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Abstract

The modern scattering amplitudes program has revolutionized our understanding of
quantum field theory in Minkowski spacetime, leading to insights such as novel recur-
sion relations, uncovering hidden symmetries like dual conformal and Yangian invari-
ance, providing a dual geometric interpretation of amplitudes such as the associahedron,
amplituhedron, and much more. Beginning with the remarkably simple Parke-Taylor
formula for n—point tree-level MHV gluon amplitudes, this program has led to power-
ful methods to compute higher multiplicity and loop amplitudes which are extremely
difficult to obtain using the usual Lagrangian and Feynman diagram framework. A key
ingredient in these pursuits was the use of the right set of kinematic variables such as
spinor helicity, twistors and momentum twistors that make the simplicity manifest from
the start.

Given these remarkable successes, it is natural to ask whether similar structures ex-
ist for boundary conformal correlators in Anti-de Sitter and cosmological spacetimes or
more generally, for conformal field theory correlators. This forms the main subject of
this thesis.

We first develop a momentum-space and spinor helicity approach to conformal field
theories, particularly focusing on the physically relevant case of three dimensional con-
formal field theory. We also determine that n—point functions in the simpler, yet illumi-
nating setting of conformal quantum mechanics take the form of Lauricella functions.
We apply our formalism to Chern-Simons matter theories which unveils an anyonic form
for current correlators. We also use spinor helicity to uncover the holographic dual of
chiral higher spin theory in four dimensional Anti-de Sitter spacetime.

We then discuss the twistor framework for three dimensional conformal field theo-
ries which presents an advantage over the spinor framework as it makes conformal
symmetry completely manifest. We derive the Penrose transform for conserved currents
and extend the formalism to accommodate arbitrary conformal primaries and for super-
currents. Finally, we discuss the construction of twistor space boundary correlators in
AdS;, finding novel factorization properties, connections to conformal partial waves and
a four point double copy relation between Yang-Mills theory and Einstein gravity.

Our results provide a starting point towards a potentially conceptually and technically
rich understanding of conformal correlators. More broadly, this perspective points to-
ward a common analytic and geometric language that could potentially bring together
holography, conformal bootstrap and the S-matrix program.
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Chapter 1

Introduction

The most successful and precise framework that we have in describing the natural
world is quantum field theory (QFT) [1,2]. It arose as an attempt to combine the
special theory of relativity and quantum mechanics. Over the past century, we have
understood three of the four fundamental forces in nature: electromagnetism, weak
nuclear and strong nuclear, through the lens of QFT. The fourth and most elusive force
to accommodate in this framework is perhaps surprisingly gravity. There are many
reasons for this apparent incompatibility. The first are divergences that one encounters
when understanding interactions involving gravitons which more precisely stated is the
non-renormalizability of gravity [3]. Another is that unlike the standard expectation that
using higher energies allows us to probe smaller distances is no longer true in gravity,
since focusing sufficient energy to probe a small region of space inevitably forms a black
hole. However, these facts have not stopped us from making progress to understand how
QFT and gravity fit with each other. We are however, far from a complete understanding
of how and if even such a unity can be achieved in a consistent manner. A fundamental
insight came from ‘t Hooft and Susskind in the form of the holographic principle [4, 5].
Bekenstein had derived the entropy of black holes which turned out to be proportional to
the area of the event horizon rather than the volume contained within [6]. This indicated
the holographic nature of these objects perhaps hinting that the microscopic degrees of
freedom describing a black hole are present on its boundary.

One can now ask a more general question. Given an arbitrary region of space which
is not necessarily a black hole, can the information in the volume be described by
information just at the boundary of that region? To answer this question, consider the
following thought experiment inspired by Susskind [5]. Consider a region of space with
some matter contained in a volume V. Let us for the moment assume that the entropy
is proportional to V. Now we imagine squishing together the matter into a sufficiently
small size with energy density that in a world with gravity would lead to the formation
of a black hole. However, the black hole entropy is proportional to its area A indicating
that the original system, which required degrees of freedom in the whole of V' is now
described by fewer degrees of freedom on A. Either information is destroyed by the
formation of a black hole or our initial assumption about the entropy being proportional
to the volume was wrong. The common opinion substantiated with evidence is that
information is fundamental and cannot be destroyed and thus we do not pursue the
former point of view. Therefore, we conclude that most of the bulk degrees of freedom
were not independent to begin with and rather would also be described by degrees of
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freedom on one lower dimension: The area, rather than the volume. Extending this
argument to the whole universe, the holographic principle broadly states that the entire
universe can be described by degrees of freedom on a space with one lesser dimension.

