantum fluctuations of the theory. The products of two
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primary operators describing such fluctuations obey some operatorial relations defined by an operator
product expansion (OPE) which is entirely dependent on the parameter of a specific CFT (couplings,
scaling dimensions), also called “the conformal data” [6].

The OPE is at the basis of the so-called “conformal bootstrap” program [6-10], whose goal is to
generate correlators of higher point starting from the lower point ones (2 and 3-point functions). 2- and
3- point functions are essentially fixed by the symmetry, which acts on their explicit expressions via a
set of Conformal Ward identities (CWIs) [11,12]. These can be generalized to n-point functions [13].
In coordinate space—we assume them to be defined in R*—such equations are of first-order and
become of second-order in momentum space.

The goal of this review is to describe the CWIs of three-point functions in momentum space,
illustrating the hypergeometric character of such equations, which could be of interest from the
mathematical side.

Traditionally, the critical behavior of a certain theory has been investigated using the
renormalization group approach [14,15]. In this approach, starting from a certain Hamiltonian of a
given system, one builds a sequence of Hamiltonians, each defined at a certain distance scale (A,),
H, = H, , through the process of rescaling and decimation of its degrees of freedom, in order to
describe the flow of the theory as we vary the fundamental scale. One looks for the fixed points of the
sequence Hj 1 = Hj (for all n > 1), with Hp the fixed-point Hamiltonian. The scaling dimensions of
the theory are identified by an analysis of its quantum fluctuations using the fixed-point Hamiltonian
of the model.

Conformal symmetry defines an independent path compared to the previous one. Exploiting the
fact that at certain critical point a given system is characterized by a dynamics which is controlled by
such symmetry, one is able to describe the behavior of its correlation functions without any additional
input. By the use of the OPE in a CFT and its constraints in various channels—there are three channels
for a four-point function, for instance—it is possible to derive—independently of any renormalization
group analysis—the critical exponents of the theory. This approach requires full knowledge of the
conformal blocks (or conformal partial waves) of a certain theory, which is a topic of central relevance
in the study of any CFT [8].

The Momentum Space Analysis

Most of this analysis, so far, has been developed in coordinate space.

One may wonder why one should bother to reformulate such CFTs in momentum space or in
other spaces, such as Mellin space [16-18]. These new approaches are currently under investigation
from many different sides [19-27], including their direct links to cosmology [28-32].

The reason is twofold. First, CFT correlator in momentum space offers a description of a
correlation function which is quite close to that provided by ordinary quantum field theories, in terms
of scattering amplitudes and of S-matrix elements, in which conformal symmetry plays a significant
guiding role [33-35]. The second is related to issues concerning the UV behavior of such theories,
described when all the points of a given correlator coalesce. This induces a breaking of the classical
conformal symmetry at the quantum level, with the appearance of a conformal anomaly [36-38].

The interest in CFT in higher dimensions has grown significantly after the formulation of the
Anti-De Sitter (AdS) CFT duality [23,39,40]. For d > 2, conformal symmetry is finite-dimensional, and
the dynamics of such CFTs are far less constrained. Nevertheless, the correlation functions of CFTs
are constrained by a finite set of conformal Ward identities (CWIs) that we are going to discuss in the
next sections.

In the case of tensor correlators, additional symmetries induce additional WI’s, the canonical W1s,
due to Noether symmetries which must also be respected. They are related to the Poincaré symmetry.

These are hierarchical, and connect n-point functions to n — 1-point functions, and so on. In this
brief review, we are going to illustrate the key steps that take to the identification of a generalized
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hypergeometric structure that emerges from the equations associated with such CWIs once we turn to
momentum space.

We will be focusing our attention and summarize the content of some original work on the subject
for scalar [41] and tensor 3-point functions in d = 4 [42—44], which is relevant for the analysis of the
implications of conformal symmetry in several field theory contexts. Details and derivations can be
found in those works. Our goal will simply be to outline some of the main results of these analyses
which may raise the interest of mathematicians.

Discussions of hypergeometric systems of two variables can be found, for instance, in [45]. A more
extensive review of these developments, with a detailed description of the results that we are going to
summarize here, will be presented by us elsewhere.

2. Conformal Ward Identities (CWIs)

For a discussion of the general features of CFTs in d > 2, we refer to the several reviews which
have been published in the last few years [10,46,47]. Most of them deal with the analysis of such
theories in coordinate space. The momentum space approach to CFT is a more recent area of research.
In d = 4 it has been investigated in [41,42] and [43,44,48,49] and in more recent work in [50,51]. The
hypergeometric structure of the CWIs has been identified independently in [41] and [42], as already
mentioned, in the case of 3-point functions. The identification of generalized hypergeometric solutions
of the CWIs for 4-point functions, which share a structure typical of 3-point functions, and of the
homogenous solutions of Lauricella type, have been discussed in [51].

The CWIs are composed of special conformal and dilatation WIs, beside the ordinary (canonical)
WTI’s corresponding to Lorentz and translational symmetries, that we are going to specify below. We
recall, for instance, that in d = 4 conformal symmetry is realized by the action of 15 generators, 10 of
them corresponding to the Poincaré subgroup, 4 to the special conformal transformations and 1 to the
dilatation operator. In the infinitesimal form, they are given by

x;l(x) = Xy + ay + wux’ +oxy, + b#x2 —2b-xxy, 1)
and they can be expressed as a local rotation

ax/}l

Fr Q(x)R} (x), )

where = 1,2,...,d,and Q(x) and R} (x) are, respectively, finite position-dependent rescalings and
rotations with
Qx)=1-A(x), Alx)=0—-2b-x, (©)]

and b, is a constant d-vector. The transformation in (1) is composed of the parameters a, for the
translations, wy, = —wy,, for boosts and rotations, ¢ for the dilatations and b u for the special conformal
transformations. The first three terms in (1) define the Poincaré subgroup, obtained for Q(x) = 1,
which leaves invariant the infinitesimal length. For a general d, the counting of the parameters of
the transformation is straightforward. We have d(d — 1) /2 ordinary rotations associated to a SO(d)
symmetry in R*—with parameters wyy—d translations (P,) with parameters a,, d special conformal
transformations K* (with parameters b,), and one dilatation D whose corresponding parameter is
o, for a total of (d + 1)(d + 2)/2 parameters. This is exactly the number of parameters appearing in
general of SO(2,d) transformation. Indeed one can embed the actions of the conformal group of d
dimensions into a larger R9*2 space, where the action of the generators is linear on the coordinates
xM (M =1,2,...,d+2) of such space, using a projective representation. This is at the basis of the
so-called embedding formalism. We refer to [10] for more details. By including the inversion (7)

X

Xy = Xy = 2 Q(x) = x7, 4)
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we can enlarge the conformal group to O(2,d). Special conformal transformations can be realized by
considering a translation preceded and followed by an inversion.

We will focus our discussion mostly on scalar primary operators of a quantum CFT, acting on an
certain Hilbert space, which, under a conformal transformation will transform as

Oi(x) = O'(x') = A~%0(x) (5)

with specific scaling dimensions A;. We start this excursus on the implication of such symmetry on the
quantum correlation functions of a CFT, by considering the simple case of a correlator of n primary
scalar fields O;(x;), each of scaling dimension A;

D(xq,%g,...,%1) = (O1(x1)02(x2) ... O (xz)) . (6)

In all the equations, covariant variables will be shown in boldface.

3- and 4-point functions (beside 2-point functions) in any CFT are significantly constrained in
their general structures due to such CWTI'’s. For scalar correlators, the special CWI's are given by first
order differential equations

KK(xZ-)@(xl,x2,...,xn) =0 (7)
with
K — 4 K 2 d K o0 J
j=1 j j

being the expression of the special conformal generator in coordinate space.
The corresponding dilatation WI on the same n-point function @ is given by

D(xi)CI)(xl,...,xn) =0 (9)

with

D) = Y- (555 + ) (10

i=1 i

for scale covariant correlators. In the case of scale invariance the dilatation WI takes the form
DQ(XZ')CD(Xl,...,Xn) =0 (11)

with Dy (x;) given by
" 0
Do(xi) = Z (x;"a) . (12)
iz1\ o]
Such CWIs are sufficient to completely determine the expression of a scalar three-point function
of primary operators O; of scaling dimensions A; (i = 1,2,3) in the form

Ci3 >
(O1()02(x2) 03(%3)) = —5 a3 amr Ay omyr D1 = 1A% (13)
Xip X3 X3 i=1

where x;; = |x; — x]-| and Cjpp3 is a constant which specifies the CFT. For 4-point functions the same
constraints are weaker, and the structure of a scalar correlator is identified modulo an arbitrary function
of the two cross ratios

2.2 2.2

X2, x X2.x

12%34 23X
M(X‘) = 2 2 v(xi) =2 .- (14)
X13%%4 X13%24
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The general solution, allowed by the symmetry, can be written in the form

(01(x1)0a(x2) 03 (x3) O3 (x4)) = h(u(x1), (1)) ——5er oy (15)
() 7 (B 7

where h(u(x;), v(x;)) remains unspecified.
For the analysis of n-point function it is sometimes convenient to introduce more general notations.
For instance, one may define

D(x) = (01(x1)02(x2) ... On(xn)), elPX = i (Prxa+poxat.puxn)

(16)
dp =dpdpz ...dpn, @(p) = (O1(p1)02(p2) - - - On(Pn)),

where each of the integrations dp; = d?p; are performed on the d-dimensional components of the
momenta p; = (p}, p?...p%). It will also be useful to introduce the total momentum P = 2}1:1 p;
characterising a given correlator, which vanishes because of the translational symmetry of the correlator

in RY.
The momentum constraint in momentum space is enforced via a delta function 6(P) in the
integrand. For instance, translational invariance of ®(x) gives

(x) = [ dp 3(P) ¥ o(p). 17)
In general, we recall that for an n-point function ®(x), the condition of translational invariance
(O1(x1)O02(x2), -+, On(x4)) = (O1(x1 + 2)O2(x2+ ) ... Op(xy + a)) (18)

generates an expression of the same correlator in momentum space which of the form (17). We can
remove one of the momenta, and conventionally we do it by selecting the last one, p,;, which is replaced
by its “on shell” version p, = —(p1 +p2+ ...+ Pn-1)

P(x) = / dpdpa..dpy ¢/ PIIFPR PP (py, Ly, P, (19)
denoting with

®(p1,---Pu-1,Pn) = (O1(P1) - - - Ou(Pn)), (20)

the Fourier transform of the original correlator (6). A discussion of the derivations of the expressions
in momentum space of the dilatation and special conformal transformations can be found in [44].
The special conformal generator in momentum space takes the form

. n—1 a K az o 82
K(p) =Y (208 — )L 4 p* —2p : @)
(pi) ]; (4 )ap}( Pj optopt P opiopy

The latter corresponds to (8), and then the special CWIs are given by the equation
K*(p))®(p1,-- -, Pu-1,Pn) = 0. (22)
If the primary operator O; transforms under a scaling in the form
Oi(Axi) = A~ 04(xq), (23)
in momentum space the same scaling takes the form

DAp1,.. ., APu) =AY D(p1,..., Pn), (24)
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with
AN = (—ZAi—i-(n—l)d) =N+ (n—1)d. (25)

i=1

In momentum space, the condition of scale covariance and invariance are respectively given by

D(pi) ®(p1,---,Pn) =0 (26)
with
n—1 p) ,
D(pi)= ). Pigm +0 (27)
i=1 pi
and
Do(pi) @(p1,---,Pun) =0 (28)
with
n—1 )
Do(pi) = ), P?XW- (29)
i=1 i

In the case of tensor correlators the structure of the special CWI's involve also the Lorentz
generators X#¥ and take the form

n—1 82 82 9 (i )
e 2Py = +2(A, —d) — F2(Z))—
,:21 (””‘ wiapre U apFapre (& )api‘ Ei)j Oprv

x (O} (p1) .- OF (pr) ... Oft (pn)) =0,

(30)

where the indices iy, ...,i; and ji, ..., j, run on the representation of the Lorentz group to which the
operators belong. Notice that the sum over the index r selects in each term a specific momentum
pr, but the last momentum p;, is not included, since the summation runs from 1 to # — 1. Therefore
the differentiation respect to the last momentum p,, which has been chosen as the dependent one, is
performed implicitly. At the same time, the action of the rotation (Lorentz) generators ng) of SO(d) is
performed on each of the primary operators O, Oy, .. ., except the last one, O, which is treated like a
singlet under such rotational symmetry [44].

2.1. 2-Point Functions

The simplest application of such equations are for two-point functions [41] GY(p) =
(O (p)(’)é(—p)) of two primary fields, each of spin-1, here defined as i and j. In this case, if we
consider the correlator of two primary fields each of spin-1, the equations take the form

d y
9Py .
92 92 9 B 5
- — 1 i
(Pu aPVan ZPV ap‘”apv +2(A1 d) apy) G (P) +2(2yv)ka

apy

Gl(p) =0,

For the 2-point function Gg(p) of two scalar quasi primary fields, the invariance under the
Poincaré group implies that the function Gs depends on the scalar invariant p? and then Gs(p) =
Gs(p?). Furthermore, the invariance under scale transformations implies that Gg(p?) is a homogeneous
function of degree a = %(Al + Ay — d). Tt is easy to show that one of the two equations in (31) can be
satisfied only if A; = A,. Therefore conformal symmetry fixes the structure of the scalar two-point
function up to an arbitrary overall constant C as

Gs(p?) = (O1(p)O2(—p)) = dp,a, C (p*)217/2. (32)
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If we redefine
a2 T(d/2 - )

C:CSlZ 4A1—d/2 F(Al) (33)
in terms of the new integration constant cs,, the two-point function reads as
/2 T(d/2 — Ay)
2 1 2\A1—d/2
GS(p ) 5A1A2 Cs12 4A —d/2 F(Al) (p ) 1 ’ (34)
and after a Fourier transform in coordinate space takes the familiar form
1
(01(x1)02(x2)) = F.T. {GS(P2)] = 0510, €512 357 (35)
*12

where x15 = |x; — Xo|.

3. The Hypergeometric Structure from 3-Point Functions F;

In the case of a scalar correlator of three-point functions, all the conformal WI’s can be re-expressed

in scalar form by taking as independent momenta the magnitude p; = |p;| = ,/p? as the three
independent variables. In fact, Lorentz invariance on the correlation function implies that

q)(pll P2, f’3) = CD(PL P2, P3)/

i.e, it is a function which depends on the magnitude of the momenta p;, i = 1,2,3. In this case,
p3 is taken as the dependent momentum (p3 = —p; — p2) by momentum conservation and defining
p3 = |p1 + p2|- The original equations, in the covariant version, take the form

2 9 82 82 B
K*(pi)®(p1,p2,P3) = 2 < ap" e Ipap 2P?W @(p1,p2,p3) =0,  (36)
i F

for the special conformal and

D(p;)®(p1, P2, P3) (Z Pz 5 T4 ) ®(p1,p2,P3) (37)

dilatation WIs. In this case, K*(p;) doesn’t involve the spin part X, as illustrated in the general case
in Equation (30), because of the scalar nature of this particular correlation function. For this reason,
the action of K* is purely scalar K*(p;) = K%, ., (pi). Using the chain rule

oo  plow ph oo

T 3. T T i=1,2, 38
apl  pidpi  padps (38)
and the properties of the scalar products
1
P1-p2 =5 [PA—pi—pd]
pi [p] pé—pﬂ, it ij=12,

one can re-express the differential operator for the dilatation WI as

a(l) + “ag — aﬁ + aﬁ + aﬁ (39)
Pl P2 po? P1 ap p2 s p3 s’
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giving the equation
3 3 9
Y Ai—2d=) pis— | @(p,p2p3) =0, (40)
i=1 i=1 9P

One can show that the special conformal transformations, summarized in (36) take the form
3
Y pf (Ki®(p1,p2,p3)) =0, (41)
i=1
having introduced the operators

02 d+1-2A; 0

K= + . (42
" Opidp pi opi :

It is easy to show that Equation (41) can be split into the two independent equations

’d 109 o’ 1 9P
=t ——[@+1-2A) - —————@d+1-2A3) =0 i=12, 43
aor: " piom; U Spaops  paops ) @)
having used the momentum conservation equation p§ = —p} — p5. Defining
Kij = Ki - K], (44)
Equation (43) takes the form

Kiz®(p1,p2,p3) =0  and Ky ®(p1,p2,p3) =0, (45)

which are equivalent to a hypergeometric system of equations, with solutions given by linear
combinations of Appell’s functions F;.
4. Hypergeometric Systems

Appell’s hypergeometric functions Fi(x,y), F(x,y), F3(x,y), Fy(x,y) are defined by the
hypergeometric series:

; b b 22 n—+m b n b m n.m
A7) - BEMEIR e
y i i (a)n+m (bl)i’l (bZ)m X" m/ (47)

o (c1)n (c2)m nlm!