A concrete realization of this idea came from Maldacena who derived an example
within the framework of string theory, of a duality between a string theory in a five di-
mensional spacetime with a negative cosmological constant called Anti de Sitter (AdS)
spacetime (also one with five additional compact dimensions) and a non gravitational
conformal quantum field theory in four dimensional spacetime, the maximally super-
symmetric Yang-Mills theory [7]. This goes by the name AdS/CFT, and although it
was discovered within string theory has now been extended with many examples that
are not necessarily easy to embed within string theory. Developing holography in other
spacetimes such as Minkowski space and cosmological spacetimes is a subject of cur-
rent research. However, coming back to the original question of the unity of QFT and
gravity that we started with, holography presents one solution to harmonize them. In
the general formulation of the AdS/CFT correspondence, bulk gravitational physics in
d + 1 spacetime dimensions can be described by non gravitational physics in d spacetime
dimensions. This lower dimensional theory “lives” on the boundary of the AdS space-
time and is a conformal field theory (CFT). This is intimately tied to the isometry group
of AdS spacetime where the asymptotic bulk isometries translate to the symmetries of
the boundary theory. We will now review conformal field theory, the AdS spacetime
and the AdS/CFT correspondence in more detail, emphasizing their importance in the
landscape of physics. The main references we follow are [2] for the general discussion
on CFT, [9] for the construction of the AdS spacetime and [ ! 0] for AdS/CFT.

Conformal Field Theory

Conformal field theory is a cornerstone of modern theoretical physics with applications
ranging from quantum gravity to critical phenomena in condensed matter systems.
Usual relativistic quantum field theories are invariant under the Poincare group which in

d spacetime dimensions consists of d translations and d(dz_l) Lorentz transformations.

xt — x# + a* (Translations),

x* — AUx” (Lorentz transformations). (1.1)

a* is a constant d—vector and A} are the set of matrices that preserve the flat d—
dimensional metric 77, I

Nuy = Aﬁnp(,A‘VT. (1.2)
Conformal field theories are also invariant under scale transformations,
xt— xH + Ax* (Dilations), (1.3)

where A is a constant parameter. More often than not, this symmetry is enhanced to
include what are known as special conformal transformations (SCTs).

X — x* = 2(b - x)x* + x*b* (Special conformal transformations). (1.4)

"We are signature agnostic at the moment. In this thesis, we will discuss Lorentzian, Euclidean as
well as split signature spacetimes.

13



In two dimensions, with reasonable assumptions such as unitarity, causality, a discrete
spectrum etc.., the Zamolodchikov-Polchinski theorem states that scale invariance gets
enhanced to conformal invariance [11]. In d > 2, it is still an open problem to find the
assumptions that uplift scale to conformal invariance. Group theoretically, there is no
reason for this to happen since Poincare+Scale forms a group by itself. However, in
most theories of interest to us, the common expectation is that this enhancement will
occur?. It is also useful to note that a special conformal transformation can be thought
of as an inversion followed by a translation followed by another inversion. Together,
Poincare+Scale+Special conformal form the conformal group. In d—dimensional Eu-
clidean space, the conformal group is isomorphic to SO(d + 1,1). In d—dimensional
Lorentzian spacetime, it is SO(d, 2). The Lie algebra obeyed by the generators (which
is independent of spacetime signature) of this group is,

[Myv’ MpO’] = i(ﬂuvaa - vaM;w - T]/JO'MVp + UVJMup),
[M/lV’ Pa/] = i(n/l(YPV - nVQ’P/l)’ [M,uv, Ka] = i(n,uaKv - nva/K,u)a
[Pua K,] = 2i(77uvD - Muv)a [D, P,u] = iP;u [D, K,u] = _iKu- (1.5)

P, and M,,, generate translations and Lorentz transformations while D and K, generate
scale and conformal transformations. Conformal symmetry naturally occur at the end
points of renormalization group flows of quantum field theories. Usually, coupling
constants in QFTs acquire a dependence on the scale at which we are probing the theory,
due to quantum effects. The beta function of a theory encodes this information. At an
energy scale u we have for a coupling constant g € {g;},

dgy

H— = p({gi})- (1.6)
u

For special values of the coupling constants where the beta function vanishes we have
scale independence at these fixed points. This scale invariance, as we argued usually
gets enhanced to conformal invariance. Fixed points of a QFT are thus generically CFTs.
A QFT can be viewed as a renormalization group (RG) flow between conformal fixed
points, one in the IR and the other in the UV. Starting from a UV CFT, one can perturb
the theory by deforming it with a relevant operator to induce RG flow and potentially
flow to another CFT at the IR. Thus, if one can classify all CFTs and the relevant
operators that trigger RG flow, one can classify all quantum field theories thus asserting
their central importance.

When one first learns quantum field theory, the observables we study are scattering
amplitudes of particles created by quantum fields. The notion of scattering amplitudes
depends on the existence of asymptotic free states. In CFTs however?, correlations are
long ranged due to the scale invariance and thus the notation of asymptotic free states
is not well defined. The observables of interest to us in CFTs are rather correlation
functions of local operators*. A powerful and successful framework to describe and
chart out the space of CFTs goes by the name of the conformal bootstrap. The core

2There are interesting counterexamples to this fact, mostly in non unitary theories which are still of
physical interest, see the wonderful review by Nakayama [11].

3 And more generally in theories with massless particles that mediate long distance forces.

“In more recent years, there has been emphasis on the importance of correlators involving non-local
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idea is to utilize symmetries and consistency conditions to determine as much as we can
about the theory without resorting to a particular microscopic realization. Correlation
functions are bootstrapped rather than computed using a Lagrangian like in perturbative
QFT. In two dimensions, this program was initiated in the seminal paper [13]. In
dimensions greater than two, there has also been progress since the initiating work [ 4],
of which much is summarized in [15, 16].