5(”; blrbZ X, ) _
C1,C2

n=0m=
ay, az; by, by o v (@1)n(@2)m(01)n(02)m _n m
X, = X , 48
B( c V)T LLT Oumnim %Y 4
a; b 2 (@nm (D) nsm
Fi(a,b,cq,c0;x,1y) = K X, = x"y™ 49
Wobaversi) =h(7 o |x) = Y ey “
and are bivariate generalizations of the Gauss hypergeometric series
A B o (A)n (B)n
A ’ :) =y LB (50)
e 1P) = L
with the (Pochhammer) symbol («); given by
r k
(@) = (a, k) = (a+ k) =afa+1)...(a+k—1). (51)

['(a)
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An account of many of the properties of such functions and a discussion of the univariate cases, when
the two variables coalesce, can be found in [45] and related works. They are solutions of equations
generalizing Euler’s hypergeometric equation

2
z(l—z)ddyiz(zz)nL(C—(A—i—B—i—l)z)dydi(ZZ)—ABy(z)=0, (52)
whose soultion is denoted as oF; written in (50). This is classified as a Fuchsian equation with
singularities at z = 0, z = 1 and z = co. When the two arguments x, y of Appell’s functions are
algebraically related, the univariate specializations satisfy Fuchsian ordinary differential equations.
The proof that the CWIs of the three-point functions are hypergeometric systems of equations
has been shown independently in [41] and [42]. We recall that, in the case of Appell functions of type
F4 given in (49), which are the relevant ones in all our discussion, such functions are solutions of the
system of differential equations

2 2 2
[x(l—x)aaxz —y2§7—2xya§—ay+ [y—(a+B+1)x] &
—(a+p+1)yz —wﬁ}F(w) =0,

2 2 2
-0 - E ~2xyly + I - B G

—(w+ﬂ+1)x% —wﬁ}l—“(x,y) =0,

as illustrated in [52], where F(x,y) can be in the most general case a linear combinations of
four independent functions F;, hypergeometric of two variables x and y. The univariate limits
of the solutions are important, from the physical point of view, for the study of the behaviour of the
corresponding correlation functions in special kinematics. An example has been discussed in [53] in
the case of 4-point functions.

4.1. Scalar 3-Point Functions

To show the emergence of such a system of equations, let us focus on a 3-point function of three
primary scalar fields of a generic CFT

(01(p1)O02(p2)O3(P3)) = P(p1, P2, P3) (53)

defined by the two homogeneous conformal equations

K31® =0 Ky® =0 (54)
combined with the scaling equation
3.9
i—® = (A-24)0, 55

where A = Ay + Ay + Az. We follow the analysis of in [41], and introduce the anspoin

@(p1, p2,p3) = pY 22"y F(x,y) (56)
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2 2
with x = % andy = %. One of the three momenta is treated asymmetrically and takes the role of “the

pivot” in tflle represen’;ation of the function as a series. In this case we have chosen p; as a pivot, but
we could have equivalently chosen any of the 3 momenta. & is required to be homogenous of degree
A — 2d under a scale transformation, according to (55), and in (56) this is taken into account by the
factor plA*Zd. The use of the scale invariant variables x and y takes to the hypergeometric form of the
solution. One obtains by an implicit differentiation

K = 4p 220t (x(1—x) -2 4 (Ax+9) 2 2 A W
29 =4p Y dxdx 7 ox yaxay Y dydy yay x
x F(x,y) =0 (57)
with

A:D:A2+A3—1—2a—2b—? 'y(a):2u+g—A2+1

G= %(d+2a—2A2)
1
E = *1(20+2b+2d*A1 *Az*A3)(2a+2b+d*A3*A2+A1). (58)

The treatment of equation K3;$ = 0 proceeds in a similar way, with the obvious exchanges
(a,b,x,y) — (b,a,y,x)

Ky = 4 A-2d~2,a, b (17 ) 0 +(A’ +7’)i72x & — 2 & +D’xi+ El+g
31 P1 y{yi-y aydy y Ay y 9xdy dxdx ox y

x F(x,y) =0 (59)
with

A'=D'=A 7’(b)=2b+§—A3+1

G = g(d+2b—2A3)
E =E. (60)

Equation (57) acquires a hypergeometric form if we set G/x = 0, which implies that

d
a=0=ag or ﬂ:Az—EEal. (61)
The equation K3;® = 0 generates a similar condition for b by setting G’ /y = 0, fixing the two
remaining indices
d

b=0=b or b:As—EEbl- (62)

Notice that the elimination of such a singularity in the equations guarantees, from the physical
perspective, the analyticity of the solutions and the absence of unphysical thresholds which are not
expected in a massless theory. The four independent solutions of the CWI'’s will all be characterized by
the same 4 pairs of indices (a;,b;) (i,j = 1,2). It is convenient to define the two functions

d 1 1
a(a,b):a+b+§—§(A2+A3—A1) ﬁ(a,b):a+b+d—§(A1+A2+A3) (63)

then
E=E = —a(ab)B(a,b) A=D=A"=D"=—(a(ab)+B(ab)+1). (64)
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The solutions takes therefore the hypergeometric form in which the functions above take the role
of parameters

@ b)) S5 (BB i) (Bla,b)i+ ) X'y
Fula(o,b) lo b (@7 (hy) = BV SRREEE AR @

We will refer to a, ..., 7/ as to the first, . .., fourth parameters of F;.

Notice that the system is of order 4, since it allows 4 independent solutions which are then all of
the form x?y’F;, where the hypergeometric functions will take some specific values for its parameters,
with a and b fixed by (61) and (62)

@(p1,p2,p3) = pr 2 Y _c(a,b,A) x"y? Fy(a(a,b), B(a,b);v(a), 7 (b); x,y) (66)
a,b

where the sum runs over the four values a;, b; i = 0,1 with arbitrary constants ¢(a, b, 5), with A =
(A1, A2, A3). The sum over a and b needs to be made explicit and, at the same time, one has to combine
the 4 independent solutions in such a way that the symmetry respect to the three external momenta is
restored. For this reason if we define

d A+A3—A AM+MN+A
ag = a(ag, by) = 5 %/ Bo = B(bg) =d — %,
d d
Y0 = v(ag) = > +1-A,, 7o = v(bo) = 3 +1—A3, (67)

to be the four basic hypergeometric parameters, with the remaining ones determined by shifts respect
to these values, the four fundamental solutions can be expressed in the form

S1(ao, Bo; 70,70 %, ¥) = Fa(ao, Bo; Yo, Y05 X, Y) = (“°’l+].)(ﬁo’l.+])3.c—y.— (68)
1(«o, Bo; Y0, 70 %, y) = Fa(ao, Bo; Y0, Y0; X, Y) l;)]g o i) (1h,)) 7 J

valid for \/x + /¥ < 1 together with

Sa(ao, Bos Y0, Y0 %, y) = x " Fy(ag— 0+ 1,80 — 10+ 12— 70,7 %), (69)
Sa(ao, Bos Y0, Y0 % y) = Yy 0 Fy(wo — 5+ 1,80 — 1h + LYo, 2 — 1 %, y), (70)
Sa(ao, Bo;v0, ¥ 0, y) = T Y0 Ey (g — 0 — v + 2,80 — 10 — Yo+ 22— 10,2 = vhix,y) . (71)

The symmetrization with respect to the external momenta [41], by using the formula

T(v)T(B— )
I'(y —a)L(B)
L(v')T(x— B)
I(y =BT (a)

allows to reverse the ratios of the momenta in the expansion, and reduces the four constants to just
one. The solution can then be written in the final form

_ x 1
Fy(e, By, 75 %, y) = (—y) "k (a,a—7’+1;%w—ﬁ+1; )

y'y

+ (—y) P F (ﬁ—7’+1,ﬁ;%ﬁ—v¢+1;;,;> (72)

4
®(p1,p2,p3) = Py Y ci(B1, Do, As) Si(w, B 7,75 %, Y), (73)
i—1

where c; are arbitrary coefficients which may depend on the scale dimensions A; and on the spacetime
dimension d.
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By using (72), the general symmetric solution can be expressed in the form [41]

(O(p1) O(p2) O(ps)) = (13) ™7 C(Ar, B2, 83,4)

{f(Al—i)f(Az—iﬁ(d—A”A;“S)f(d—“?‘“)

d A1+A2—A3 Ay d d
— d—— —A 1,-—A 1;
(2 575 1+ 5 2+ 1Lxy

d d A2+A3 d A27A3
+F(5—A1)( T2 ( )F(i )
d

2

XxAl*ng( A2+A3 d A2+A37A1 A

d
2 /2 2 1 2_A2+1/x/]/)

J d A+ Ay A d  —Al+A—A
oD () (3 ey
Ay —Ap + A A —Ay+Ds d
xyAZ*%FK;( 2—=M+A3d A —M+ 3,7_A1+1,A2_§+1;x,y)

2 i) 2 2
d d A+ Ay — Az d A +NMr+ A3
+F(E—A1)r(§—A2)r(f T—5+——F
Ay A+Ay—A
x xM—gylmap (—§+§,¥,A1 —g+1 A 5 TLx, y) } (74)

It is important to verify that the symmetric solution above does not have any unphysical

singularity in the physical region, reproducing the expected behaviour in the large momentum limit

p3 > p1 [54] Indeed, the previous expression, in the limit p3 >> p; (expressible also as p3, p3 — o
with p3/p3 — 1 fixed), behaves as

(O(p1) O(p2) O(ps)) o £(d, ) P37 (140 (i1 /ps)) it A >0 5)
and
(O(p1) O(p2) O(p3)) o g(d, ) p> =1~ 1= (110 (py /) it <5, (0

with f(d, A;) and g(d, A;) depending only on the scaling and spacetime dimensions. In the case of a
scalar three-point function, the CFT correlator is equivalent to a Feynman master integral, as one can
immediately realize. The result above in (74) is in complete agreement with the direct computation
performed by Davydychev [55] of such integrals, obtained by a Fourier transform of (13) and the use
of the Mellin—Barnes method.