The local operators of interest to us are called conformal primaries. To define them,
we need to discuss the representation theory of the conformal algebra (1.5). As we
can see from the commutation relations, the Cartan sub-algebra (maximally commuting
sub-algebra) is spanned by D and M,,,. We can then simultaneously diagonalize them
and label operators by their eigenvalues with respect to these operators.

[D,0(0)] = =iAO(0), [M,,,0(0)] = M,,0(0). (1.7)

The first of these equations coincides with the notation of the scaling dimension of an
operator at a classical level and the second accomodates the fact that the operator can
have a non-zero intrinsic spin. Further, note that the special conformal generator acts
like a lowering operator for D as can be seen from the algebra (1.5). It is thus natural to
label an irreducible representation called a primary operator as one that is annihilated
by K, at the origin.

[Ky,,O(0)] =0 = O is primary. (1.8)

It is then a simple exercise to see how operators transform under conformal transforma-
tions.

[D,0(x)] = —i(x*8, + A)O(x),

(M, 0(x)] = —i(xﬂﬁv - X, 0, + iMW)O(x)

[Py, O(x)] = -8, 0(x),

(K, O(x)] = —i( = 2x"x" 8, + x%8,, — 2Ax,, — 2ix” M,,,) O(x). (1.9)
We have suppressed possible Lorentz vector or spinor indices for the operator O. Given
a primary operator, one can form what are known as its descendants by acting with

P, which acts as a raising operator for the dilatation operator as can be seen from the
algebra (1.5). A general descendant takes the form,

P .- PY(P,PYYO(x), kI € Zso, (1.10)

and is not annihilated by K, at the origin unlike the primary (1.8). Therefore, knowledge
of the primary operator entails knowledge of the descendants and thus the former will
be our primary focus. Conformal correlation functions obey Ward identities. Given an
infinitesimal symmetry generator G, the Ward identities takes the form,

D 16,00 - =0, (1.11)
i=1

operators. One such example is the average null energy operator that characterizes energy flux at null
infinity. Its correlators are of interest both theoretically as well as experimentally at particle accelerators,
see [12] for a review of their construction.
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where G € {P,, M,,,K,, D} and i labels a particular primary operator.

Conformal symmetry fixes one point functions to zero and is powerful enough to
fix two and three point correlators up to constants>. Further, two point functions are
non-zero only if both operators are identical®. For example, let us consider identical
scalar operators with scaling dimension A. We have’,

(0A(x)) =0,
(0a(x1)Oa(x2)) = %,
12
(0A(x1)0a(12)04(x3)) = — 1228 (1.12)
127723731

where x;; is the magnitude of the separation between points xf‘ and x? . Higher point
correlators can in principle be constructed using the operator product expansion (OPE)
which is a statement about bringing together and fusing two operators into a sum of
operators.

0ix0; ~ > fijxOk. (1.13)
k

The f;j« are called OPE coeflicients and characterize the CFT. Together with the spectrum
of operators, they provide a non-perturbative definition of these theories. Iteratively
using the OPE reduces higher point correlators to a sum of lower point ones. We obtain
a powerful constraint that arises from performing the OPE between different pairs of
operators. Since these are two distinct ways to express the same four point function,
their equality thus constrains its form.

M S N
(010, O3 04) = (01 0y O3 Oy) (1.14)

This is known as crossing symmetry and is a powerful constraint on CFTs. For scalar

operators, the general four point correlator is determined up to a function of conformal

cross ratios of which there are two in generic dimensions®.

(0a(x1)04 ()04 (63)0(x8)) = s f (1), (1.15)
X12¥34

This function is constrained by crossing symmetry,

A
fu,v) = (%) Fv,u), (1.16)

3 All correlations we consider are taken in the vacuum state which we assume is unique. It is a state
that enjoys maximum symmetry and is annihilated by all the conformal generators.

OThis statement is true when the operators are inserted at different points. Non-identical operators can
have a non-zero two point function that is a contact term with a delta function 54 (x1 —x2), see [17].

"These expressions are agnostic to what kind of correlator we are considering. It could be the Euclidean
correlator which is single-valued or any Lorentzian correlator such as time-ordered or Wightman which
we need to specify using an appropriate i€ prescription.

8In one dimension, there is only one independent cross ratio. The number is 2 in any other dimension.
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with u = %, v = % Further, four point functions admit an expansion in what
are known l231524conf0rmal blocks. A conformal block encodes the contribution to a
correlator due to a particular operator. They are fixed by conformal symmetry and for
external scalar operators, are known in closed form in d = 2, 4 for instance in terms of
hypergeometric functions. The way to obtain them is as follows. Conformal blocks are
eigenvalues of the quadratic Casimir of the conformal group C,. The Casimir commutes
with all the generators and thus depends only on the labels of the representation it acts
on. To see how conformal blocks arise, let us insert in a four point function, a complete

set of states (schematically),
Ga,s ~ (0102|0p 5){0p,5|0304) (1.17)

The Casimir C, applied on the operators 1 and 2 translate to the casimir acting on the
intermediate operator O, ¢ thus resulting in the eigenvalue equation,

(Y +CP)Gay = AN, $)Gay, (1.18)

where A(A, s) is the eigenvalue of the Casimir acting on the state created by Op .
Supplementing the Casimir equation with boundary conditions allows us to solve for the
conformal blocks. Thus, we can write the identical A-scalar four point function as,

, 1
fgu ;) ~ 2.2 } ‘fAZAiGAi’Si(u’v)a (1.19)
X34 X1X34 5

where faa; are OPE coeflicients and G, , (1, v) is the conformal block associated to the
contribution of the operator indexed by i with scaling dimension A; and spin s;. Thus,
crossing becomes the statement that,

Z Fani (VG A (u,v) = u G, 5, (v, 1)) = 0. (1.20)

This is the central equation of the modern bootstrap program.

Correlators of scalar operators are important but so are correlators involving spinning
operators such as the energy momentum stress tensor. For spinning correlators, there
are potentially many possible independent tensor structures at four points that each come
with a different function of conformal cross ratios. Crossing symmetry thus becomes
a complicated constraint relating these functions. There are also various degeneracy
identities that relate different tensor structures which further complicates the analysis.
Further, the expressions for generic spinning conformal blocks in generic dimensions is
also not known in closed form.

Thus, an important task is to find an organizing principle for spinning correlators
which will form much of the subject of this thesis. However before we turn to that
subject, we now return to our original motivation for discussing CFTs: The AdS/CFT
correspondence and understanding quantum gravity using holography. First, we review
the construction of AdS spacetime and discuss the natural physical observables in this
setting. We will then connect back to our discussion on CFT and present the AdS/CFT
correspondence.
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AdS spacetime

Anti-de Sitter spacetime is a maximally symmetric solution of the vacuum Einstein
equations with a negative cosmological constant. To define AdS,.1, it is convenient to
embed it in a flat d + 2 dimensional spacetime with the metric,

d
ds? = —(dx")% + Z(dx"f — (dx9*)2. (1.21)
i=1

We define the hyper-surface,
d .
~(X9)?2 + Z(xl)2 — (X912 = _R2, (1.22)
i=1

This surface is clearly preserved by SO(d,2) transformations and has the topology
S! x R? that we can see by taking the time-like coordinates to the right-hand-side of the
above equation. We can use the following coordinates to chart this surface:

X = cosh(p) sin(7), X9*! = cosh(p) cos(7), X' = i sinh(p),i = 1,---,d, (1.23)

where n',i = 1,---,d is a unit vector on S. The induced metric on the surface then
reads,

ds* = —cosh?(p)dt* + dp* + sinh*(p)dQ7_,. (1.24)

del_l is the metric on a unit d — 1 unit sphere. p is a non-compact radial direction
0 < p < oo. 7 is periodic and belongs to [0,27). What we call AdS spacetime is
actually the covering space of this spacetime where we take 7 € (—co, o) to avoid
closed time-like curves. To understand the conformal structure of AdS, let us construct
its Penrose diagram. First we define,

cosh(p) = — pe[0,00) = 6 €0, g]. (1.25)

cos(6)

In these coordinates, the metric takes the form,

1 1
ds® = —dt? + dO* +sin?(0)dQ% ) = ————(—dt*> +dQ%).  (1.26)
0052(9)( (0)d€) cos(G)z( 2

AdS ;4 is therefore conformally equivalent to R X S< but with the restriction that 6 goes
only up to 7 (rather than 7 which corresponds to the Einstein static universe) which
is the conformal boundary. This boundary is a time-like hypersurface with topology
R x S9!, Suppressing the d — Isphere directions, AdS 41 is conformally equivalent to
—d7? + d6>.
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Figure 1.1: Penrose diagram of AdS,. suppressing a (d—1)-sphere at each point. The
triangular region is the Poincaré patch.

6 = 0 represents the centre of AdS whereas § = 7 is the conformal boundary. The
important point to note is that at the induced metric at the § = 7 surface is time-like.
Further, one can show that lightrays reach the conformal boundary in finite coordinate
time. In the AAS/CFT correspondence, the hologram lives at this conformal boundary
and creates the AdS;,; spacetime. Before we proceed to holography, let us discuss one
more coordinate system for AdS,4;. These are called Poincare coordinates and cover
part of the spacetime. These are not as obvious to define as their global counterparts
from the embedding equation. We define,

1
XM = (L + 72+ Nuxix’),

2z
1
x4 = Z_Z(LZ_ZZ_nﬂyx,ux\/)’
LxH
xt="2 ieq0,--,d—1). (1.27)
Z

Ny 18 the flat d dimensional Minkowski metric. The induced metric on the hyperrsurface
18,

LZ
ds® = Z—z(dzz + ydxtdx”). (1.28)

The conformal boundary is located at z = 0 and has the topology of d—dimensional
Minkowski spacetime which is R x R?~!. Compared to global coordinates where we
had R x S9! Poincare coordinates do not cover the entire spacetime. To understand
the region that they do cover, consider suppressing the d — 1 sphere. We have the global
metric,

1
ds® = —dt?* + do?). 1.29
’ 0032(0)( ! ) (129)
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To go to Poincare coordinates define,

3 cos(6) 3 sin(7)
~ cos(t) +sin(8)’  cos(t) + sin(8)

(1.30)

This transformation is well defined for cos(7) +sin(#) > 0 which implies that |[7| < 5 —6.
This leads to the Poincare coordinates covering part of the AdS spacetime. In this thesis,
when we work in AdS spacetime, we will mostly specialize to the Poincare patch since the
conformal boundary is flat Minkowski space rather than a sphere time time and we can
work with the familiar flat space CFT correlators rather than there sphere counterparts.
With this discussion, let us proceed to define the AdS/CFT correspondence.