An equivalent version of the solution found above can be derived as in [42], where it is written in
terms of K Bessel functions as

M-% A4 AJ 0 d_
®(p1,p2ps) = Cispy *py° P30 2/0 dxx2 'Ky g (p1a) Ky, g(p0) Ky q(psx),  (77)

where Cjy3 is an undetermined constant. More details are given in Appendix A. The 3K integral

204—4

| ds 5K (1)K (p2s)Ku (pas) = = [BO ) + B\, =) + B(=A,0) + B(=A,—n)], (79
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is related to the hypergeometric functions

B(A ) = (g)/\ (b)ﬂr <a+A;Ly—v) r (“JFA;HJFV)F(—A)F(—;QX

c c

X+A+U—V a+ A+ UtV % b?
XF4< 2 7 2 1A+1/H+1/C77C7 7 (79)

valid for
Rew > |[ReA| + |Reyu| + |Rev|, Re(a+b+c)>0.
The Bessel functions K, satisfy the equations
9 1,8 p
ap P Ke(p )] = —xpP Ko (px)
2p
Kp+1(x) = Kp-1(x) + —~Kp(x), (80)

which are important in order to verify that (77) satisfies the CWI’s. It will be convenient to adopt the
notation introduced in [42] and define the general expression

Ia{ﬁl,ﬁz,ﬁ3}(P1;p2p3):/o dx x* (p1)P' (p2)P2 (p3)P* Kg, (p1 x) Kg, (p2x) K, (p3x),  (81)

which will turn useful in the analysis of scalar 4-point functions.

As we are going to see, a similar expression of the solution is obtained for dual-conformal/
conformal solutions, where the conformal symmetry in coordinate (or, equivalently, momentum) space,
is accompanied by an additional symmetry in a space of dual variables. In perturbative quantum field
theory, this symmetry goes under the name of dual conformal. If we impose on a 4-point function both
symmetries, then the CWIs alone are sufficient to fix the solution of the conformal constraints modulo a
single overall constant, with no need of introducing any extra formalism, such as the operator product
expansion, which is necessary in order to determine the structure of 4-point functions in a CFT. The
method to extract such dual conformal/conformal solutions is quite technically involved and has been
developed by us in [51].

Before coming to a discussion of this point, we illustrate the generalization of such systems of
equations obtained in the scalar case, to tensor correlators, bringing as a nontrivial example the T]]
tensor correlator, and showing how the inhomogeneous systems of equations generated by the CWI’s
can be solved.

We will follow the approach formulated in [44], which exploits the properties of the single function
F4 in order to solve the corresponding systems of equations. The original approach for the solution of
these systems of equations, entirely based on the 3K integrals of Equation (81) has been developed
in [42]. The two approaches can be mapped one to the other.

4.2. Tensor Correlators: The TJ]

The T]] is a tensor correlator involving one stress—energy tensor T and two vector currents .

The interest in this correlator is manifold since it describes the leading contribution to the coupling
to gravity of an ordinary gauge theory, such as quantum electrodynamics (QED) and, in the nonabelian
case, quantum chromodynamics (QCD).

Perturbative studies of this correlator have been necessary in order to uncover the manifestation
of the conformal (Weyl) anomaly in conformal field theory [56], which induces the breaking of a
classical symmetry at the classical level. The conformal anomaly is associated with a specific functional
which involves both a gravitational part and a gauge part. More details about this topic can be found
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in a sequel of analysis [41,57,58], and in the review [59]. The T]] is sensitive to the gauge part of
the anomaly
<T5>A,g = IB(”‘)PaﬁFaﬁr (82)

where B(a) is the B function of the theory which describes the running of the gauge coupling « under
a change of the renormalization scale. In (82) we have performed a quantum average (()) in the
background of two classical fields, the metric g, and the gauge field A, as defined in terms of a
functional integral (see [43]).

Fyp = 00 Ap — dgAy is the field strength of the abelian gauge field A,. Therefore, the classical
result of a vanishing trace of T (Tﬁ = 0), which is expected due to conformal symmetry, is modified as
in (82). More details on this point can be found in [41,44,58,60].

The T]] correlator is defined by the expression

T — (T () ] (x2) I (x0) )

and, as we have mentioned, is affected by an anomaly. This is generated when all the points x; of the
correlator coalesce, and it is for this reason that the analysis of these types of correlators requires a
regularization procedure.

Their analysis can be drastically simplified if, for a given CFT characterized by specific conformal
data, we can find a realization of the same correlator in terms of a specific free field theory. There is
one simple strategy in order to perform such mapping.

1. We need to solve all the CWIs consistently, identifying all the independent constants that
appear in the solution. For instance, in the case of the T[], there will be three undetermined constants.
The solution obtained is expressed in terms of linear combinations of functions Fy or of 3K integrals.

2. We considerthree independent conformal free field theories, defined by ordinary Lagrangians,
with an arbitrary particle content, and compute the Feynman contributions corresponding to the T]]
vertex. These amount to one-loop diagrams and define the perturbative solution. Such a solution will
be characterized by three independent constants, which can be chosen to be the number of scalars n;,
fermions nr and spin-1 (gauge) fields ny, all running in the loops.

3. The match between the two results can be explicitly checked by going to special spacetime
dimensions where the general hypergeometric solutions simplify. This occursind = 3 and d =5,
which are sufficient to establish a direct match between the three constants of the CWI” and the free
field theory realization (ng, ny, np) bi-univocally.

As a result of the match, the hypergeometric solutions can be re-expressed in terms of simple
scalar massless Feynman integrals, corresponding to the 2- and 3-point functions. Feynman amplitudes
corresponding to three-point functions are indeed described by generalized hypergeometric functions,
and this is at the root of the success of the correspondence between the two approaches.

The formulation of the general method which takes to the solution of the CWI’s can be found
in [42]. It is based on the decomposition of a tensor correlator in terms of its transverse traceless
and longitudinal sectors. A similar decomposition is performed on the CWI’s. In particular, the
hypergeometric structure of the equations emerges from the transverse traceless sector, in a way that is
quite close, though more involved, respect to the scalar case discussed above.
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The entire solution is parameterized by a certain number of form factors A; which are functions
of the momentum variables p?, appearing in the parameterization of the transverse traceless sector of
the correlator. In the case of the T]] the equations take the form

KizA1 =0 KipA1 =0
KisAy +2A; = 0 KipAy +2A; = 0
KisAs —4A; = 0 KipAs = 0 (84)
Ki3A3(p2 <> p3) =0 K12A3(p2 > p3) —4A1 =0
KisAs — 2A3(ps 45 p3) = 0 KipAy —2A5 =0

and represent a hypergeometric system of equations which generalizes the simpler result presented in
the scalar case.

4.3. Solving Inhomogeneous Systems in the T]] Case

We illustrate our method of solving the system of equations above, based on the shifts of the
parameters of each function F;. Notice that in this case, the correlator is symmetric respect to the
exchange of the two | operators.

As in the case discussed above, we take as a pivot p?, and assume the symmetry under the (Ps3)
exchange of (py, Az) with (p3, A3) in the correlator. In the case of two photons Ay = Az =d — 1.