AdS/CFT

Having discussed both AdS and CFT, let us motivate the AdS/CFT correspondence.
First, if a theory in AdS spacetime is to be equivalent to a CFT in one lower dimension,
the symmetries have to match. For a theory in asymptotic AdS;;; spacetime, the
asymptotic symmetry group is SO(d,2) which precisely matches with the conformal
group in d dimensions. Thus, we have a match at the level of symmetries. Next, if we
consider a gauge theory in AdS,;4; such as Maxwell theory or Yang-Mills theory, their
asymptotic symmetry group is U(1) or SU(N) and thus the CFT in question must have a
global U(1) or SU(N) symmetry. Where does the CFT “live”? As we have seen, AdS ;41
has a time-like boundary at 6 = 7 with topology R x S9=1 in global coordinates and at
z = 0 with topology R'“~! in Poincare coordinates. This boundary shares the notion
of time with the bulk and thus it makes sense to think of an ordinary non-gravitational
quantum field theory “living” on this boundary generating the hologram that creates the
additional bulk direction. What about observables? Well, in CFT, these are correlators
of local operators. In the bulk AdS, we need to construct asymptotic observables that
match with CFT correlators. Given the symmetry structure we can consider correlators
of bulk quantum fields and extrapolate them to the boundary appropriately. Let ®(z, x*)
be some bulk scalar field in the Poincare patch of AdS;:;. We can construct bulk
correlators® and appropriately take the limit to the boundary at z = 0 as follows:

(0a) - 0aGi)) ~ lim | [5N@ (. xf) - @(z.x1)). (1.31)
’ i=1

where the mass of the bulk field is related to A (which is identified with the scaling
dimension of the dual operator) via,

m? = A(A - d). (1.32)

This procedure of extrapolating bulk correlators to the boundary goes by the name of
the AdS/CFT extrapolate dictionary.

We quantize the bulk theory and perform perturbation theory to compute bulk correlators in the
vacuum state. Since the notion of time and thus positive and negative frequencies is the same in bulk and
boundary, this process is unambiguous.
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There is another version of the AdS/CFT correspondence which goes by the name
of the GKPW dictionary. It states that the bulk path integral evaluated with boundary
condition ®(z, x*) ~ ¢(x*) at z = 0 is equivalent to the boundary generating functional
for the operator dual to the bulk field viz O (x*).

Zpu[®(0,x") = o(x")] = Zcpr[o(x)]. (1.33)

The boundary value of the bulk field thus plays the role of the source of its dual operator.
It was shown by Harlow and Stanford that these two seemingly different dictionaries are
equivalent [18].

What about the bulk graviton? Well, if we consider linearized gravity about AdS 4
spacetime, we have the fluctuation field h4p which is symmetric in its indices A, B €
{z, u}. Further, we can work in a gauge such that i, = h,, = 0 as well as use residual
gauge transformations to set hﬁ = 0,h*¥ = 0. This means the physical graviton degrees
of freedom reside in a tensor A, which satisfies,

hZ =0,0,n"" = 0. (1.34)

We do not have to look fat to find the dual CFT operator. The stress tensor 7}, of a
CFT is symmetric, tracelss and conserved. It is the operator dual to the bulk graviton.
By similar arguments, one can show that a bulk gauge field A, is dual to a conserved
current J,,. Using these rules, we can translate AdS;4 correlators into CFT; ones.

It has almost been three decades since the advent of the AdS/CFT correspondence.
It has had many successes which are summarized in many review articles. One that we
will highlight now is the black hole information paradox. Is information destroyed when
a black hole is formed? Given the fact that the no hair theorem states that the black
hole is characterized just by its mass and potentially spin and charge indicates that the
information that went into forming the black hole has disappeared. However, through
AdS/CFT, the black hole and what formed it are described by purely non gravitational
physics of the CFT which involves no information loss thus indicating that the bulk
theory should also preserve information. This does not tell us exactly how information
is conserved but it at least tells us that it is.

The Problem: Spinning correlators in AdS/CFT

Let us return to the problem of describing spinning conformal correlators. As we
discussed, through holography, conserved currents are dual to massless gauge bosons
such as photons, gluons and gravitons in a one higher dimensional AdS spacetime and
thus are important to describe the bulk physics. These conserved current correlators
are universal observables which are of interest to constrain and bootstrap. One such
example are the stress tensor correlators. In even dimensions, these quantities encode
trace anomalies which are RG invariants and thus constrain the space of CFTs that are
connected via RG flow. Further, in any dimension there are positivity constraints on
correlators involving the average null energy operator (ANEC) which is constructed
out of the stress tensor. This puts bounds on the CFT data. Also, from the bootstrap
point of view, it is not sufficient to obtain constraints just from applying it to four point
scalar correlators. One requires the information about all other four point correlators
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including those involving spinning operators!®. Since the usual position space formalism
is complicated for spinning operators, a natural direction is to search for alternate
descriptions that simplify the analysis. If we study theories with supersymmetry, we
might be able to get away with considering scalar operators since supersymmetry relates
scalar correlators to those with spin. In the more general case without supersymmetry,
we must look for alternative ways to analyze spinning correlators.