We start from A by solving the two equations from (84)

Ky1A1 =0 K31A1 =0. (85)
In this case we introduce the ansatz
Ay = pP A E(xy), (86)

where A = A1 + Ay + Az and derive two hypergeometric equations, which are characterized by the
same indices (a;, b]-) as before in (61) and (62), but new values of the 4 defining parameters. We obtain

A1(p1,p2,p3) = p2 2 426 (a,b,A) x"y? Fy(a(a,b) +2, B(a,b) + 2 v(a), 7/ (b);x,y)  (87)

(A = (A1, Ay, A3)), with the expression of a(a, b), B(a,b),v(a),7'(b) as given before, with the obvious
switching of the A; in order to comply with the new choice of the pivot (p?)

d 1
l’é(ﬂ,b):ﬂ+b+§—§(A2+A3—A1)

ﬁ(a,b):a—i-b—i-d—%(m + Ay + A3) (88)

which are P,3 symmetric and

d
'y(a)=2a+§—A2+1

'y’(b):2b+§—A3+1 (89)
with Py3y(a) = o/(b). If we require that Ay = Aj, as in the T]] case, the symmetry constraints are
easily implemented. The 4 indices, if we choose p; as a pivot, are given by

d d
ﬂ0=0,bo=0,01=A2—§,bl=A3—§ (90)
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and in this case a = b and y(a) = y(b). We recall that F; has the symmetry
Ey(a, By, 7'i%,y) = Fa(a, Biv' vy, %), 1)
and this reflects in the Bose symmetry of A; if we impose the constraint
¢ (ay, by, &) = M (ag, by, A). (92)

Now let’s turn to the solution for As.
The equations for A; are inhomogeneous

KAy =24 (93)
K314, =2A;. (94)

We consider an ansatz of the form
Ax(p1,p2,p3) = Pfﬁzd*zl‘"(x,y), (95)

which provides the correct scaling dimensions for A;. At this point, the action of K»; and K3; on Aj
can be rearranged as follows

gaf o d
Ky Ay = Alyc“ybplA 2d—4 <K21F(x,y) + axF(x,y)) (96)

s - )
K31 A = dx"ylpl=2 4(K31F(x,y)+ayl-"(x,y)> (97)

where

2 2 2
RaaF(x,9) = {x(1= )37~y ~ 2wz + [(1(0) = 1) = (sl b) + Blo,b) +3)7]

2O (a(a,b) 4 Bl ) + 35, — (a4 DB+ D Py, (98)
and
Rt = {31~ y) 2~y ~ 2y + [((6) ~1) = (00) + (o) + 3] 2
+ MO0 a(0,8) 4 Bl ) + 35y~ (ala D) + (B0, 1) [y, (99)

and we notice that the hypergeometric function which solves the equation
Ky F(x,y) =0 (100)
can be taken of the form

D (x,y) = p222Y" D (4, b, &) x%" Fy(a(a,b) +1,B(a,b) + L;9(a) — 1,9/ (b);x,y)  (101)
a,b

with ng) a constant and the parameters a, b fixed at the ordinary values (a;, b;) as in the previous
cases (61) and (62). This allow to remove the 1/x and 1/y poles in the coefficients of the differential

operators. The sequence of parameters in (101) will obviously solve the related equation

K@ (x,y) = 0. (102)
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Equation (100) can be verified by observing that the sequence of parameters («(a,b) +1, B(a,b) +
17v(a) — 1) allows to define a solution of (99) set to zero, for an arbitrary 7' (b), since this parameter
does not play any role in the solution of the corresponding equation. It is also clear that the sequence
(a(a,b) +1,B(a,b) + 1,7/ (b)), on the other hand, solves the homogeneous equations associated to
K31 (i.e., Equation (102)) for any value of the third parameter of F;, which in this case takes the value
v(a) — 1. We can follow the same approach for the mirror solution

o2 )(x y) = pp —2d- 226 (a,b,A) xy" Fy(a(a,b) +1,B(a,b) + 1;v(a), 7 (b) — 1;x,y) (103)

which satisfies
K@ (x,y) =0  KndP(x,y) =0. (104)

As previously remarked, the values of the exponents a4 and b remain the same for any equation
involving either a K; ; or a Kj;, as can be explicitly verified. This clearly shows that the fundamental
solutions of the conformal equations are essentially given by the four functions of the type Sy, ..., S4,
for appropriate values of their parameters.

At this point we use the property

Py (a, B, v % y) _ (4 p+49)(Bp+4q)
dxPay1 (71, p)(72,9)

FBa+p+qp+p+an+pr+axy) (105

which gives (for generic parameters «, 8, 71, 72)

3F4(1X, 'B; 1,72 x’y) = @FZL(DC -+ 1rﬁ + 1/ 7 + 1/ Y2, X/y)
ox 02!
BB L1 p41mm L5, (106)
2

Obviously, such relations are valid independently of the four parameters «, 8, y1, y2 may have on
the Fuchsian exponents (a;, bj). The actions of K7 and K31 on the the CDE’)’S (i=1,2)in (103) are then
given by

od— - d
K@ (x,y) = 4pp=21-4 Zcf) (2,6, B)x"y" =~ Fy(w(a.b) +1,B(a,b) + 1L;v(a) = 1,7/ (0); x,y)

P 0 B) (@D EDBCD D g a(a,0) + 2, p0,0) + 2590,/ (0)5)

K@ (x,y) =0 (107)
K31<1>( )(x y) =4ph~ 2= 4Zc (a,b,A) x"y ;EL( (a,b) +1,B(a,b) + 1;v(a), v (b) — L;x,y)

_ g A-2d-ay () 7y ab (@(a,0) +1)(B(a,b) +1)
= 4p] gcz (a,b,A) x"y CIOES))
K@ (x,y) =0, (108)

Fy(a(a,b) +2,B(a,b) +2;v(a), 9 (b); x,y)
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where it is clear that the non-zero right-hand-side of both equations are proportional to the form factor

A given in (87). Once this particular solution is determined, Equation (87), by comparison, gives the
(2) (2)

conditions on ¢;” and ¢;” as
(2) ) — v(a) — e =
¢ (a,b,A) = (@) +1) (B (a 1) (a,b,7), (109)
(2) ) — 7' (b) — e =
¢y (a,b,A) = 3(a(a, D) +1)( (a 51 1 (a,b,A). (110)

We conclude that the general solution for A; in the T]] case (in which y(a) = /(b)) is given
by combining the solution of the homogeneous form of (87) and the particular one given by (101)
and (103), by choosing the constants appropriately using (110). It is explicitly given by

Ay = pp22 Zx“y” @ (a,b,K) Fy((a,b) +1, B(a,b) + 1;7(a), 7 (b); %, y)

(7(2) 1)V (a,b,K)
2(a(a,b) +1)(B(a,b) +1)

( s(a(a,b) +1, 8(a,b) + Ly(a) — L7/ (b); 1)

+ Fy(a(a,b) +1,B(a,b) +1L;v(a), ' (b) — 1;x,y)>} . (111)

since y(a) = 7/(b). The approach allows us to solve for all the form factors A; if used sequentially.
The derivation of the solution is discussed in [44]. A similar analysis allows us to solve for other
correlators, such as the TTT [43]. Notice that a reduction of the number of constants generated
from (84) is obtained by imposing some additional WIs which link special CWIs and canonical WI’s.
They have been called secondary WIs in [42]. The solution of these equations, which connect 3- to
2-point functions can be solved by performing some specific limits on the momentum variables.

5. Dual Conformal/Conformal Symmetry

Dual conformal symmetry has been originally identified in the context of perturbative quantum
field theory and holds for a special class of Feynman diagrams [61]. We recall that a dual conformal
integral is a Feynman integral which, once rewritten in terms of some dual coordinates, under the
action of K* is modified by factors which depend only on the coordinates of the external points. The
reformulation of the ordinary momentum integral in terms of such dual coordinates can be immediately
worked out by drawing the associated dual diagram.

We illustrate this point in the case of the ordinary Feynman (box) diagram shown in Figure 1

d?k
K2(k+ p1)?(k+ p1+ p2)?(k+ p1 + p2 + p3)?’

Ppox(P1, P2, 3, Pa) = (112)

which is a function of 6 Lorentz invariants. As usual in particle theory, we use the six scalar variables
p? (i=1,2,3,4) and s> = (p1 + p2)? and t* = (p1 + p3)?. We introduce dual variables y;, redefining
the momenta in terms of these

k = ys1, p1 = Y12, P2 = Y23, P3 = Y34 (113)

with y;; = y; — yj, and rewrite the integral in the form

ddy5
Dpox (Y1, Y2, Y3, Ya) = / - (114)
” YisY55Y35Yis
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The action of K* is realized in the form Z - T - Z, as a sequence of inversion, translation and
inversion transformations, rather than as a differential action (by K*, as in (36)). We recall that under
an inversion (7)

2
—d Yij
2,2
Yiv;
and in order to have an expression which is invariant under special conformal transformation, it is
necessary to include a pre-factor in ®p,,, in the form

Z(d%s) = dys(y3) (115)

I(y) =

Sztzq)Box (pll p2/ p3/ P4) = ]/%3]/%4q)Box (]/1/ }/2/ y3/ ]/4)/ (116)

and then it is easy to check that under the action of Z the integrand

I (dd%l/%yi> _ (ddy5(ys)4 dﬁﬂ%) (17)

y%s]l%sy%ﬂ/is y15y25y35y45

is invariant if d = 4. Obviously, the invariance under the complete action Z7 7 is ensured. It is easily
checked that the integrand is also scale invariant. It is then clear that the expression of the box diagram
in d = 4 can only be of the form

1
Dpox = ﬁp(u(]/i),v(}/i)) (118)
Y13Y24

with u and v given by
2 .2 2 .2
Y10Y Y23y
uy) = 3250 oly) =23 (119)
Y13Y24 Y13Y24
which can be expressed directly in terms of the original momentum invariants, due to the relations (113).
Notice that, by construction u and v satisfy the first order equations in the y variables

4 0
; ( Vie— W Zy}‘y?ay» u(y;) =0
4

K a K, & a
Ks(y) o) = ), (—J/?ay,g + 205y 33/”-‘) o(yi) =0
] ]

=1

(120)

Dual conformal Feynman diagrams, such as the one discussed above, satisfy in the y variables (113)
CWT’s as in ordinary coordinate space. The y variables are, however, variables of momentum space,
being linear combinations of the fundamental momenta p;, obtained from the Fourier transform of the
original correlator in coordinate space.