Essentially the question can be restated as follows in the holographic lens. In flat
space, the asymptotic observables of most interest to us are scattering amplitudes. In
AdS, these are boundary conformal correlators. How much of the formalism and success
of the flat space scattering amplitudes program can be extended to AdS? What lessons
can we learn from the amplitudes program and import it to AdS/CFT?

In this thesis, we will mostly focus on the physically relevant case of three dimen-
sional CFTs/ four dimensional theories in AdS and see what the study of four dimensional
scattering amplitudes can teach us about AdS/CFT correlators.

Insights from Scattering amplitudes: Spinor Helicity

Scattering amplitudes in quantum field theory were traditionally analyzed in momentum
space by summing Feynman diagrams. However, even for gluon tree level amplitudes in
Yang-Mills theory, the number of Feynman diagrams to compute increases factorially.
At 4 points we have 4 diagrams, at 5 we have 25 and at 6 we have 220 and at 7 we have
2485 diagrams to sum up! This seemingly indicates an enormous amount of complexity
in these quantities! However, Parke and Taylor, using spinor helicity variables showed
that this complexity is an illusion caused by a wrong choice of variables that obscure the
physical degrees of freedom [19]. In particular, using spinor helicity variables that use
a pair of spinors to encode both the momentum and helicity of the gluons, they found
an extremely simple expression (up to six points but conjectured for n-points which was
later proven) for the n-point MHV amplitude,

(12)*

(12)(23) - - - (n — 1n){(nl)"
The maximum helicity violating (MHV) amplitude represents a tree level interaction
between two gluons with negative helicity and n — 2 gluons with positive helicity.
This simplicity indicates that there must exist a better way to understand and compute
scattering amplitudes. Let us review the spinor helicity formalism and briefly discuss
its advantages.

Consider a null momentum p, = (p;, px, py, P;) a massless particle in Minkowski
space R>!. Recall that the four dimensional Lorentz group SO(3, 1) is isomorphic to

SL(2,C)/Z, = %ZSU@*. A vector representation of SO(3, 1) corresponds to the
SU(2)xSU(2)*
Zy

A (17273% .. .nt) = g2

(1.35)

(%, %) representation of . A null vector in particular can be written as a

direct product of a (%, 0) representation A, and (0, %) representation 19,

pl+pZ px_ipy _/1 /1"'(1 (1 36)
= A A", .

Ho_y pad .
P Pa px+ipy  Pr—Pp:

19An alternate might be to bootstrap n—point scalar correlators which contains spinning operators as
intermediate states contributing to the correlator.
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where — p,2 + p)zc + pi + p% = 0. We see that the reality condition /ljl = 1% ensures that
the four components of the momentum vector are real. Note that this description has a
redundancy,

11— 01— e . (1.37)

Thus we assign helicity —% to 4 and +% to A. Using these very same spinors, we can
construct polarization vectors. For example, consider gluons which for a fixed colour,
have only two degrees of freedom viz positive and negative helicity. We can construct,

. a/ia' . L ~d
A L L (1.38)
(Ap) (Ap)
Under the little group scaling, we have,
€42, e7 ) = e H0€49(, ). (1.39)

Thus €. encode the positive and negative helicity degrees of freedom of the spin-1
particle. Similarly, for gravitons which also have only two physical degrees of freedom
in four dimensions, we can construct analogous polarization tensors. Thus, we can take a
given momentum space scattering amplitude with arbitrary polarization vectors, choose
particular helicities for the particles by picking €. and obtain the expression in spinor
helicity variables. Now that we have obtained a description that has the physical degrees
of freedom transparent, we can now ask if there are ways to directly compute scattering
amplitudes in these variables. The answer is yes and there are recursion relations such as
BCFW, CSW, BG and many more which have led to a lot of success such as proving the
Parke Taylor formula, uncovering double copy relations and for efficiently computing
scattering amplitudes at both tree level and loops.

Insights from Scattering amplitudes: Twistors

Returning to the subject of gluon scattering amplitudes such as the Parke Taylor formula,
we note that they are not only Poincare invariant but also conformally invariant due to
the conformal symmetry of the Yang-Mills action'!. Special conformal invariance
is implemented on scattering amplitudes via the following second order differential

operator:

62
02994’

ad (1.40)
Given the fact that the momentum operator is multiplicative whereas SCTs are second
order, it would be desirable to choose variables where they are both on equal footing
to make manifest conformal symmetry. The problem in Minkowski space is that A and
A are Hermitian conjugates of each other. Witten’s insight [20] was that rather than
working in Minkowski space, we can rather work in split signature a.k.a Klein space
which we now turn to.

1Of course, loop effects yield a non-zero beta function but the tree level amplitudes are conformal.
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Our starting point is Klein space R*2, the space-time with two spatial and two tempo-
ral directions. Consider a null momentum p, = (ps, pw, Px, ;). The four dimensional
Klein group SO (2, 2) is homomorphic to SL(2,R) X SL(2,R). A vector representation
of SO(2,2) corresponds to the (%, %) representation of SL(2,R) X SL(2,R). A null
vector in particular can be written as a direct product of a (%, 0) representation 1, and
(0, 1) representation 1°.