It then interesting to search for solutions to the 4-point functions which are at the same time
conformal in the coordinate variables (x;), as well in the auxiliary variables y; introduced by the
mapping (113).

This implies that a scalar 4-point function, once written in momentum space and re-expressed
in terms of the y; variables, has necessarily to take a form similar to (118), for being conformal in
such variables. The simultaneous conditions of conformal and dual conformal invariance are then
satisfied if a scalar correlator takes the form (118) and, at the same time, by imposing that it satisfies
the ordinary CWI in the ordinary momentum variables, once the y variables are re-expressed in terms
of the momenta using (113). We have shown in [51] that the form taken by F(u, v) is unique. We are
going to illustrate the construction of such solutions.
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P1 H P4

'
.
Y3

Figure 1. The Feynman diagram corresponding to the box topology with its dual. The momenta p; are
all incoming. y; are dual variables in momentum space.

5.1. The CWIs for Scalar 4-Point Correlators

To illustrate the approach in a realistic case, let’s consider a generic scalar four-point function in
momentum space

(O(p1) O(p2) O(p3) O(Ps)) = P(p1, P2, P3, P4, 5, t), (121)

with the definitions of the invariants and Mandelstam variables as

pi=1pil, s=|p1+p2l, t=|p2+ps3l (122)

This correlation function, to be conformal invariant, has to verify the dilatation Ward Identity

(O(p1) O(p2) O(p3) O(p4)) =0 (123)

a1
Ai—3d—Y ph-=
= = op}

and the special conformal Ward Identities

3 2 2
o . * L

which are conditions generated by the conformal symmetry in the ordinary variables x;, parameterizing
the correlator in coordinate space. By turning to momentum space and using the chain rules
I =H I #
o o o Mo

Opiy  P19P1 Padps s Os
0 _pho Pyo  pitphd phEpho

(125)

— == = = 126
op2y  P20p2  padpy s 0Os t ot (126)
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and similar, one derives the two equations

2  (d—2A,+1) 02 (d—2A4+1) 0
=2t T, o o 3
P p2 p2 Ps P4 P4

1o o o0 9 9\, (Bs+8—-A—1)0
+ s 0s (plapl “’zapz p38p3 p48p4) + s 0s
19 d d d 3 (A + Ay — Ay — Ag)
1 (P + oo Py —piags ) + t a
(P2 —pi) & _
T 5y ®(p1, p2, p3,passit) =0 (127)
P d-2M+1) 9 P (d—2A3+1) 9
Coi=s7+— "5 ~"3— 35
Ip1 P dp1 9p3 P3 op3
19 d d d d (As+ Ay — Ay — Ay) D
35 (P P P Pea) 5 3
19 J 3 3 J (Do + D3 — Dy — Dy) 9
Tt <p18p1+P4ap4 P50z ”3ap3)+ t at
(p1 —p3) & _
+ Tﬁ q>(p1/ er pS/ P4/ S, t) =0. (128)

together with a third one, that we omit, which takes a similar form. A detailed discussion of such
systems of equations has been presented in [51]. Clearly, these equations do not define in general,
to a hypergeometric system. However, once we require that the solutions of these equations also
be invariant in the momentum variables y;;, where the y;; are treated as ordinary coordinates x;,
we generate a hypergeometric system of equations also for such 4-point functions.

As we have already mentioned, the strategy to solve the equations is to start with an expression
of these correlators of the form (56) and to impose on them the conditions of conformal invariance.
Clearly, both these conditions are only formulated in momentum space.

5.2. DCC Solutions
To identify the dual conformal/conformal solutions, we choose the ansatz
D(pj,s,t) = (Sztz)ns F(x,y), (129)

where 71 is a coefficient (scaling factor of the ansatz) that we will fix below by the dilatation WI, and the
variables x and y are defined by the quartic ratios

2 2.2
_P1p3 P37 Py
X 20 Yy ap (130)

Such quartic ratios are nothing else but the two variables u and v of (119) re-expressed in
momentum space.

By inserting the ansatz (129) into the dilatation Ward Identities, and turning to the new variables
x and y, after some manipulations we obtain from the dilatation WI the constraint

(A —?;d)—f:pi—si—ti (s*t*) F(x,y)
! =Pop; 95 ot n

= (52%)" [(A¢ — 3d) — 4ns] F(x,y) =0 (131)
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which determines n; = (A¢ — 3d) /4, giving

D(pj,s,t) = (S2t2)(Ar—3d)/4

F(x,y). (132)
We will be using this specific form of the solution in two of three special CWIs of the form C, and
C13. The functional form of F(x, y) will then be further constrained.
In order to determine the conditions on F(x,y) from (127) and (128), we re-express these two
equations in terms of x and y using several identities. In particular we will use the relations

9 4
5 P y) = S [(xax+y2,) F+ (x%9xx +2xy Dy + y*0yy ) F], (133)
together with
i—i— 2,0 F(x,y) = (2x0x +2y 9y, —2x9x — 2y dy) F(x,y) =0
plapl P2ap2 p3ap3 p4ap4 /y - X y v X ]/ y /]/ — Y,
(134)
i—i— N F(x,y) = (2x0x +2ydy —2x9dx — 2y dy) F(x,y) =0
plam P4ap4 p3aP3 pzapz = * Y%y Yy A=

Both relations can be worked out after some lengthy computations.
We start investigating the solutions of these equations by assuming, for example, that the scaling
dimensions of all the fields ¢; are equal A} = Ay = Az = Ay = A.
Using (133) and (134), we write the first Equation (127) associated to C; in the new variable x and
y as
Co = 4(p3 — ) ) 1B

X {y(l — )3y — 2X Y Dy — ¥20xx — (1 — 215)x Dy + (1 —-A+ g —y(1- 2ns)) oy — ng} F(x,y)=0 (135)
and the second one (128) associated to Cq3 as

Crs = 4(% — ) () ()
X [x(l — X)Oxx — 2X Y Oxy — yzaw —(1—=2n5)y oy + (1 - A+ g —x(1- ZnS)) Ox — ng} F(x,y) =0 (136)
where we recall that 7 is the scaling under dilatations, now given by
=3 (137)

since Ay = 4 A.

By inspection, one easily verifies that (135) and (136) define a hypergeometric system of two
equations whose solutions can be expressed as linear combinations of 4 Appell functions of two
variables Fy, as in the case of 3-point functions discussed before. The general solution of such system is
expressed as

O(pi,s,t) = (22) 43 E(x,y)
F(x,y) =Y c(a,b,A)x"y"Fy (a(a,b), B(a,b), (), 7 (b); x,y), (138)
a,b

with Et = A(1,1,1,1), if we choose the operators of equal scalings. Notice that the solution is similar
to that of the 3-point functions given in the previous section.
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The general solution (138) has been written as a linear superposition of these with independent
constants c(a, b), labelled by the exponents 4, b

d d
a=0, > b=0, > (139)
which fix the dependence of the F,
3 3
a(a,b):zd—A+a+b, ﬁ(a,b):id—A—i—a—}-b,
'y(a)zg—A—t—l—i—Za, 'y’(b):g—A—i-l—i-Zb. (140)

The proof that the ansatz (129) satisfies the CWIs as given by C, and Cy3 we use the following
identities for the Appell hypergeometric function

dx Fi(a,b,c1,c0,x,y) = i—b Fla+1,b+1,c1+1,cx,y) (141)
1
dy Fa(a,b,c1,c0,%,y) = i—b Fi(a+1,b+1,¢1,c0+1x,y) (142)
2
x0x Fy(a,b,c1,c0;%,y) = (c1 — 1) [Fa(a,b,c1 — 1, ¢05x,y) — Fa(a, b, 1, 25 %, y)].- (143)

We can use these identities to derive the relations

x0xx Fy(a,b,c1,c0;x,y) = (c1 —1)0x Fy(a,b,c1 —1,¢0;x,y) — ¢10x F4(a, b, c1,¢0; %, )
=ab[F(a+1,b+1,c1,0c05xy) —F(a+1,b+1,c1+1,cx,y)] (144)

with an analogous expression obtained for the y variable. The intermediate steps are rather involved
and can be found in [51]. The final result is that the original ansatz (129) indeed satisfies the CWI's
in momentum space if the function F(x, y) is a hypergeometric function of the new variables x and y
given in (130). The solution takes the form