LN d: pW+pZ Px — Pt =1 /id’ 1.41
L L L (14D

where —p?—p2 + p2+ p? = 0. Show that the reality condition 2, = 1,, A9* = 19 ensures
that the four components of the momentum vector are real. There is a redundancy in the
description (1.41) viz

1 - - . .
Ag = =5, A% > rAd%,reR = py — pa. (1.42)
r

This is the manifestation of the fact that the compact (reduced) little group SO (2) = U(1)
of massless particles in R*! corresponds to the non compact little group R — {0} in Klein
space. In this signature, the fact that the spinors are real implies that we can Fourier
transform A keeping A fixed to make the SCT operator first order. This yields,

0

i,udﬁ. (143)

5 0
Puo = s — _l/law’ Kuo = —
In fact, what happens is that all 15 conformal generators of the Klein conformal group
SO(3,3) = %‘;’R) combine together to form,

6A
9 _%yc 0 (1.44)

GA = 74 ’
B 0ZB 47 9zC€

where we have defined the Twistor,
Z4 = (2% pa). (1.45)

The half-Fourier transform of Witten, linearizes the action of the conformal group
thereby making manifest the conformal symmetry. This half-Fourier transform to the
Z4 variables actually takes us to Penrose’s twistor space that one can see by combining
the Half-Fourier and usual Fourier transforms. In these variables, gluon amplitudes
become even more simple. For example, if we take the three point gluon amplitude
with particles 1 and 2 having negative helicity and particle 3 having positive helicity
the answer we obtain in twistor space is simply +1! Therefore, twistors make manifest
both the physical degrees of freedom (helicities) as well as the conformal symmetry of
gluon amplitudes. In general, twistors are the best choice of variables for describing
massless particles, as was shown by Penrose over five decades ago [21]. After the
seminal work of Witten, the works [22, 23] really showed the utility of the twistor
space description in unveiling the simplicity of scattering amplitudes of massless gauge
bosons. The BCFW recursion relation for example, takes its most simple form in twistor
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space. Since then there have been many works using twistors as well as what are known
as momentum twistors that have led a more geometric and structural understanding of
scattering amplitudes.

Let us now return to our original question. Given the utility of spinor helicity
and twistors for flat space scattering amplitudes, how much of it carries over to (A)dS
spacetime and more generally, to conformal field theory correlators? That will form the
main subject of this thesis.

The Outline of the thesis

In chapter 2, we discuss the construction of spinor helicity variables and the general
structure of current correlators in three dimensional conformal field theories. We de-
tail the distinction between the Euclidean and Lorentzian settings and also discuss the
analytic continuation that relates them. We also discuss higher point correlators and
conformal partial waves in three dimensions. Finally, we conclude with the illustrative
example of conformal quantum mechanics where we explicitly derive the general form
of n—point momentum space correlators.

In chapter 3, we apply the momentum space and spinor helicity formalism to Chern-
Simons matter theories. We show that this approach allows us to solve the higher spin
equations that four point functions obey in an algebraic manner. Further, we show that
the spinor variables make manifest the anyonic nature of conserved current correlators.

In chapter 4, we discuss the (anti-)chiral limit for Chern-Simons matter theories that
lands us on a sub-sector that holographically describes chiral higher spin theory in four
dimensional Anti-de Sitter spacetime. We show this explicitly at the level of three point
functions and also make predictions at four points and discuss expectations from the
bulk point of view.

In chapter 5, we switch gears from spinor helicity to twistor variables. We discuss
the geometry of twistor space and derive the Penrose and Witten transforms that form a
cornerstone of the subject. We also extend the twistor formalism to accommodate arbi-
trary primary operators. We discuss the construction of correlators involving conserved
currents, scalars as well as generic operators. Further, we derive a supersymmetric
version of the Penrose transform and discuss the construction of correlators of super-
currents and super-scalars including contact term contributions.

In chapter 6, we take the bulk Anti-de Sitter point of view and construct boundary
Wightman correlators of scalars, photons, gluons and gravitons. We uncover novel
factorization kinematics where momentum space four point Wightman functions co-
incide with Wightman conformal partial waves. We also show that these kinematics
contain sufficient information to reconstruct the entire correlator up to contact diagram
contributions. Finally, we recast these results in twistor space and find a simple squaring
double copy relation between the Yang-Mills and Einstein gravity four point functions.

We summarize our results and discuss interesting future directions in chapter 7.
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We have several appendices to complement the material in the main-text. In appendix
A, we discuss a dimensional reduction from on-shell four dimensional spinor helicity
and twistors to their three dimensional off-shell counterparts. The subject of appendix
B are useful projective integral identities. In appendices C and D, we discuss more
about general and holographic Wightman functions respectively. We discuss the case
of N' =1, 2 super-conformal quantum mechanics in appendix E. Finally, in appendix F,
we discuss the various special functions that we use throughout the text.
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Chapter 2

Momentum space and Spinor Helicity Methods

The aim of this chapter is to study generalities about three dimensional conformal field
theories in momentum space and spinor helicity variables. Over the past couple of
decades there has been a lot of progress in this subject [24—58] and has a variety of
applications such as cosmology [24,25,28,59-61], the study of AdS amplitudes [62—74],
double copy relations [32,41,75] and connections to one higher dimensional flat space
S-matrices [24, 54, 76].