242

A-3d d 3 d v3p3
<I>(p1,pz,p3,p4,s,t):cl{ (p%p%) ! [F <4 - A'1'§7A+1;W'#
1F3 1F3

2 0\ A4 20 2.2
PapPs d d d (ST papy
(22) F4<A—1r1/1r1—§+Arﬁrﬁ

F(Af—>r(1+A7§d) ( Ny
-5

r(A-3)T(1-a+3dr(1+a-4) \PiF3 i3’ rirs
A-34 d 3 d SZuZ p2p2
2 2 1 “ 1r4
+(p2p3) { ( e B

(145)

| =

+

A-Dr(a+a-3d)T(1-8+1¢ 2.2\ A~ 22 2.2
r(a-§)r( )T(1-6+4) (mm) F4<A7%, s, P1P4>]

r(a-3d)ra-a+3dr(1+a-4) \rv " P33

A-§d d 3 d 22 gl
+ (P2 13 {F4<7 Sd—A,1,2—A+1;——, B34
(7) %4 "2 Pird’ pivs

'S
=
NN
=

—~
>
|
W=
S—
= | =
WS
ﬁ

(+a-gd)r(1-a+9) (7%77421>A§F<A—d 1,1-%5a; p3p‘21)]}
(-a+3r(i+a—q) \nr S A SO T A

which can be shown to be symmetric under all the possible permutations of the momenta
(p1, P2, p3, pa) and c; is an overall constant. As shown in [51] such a solution is unique. This
property is guaranteed by the absence of unphysical singularities in the domain of convergence of the
solution found.
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In this case, we can reformulate such solution in terms of 3K integrals using the expression

la_1ia—da—20,(P1P3, P2pa,s t) =

d d [ d
= (mPs)A’?(sz)A’f/O dxx2 'Ky a(p1p3x) Ky_g(papax) Ko(stx),  (146)

which is the close in form to the result obtained from 3-point functions, but now expressed in terms of
quartic ratios of momenta. Using (80) one can derive several relations, such as

82 2 2 4
37%1“{51,52,&} = = P3 Lot 1{pr—1,5285) T P1P5 Lusa(py 2085} (147)

which generate identities such as

2 2 _
P1P3 Laraipi 280851 = Tar2iprpopst = 2(B1 = 1) Lusagp, 1,85 (148)

One can show that the I integrals satisfy the differential equations

19 9 9 9 9
59 (Plapl TP T Paps mam) Toprpops) =0 (149)
10 0 0 P P)

ot <P1apl TPy, P2y, P3apg) Liprpopa) = 0 (150)

In the case A} = A3 = Ay and Ay = Ay = Ay, the special CWT’s can be written as
(O(p1) O(p2) O(p3) O(P4)) = &1y yrp g a, 401 (P1P3P2PaiSE), (151)
with & an arbitrary constant, in agreement with the solution found for the three-point function.

6. Lauricella Functions

We come to the last part of this overview, illustrating the presence of another type of functions of
hypergeometric type.

Lauricella systems of equations are generated if we look for asymptotic solutions of the CWIs
characterized by large s and t invariants, under the condition that p? < s2, 2, recalling the definition
of these variables in (122). In a 2-to-2 process describe d by 4-point functions, a scattering at a fixed
angle is characterized by —t/s fixed. We are allowed to take both s and f large, keeping their ratio
fixed. In this limit, one can show that the CWIs satisfy an approximate factorization in which we
separate the dependence of ® on the invariants p? from the pair s and ¢.

It is also possible to show that a Lauricella system describes a particular solution of the special
CWIs of the form C; and Cj3. The analysis has been presented in [51] and [53], to which we refer for
further details.

The equations in this case take the form

Kiup =0, Kup=0 - Ku¢p=0. (152)

This operator can be rearranged by introducing a change of variables of the form (p?, p3, p3, p3)
to (x,y,z, p7) where

2 2 2
x:r%, y:p—i, Z:P% (153)
Py Py Py
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are the dimensionless ratios x, y and z, not to be confused with coordinate points in a three dimensional

space. The ansatz for the solution can be taken of the form

¢(p1,p2, p3,pa) = (p3)" 2" y' 2° F(x,y,2),

which is consistent with the corresponding dilatation WI for 4-point functions if

Ay 3d
7’15 == 7 - ?
With this ansatz, equations (152) take the form
2 2 2 2 2 2
a2 aboc [ e O oy O 20, 0 .00 O
Kisg =dp, ¥y | x)xaxz zxyaxay y ay? z“axaz 2oz Zyzayaz
0 0 0 G
+ (Ax+'y)ax +Ay@ +Az$ + <E+ ;) }F(x,y,z) =0

with
5
A:A1+A2+A37§d72(a+b+C)*1
1
E= —Z(Sd—At+2(a+b+c))(2d+2A4—At+2(a+b+c))

G= (d—2A1—|—2a)

NN R

Y==z—-A1+2a+1
Similar constraints are obtained from the equation K34¢ = 0 that can be written as0

2 2 2 2 2 2
T VI 30 3 B KAl WOV AN B VAN WIS AR S AN W
Kosp =4p, x*y’z e nyaxay +(1 y)yay2 2xzava 22 2yzayaz

!
—I—A’xi + (A’y—l—'y’)i —I—A’zi + (E’ + %) }F(x,y,z) =0

ax dy a9z
with
A’:A1+A2+A3—gd—2(a+b+c)—l
E = —%(Sd—At+2(a+b+c))(2d+2A4—At—i—Z(a—l—b—l—c))
crzg(d—mn+2m
ykzg—Ag+%+4
and

2 2 2 2 2 2

g2 boe| 20 5 0 00T P Y gy

Ksup =4p, X'y’ z ey nyaxay y 32 2xzaxaz +(1 z)zaz2 2yzayaz
"

0 0 0 G
+ A”xa + A”y@ + (A"z +’Yﬁ)§ + (E" + 7) }F(x,y,z) =0

(154)

(155)

(156)

(157a)

(157b)

(157¢)

(157d)

(158)

(159a)
(159b)
(159¢)

(159d)

(160)
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with
A//:A1+A2+A3*gd*2(ﬂ+b+C)*1 (161a)
1
E'= ~1 (3d—Ar+2(a+b+c))(2d +204 — Ay +2(a+Db+c)) (161b)
G" = % (d — 243 + 2¢) (161¢)
" d
7'=5 B+ 2c 41 (161d)

In this case, as for 3-poin functions, in order to perform the reduction to the hypergeometric form
of the equations, we need to set G = 0, G’ = 0 and G” = 0, which imply that the Fuchsian points 4, b, ¢
take the values

4= 0, A - g (162a)
b=0,A — g (162b)
c=0,A3— g. (162¢)

We find also that E = E' = E” = —a(a, b, c) B(a, b, c) where

A
uc(a,b,c):d+A4—7t+a+b+c
3d A

ﬁ(a,b,c):7—7+a+b+c (163)

aswellas A= A" = A" = —(a(a,b,c) + B(a,b,c) + 1), indeed
A=A =A"=—(a(ab,c)+B(ab,c)+1) =D+ My + A3 — gd —2(a+b+c)—1 (164)

and finally

fy(a)zg—A1+2a+1, 7’(b):§—A2+2b+1, 7”(c):§—A3+2c+1. (165)

With this redefinition of the coefficients, the equations are then expressed in the form [51]

2 2
x]-(l—xj)ng—&— Y xr sz—afrgxq+['yj—(a+/3+1)xj]%—(a+ﬁ+1) z.xk%—am:o
j s#j for r=j ; / k#j (166)

(] = 1/213)

having redefined 73 = 79, 72 = 7' and 7y3 = 7" and x; = x, x = y and x3 = z. This system of
equations allows solutions in the form of the Lauricella hypergeometric function F¢ of three variables,
which are defined defined by the series

i (“>m1'i'mz+m3”(,3)m1+mz+m3 xm1ymzzm3’ (167)
1m,1My,113 (7)"11 (r)/ )mz (7 )m3m1! my! ms!

FC(DL/ ﬁ/ Y, r)/// ’Y,// x/ylz) =

where the Pochhammer symbol (A ), with an arbitrary A and k a positive integer not equal to zero, was
previously defined in (51). The convergence region of this series is defined by the condition

Vx| + vyl + vz < 1. (168)
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The function Fc is the generalization of the Appell F; to the case of three variables. The system of
equations (166) admits 8 independent solutions given by

=Fc(a, 8,777, % y,2),

=R+ LB- v+ 12— 799" %y,2),

=y Fe(a =9+ LB -7 +17.2-9,9"%1,2),

=2 Fe(w—9"+1L,8-"+1L,7.7.2- 9", xy,2),

— XY Y Fela—y =7 +2,B— 7= +22-7,2—,7",%y,2),
= Fe(a—y =" 2By — 7" +22-77.2= " xy.2),

=y (=9 =9 2,9 =7 +27.2-9.2— 9", x,y,2),
,xl 'yyl 'y 1— 'y

S1(a, 8,777, %, y,2)
Sa(a, B,7,7, 7", %, y,2)
S3(a, 8,77, 7", %, y,2)
Sa(a, 7,7, %y, 2)
Ss(a, 8,77, 7", %, y,2)
Se(a, 8,77, 7", %, y,2)
S7(a, 8,77, 7", %, y,2)
Ss(a, 8,77, 7", %, y,2)

X Fola—y—=9"=9"+2,p—7—9"-9"+22-92-7,2-9",xy2), (169
cla—y—9"~v T y

having defined
a=0u(0,0,0)=d+ Ay — %
3d A
p=p(0,00 ="~
d
757(0)=§—A1—0—1
d
7’57’(0):§—A2+1
7' =4"(0) = g — N3+ 1. (170)

The most general solution of the system is obtained by taking linear combinations of such
fundamental solutions with arbitrary constants. In this case, as in the cases discussed above for
3-point functions, one needs to impose the symmetry of the solution under exchanges of the momenta
and of the scaling dimensions A;. This is most easily accomplished by establishing a link between
the Lauricella function Fc and some parametric integrals of four Bessel functions, which have been
introduced in [51].

6.1. Lauricella’s as 4-K Integrals

The introduction of parametric representations of the solutions of the CWI's in terms of 3K
integrals (81) in [42] has as its advantage the possibility of implementing the symmetry constraints of
a 3-point function quite directly. On the contrary, the use of the 4 fundamental solutions introduced
in (68) and (69) requires significant manipulations (see the discussion in [41]) in order to obtain the
same result. In the case of 4-point functions, the possibility of expressing the dual conformal/conformal
solution in the form of a 4K integral appears to be the natural generalization of such previous approach,
and allowing also to discuss the kinematical limits in which the dynamics of a 4-point function reduces
to that of a 3-point one.

One can show that hypergeometrics of three-variables, which belong to the class of Lauricella
functions can be related to 4K integrals.
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The key identity necessary to obtain the relation between the Lauricella functions and the 4K
integral is given by the expression

e en <25 (542 (25280

F‘/
3 2 2 2
a+A—v a+A+v a;  a; a3
’ ’ 1/ 1/ 1/_ r 7
><]| [ i ;4]—1—1) ( > 5 pr+ 12+ 1,3 + 2@ T2

3
{A =Y uj;Re(x+A) > [Re(v)], Re(c Z |Ima]|} (171)
j=1

If we rewrite the solutions of such systems in the form

) 4
Ia—l{yl,vz,v3,1/4} (all az,as, 614) = ‘/0 dx xlx_l H(lli)vi Kyl- (ﬂi X) (172)
i=1

with the Bessel functions I, J,, Ky related by the identities
L(x) =i Julix) (173)
Ko() = 3ot [Lv<x> - um} =5 [ ()T =) Jy(ix) +i ' T(=v)T (1 +v) Jy (i) (174)

where we have used the properties of the Gamma functions

T T
Sin(m) Trv)T(1-v), _sin(m/) =T(—v)T(14v), (175)

the dilatation Ward identities in this case can be written as

L9
—3d) — Z; PiaT)i Lo(By popspa} (P1, P2, P3, pa) = 0. (176)
1=

Using some properties of 4K integrals [51] one can derive the relation

(0 —Be+ 1+ 0 —3d)Luip, gy g5, pa} (P1 P2, P3,P4) =0 (177)
where A; = Y} | A;, which is identically satisfied if the a exponent is equal to &
& =B +3d—Ar— 1. (178)

The conformal Ward identities can be re-expressed in the form

K14I&{/51/ﬁ2,531,34} =0
Koalagp, g 3,84y =0 )

K34I&{ﬁ1/ﬂzrﬁarﬁ4} =0

generating the final relations
(d = 284 +2B4) la 14y oo a1y — (4= 280 + 281 a1y -1.82.0.80) = O

(d =284 +2B4) L 114y po o pa—1) — (d =282+ 22) las1 (g, py1,p3,p4) = O (180)
(d—204 + 2154)15#1{51//32,/33,!34*1} —(d—203+ 2B3)1&+1{ﬁ1,ﬁ2,ﬁ3*1,ﬁ4} =0
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which are satisfied if
Bi=AN— -, i=1,...,4 (181)

giving
a=d-1 (182)

Finally, the final solution can be written as

¢(p1,p2,p3,ps) =& Idfl{Alf%,Ar%,Asf%,Ar%} (p1, P2, P3, P4)

) 4
= [ TS 8Ky (i), (183)
0 i=1 '
where & is a undetermined constant.
Notice that given
o0 4 ‘
L(gy oo fa} (PLs P2, D3, P4) = /O dx x* TT(pi)P K, (pi x) (184)
i=1

its first derivative with respect the mgnitudes of the momenta is given by

d ) .
Pigprlutpit = P sgpmsyy Di= 14 (185

One can derive various relations satisfied by these types of integrals, as shown in [51]. For
instance, using

) +1 p) 4 ) 00 axa+1 4 )
/O x" 3 pilKﬁi(pix) = _/0 { 9 ] pilKﬁi(pix) (186)
i=1 i=1
one derives the identity
Lo,
Zpilﬂé+1{ﬁj*5lj} = (Oé—ﬁt‘f'l) I"‘{Igj}’ ]:1,,4 (187)
i=1

where B; = B1 + B2 + B3 + Ba. One of the advantages of the use of the 4K integral expression of a
solution is the simplified way by which the symmetry conditions can be imposed. In fact, by taking
each of the 8 independent solutions identified in (169), and by rewriting them in the form of 4K
integrals, the permutational symmetry of the correlators under the exchanges of the external momenta
pi and scaling dimensions A; becomes trivial.

7. Conclusions

We have reviewed recent progress on the analysis of the CWIs in momentum space for 3- and
4-point functions of ordinary CFTsind > 2.

The momentum space approach, as mentioned in our introduction, allows to look at such theories
from a very different perspective, which is simply not accessible from coordinate space. It allows us to
perform direct comparisons with the ordinary analysis of scattering amplitudes expressed in terms of
Feynman diagrams, providing access to a wide class of methods that have been developed in this area
of perturbative quantum field theories.

The emergence of hypergeometric structures in the context of the CWI's is for sure an interesting
feature of such equations which will be further explored in the near future, with interesting new results
in this area. The study of the conformal phases quantum field theories is a fascinating topic that will
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probably receive continuing attention for its important physical applications and may shed light on
several phenomena, ranging from condensed matter theory to high energy theory. Therefore, the
understanding of the fundamental mathematical structures which are part of this analysis and that can
help in this process is of considerable importance.
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Appendix A. Properties of Triple-K Integrals
The modified Bessel function of the second kind is defined by

s

00 Tt

[[_y(x) = L(x)], veLZ. (A1)

Ifv= % + n, for n integer, the Bessel function reduced to elementary functions

_ [me M (v 172+ 1
2VE & —1/2- ) 2x)

Ky (x) , v+1/2€7Z, (A2)

where we have used the floor function. In particular

X

Lot e
K%(")—\ﬁ\/}' Ky(x) = 2\/5(1 x),
_ e 2 _ e 3 3
K%(x)— 2—\/;5,(x +3x +3), K%(x)— 3 \/;(x + 6x° 4+ 15x + 5). (A3)

Using this expressions the triple-K integrals can be calculated in a very simple way. For example,
considering the case of the §; half-integers, the triple-K integral takes the form

eipupaps) = | et pf ph% ph Ky, (prx) K, (p2) K, (pa)

IBil—% |B2l—3 IBsl—3 1 1 1 1
“l ky Po—L-ky Ps—Lt-ks k—a-1 1
= Z Z pf1 2k pgz 7=k pgs 7~k ptt a—3 Cy, (B1) Ckz(ﬁ2) Ckg(‘Bg,)I“ <uc —kt — E) (A4)

where k; = ki + ko + k3 and p; = p1 + p2 + p3 and we have define Cy, (B;) as

N T (Bl —1/2+K)!
Cis (i) = \/zﬂcjki! (B —1/2— k)" (49

and we have used the definition of the gamma function in order to write the integral

A N AT T ("‘ ki~ ;) (A6)
JO JO
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Using (A4) we can calculate for instance the integrals

Togss 17 = (5)3/2 3(p3 + p3) + P} + 12p1 p2 + 4ps(p1 + p2) A7
7{?’7’75} 2 p3(pl+P2+P3)4
Irsaiy = <E>3/2 Z(P%+P%)+P%+6P1 p2+3p3(p1+p2) (A8)
{333} 2 3(p1 + P2+ p3)?

and any integrals with half-integer ;,j = 1,2,3.
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