We begin our discussion in Euclidean signature, develop off-shell spinor helicity
variables, and discuss the general form of correlation functions. We then switch gears
to Lorentzian CFTs where we will discuss the spinor helicity construction and focus on
Wightman functions as the fundamental observables. We proceed with a discussion of
conformal partial waves that are building blocks of higher point correlators. Finally, we
take a case study of one dimensional conformal field theories which illustrates many
of the subtleties and features of the momentum space formalism. We derive the form
of n—point correlators which take the form of generalized hypergeometric (Lauricella)
functions, discuss the reasons for multiple solutions to the conformal Ward identities
and also match our results against free and interacting theory correlators.

The references for section 2.1 on Euclidean CFT}5 are,

* Constraining momentum space CFT correlators with consistent position space
OPE limit and the collider bound, Sachin Jain, Renjan Rajan John, Abhishek
Mehta and Dhruva K.S., JHEP 02 (2022) 084 [2111.08024]

* xHidden sectors of Chern-Simons matter theories and exact holography, Sachin
Jain, Dhruva K.S., Evgeny Skvortsov, Phys. Rev. D 111(2025) 106017 [2405.00773]

The main reference for section 2.2 which deals with Lorentzian CFTj is,

* 3D Conformal Field Theory in Twistor Space, Aswini Bala, Sachin Jain, Dhruva
K.S., Deep Mazumdar and Vibhor Singh, JHEP 12 (2025) 120, [2502.18562]

The reference for conformal quantum mechanics which is the subject of section 2.4 is,

* xn-point functions in conformal quantum mechanics: a momentum space odyssey,
Dhruva K.S., Deep Mazumdar and Shivang Yadav, JHEP 08 (2024) 085 [2409.16947]
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2.1 Euclidean Signature

We begin our study in three dimensional flat Euclidean space. We construct Euclidean
SU(2) spinor helicity variables, recast conserved currents in the helicity basis and
discuss the general structure of their two and three point correlators.

2.1.1 Spinor helicity

Consider a general Euclidean three-momentum p, = (px, py, p;). Since the rotation
group in 3d is SO(3), we can make use of its homomorphism with SU(2) to represent
it as a 2 X 2 matrix as follows:

b = (ot = ( Pz Px _ipy)_ 21
p,u pa ( )ap,u Dy +lpy —-p. ( )

(o*);, are the usual Pauli matrices whose explicit forms are,

0 1 0 i 1 0
x\a _ ya _ na _
(0- )b - (1 O) 7(0- )b - (l O)’ (0- )b - (0 _1) (22)
They obey the Euclidean Clifford algebra,

{O-,u, oy} = 6/1\/- 2.3)

The fundamental equation of 3d spinor helicity variables is (2.1) expressed as a bi-spinor
by employing a pair of SU(2) fundamental spinors A and A as follows:
(2,7 + 2,27)

Pa="——F 24)
where the presence of the two terms in (2.4) ensures tracelessness as well as the fact
that the matrix is full rank. There is a redundancy in this description however, since
Papr Which contains three independent components, is represented in terms of two 2-
component (complex) spinors. To reduce the degrees of freedom, we must first impose
reality conditions. For physical momenta we require py, py, p, € R. This is satisfied
provided we take the matrix in (2.1) to be Hermitian,

(p)" = pi. (2.5)
Using the relation to the spinor variables (2.4), we see that this is satisfied if,
Al =29,27 = 1* (Euclidean Reality Conditions). (2.6)

Therefore, A and A are Hermitian conjugates of each other. Further, one can see in (2.4)
that there is a U(1) redundancy,

11— e_%/l,/i — e+%i, 2.7)

which together with the reality condition (2.6) ensures that the degrees of freedom on
both sides of (2.4) match. Before we proceed let us note that we raise and lower spinor
indices using the two dimensional Levi-Civita symbol €, = as follows':

A% =€’ 2,, A, = epa’. (2.8)

'We work in the convention that €;» = —e; = 1 and €*?¢,, = 6?.
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2.1.2 The observables of interest

Among the observables of interest to are correlation functions of conserved currents in
3d CFT which describe scattering of massless gauge bosons in AdS4. Lets now define
these operators more precisely. A symmetric traceless conserved current Jg' " (p)
contains 2s spinor indices and is traceless with respect to any of them. In conformal
field theories, it is a well known fact that such a spin-s current in three dimensions has
a scaling dimension A = s + 1 [8]. Now, the helicity basis for these currents is defined
with the help of our spinors A and A as follows:

L /ia
éd—l = — {a = — (29)
/]
where p = —%i is the magnitude of the three-momentum. We assign A and A a helicity

of —% and +% respectively which is consistent with their little group “charge” (2.7). The
positive and negative helicity components of the current which have helicity +s and —s
respectively are then defined as,

JE(LA) = Laay  Lean Js 7% (D). (2.10)

The beauty of the helicity basis is that a complicated quantity with 2s indices is traded for
just two components. As one can easily see, the remaining components are proportional
to the divergence of the current which is zero since it is conserved.

For future convenience, we define the rescaled currents with a hat,

A - JE,A
Ji(A4, Q) = L_l) (2.11)
pS
One can show that the action of the conformal generators on the rescaled helicity basis
conserved currents (2.11) is as follows [24,37]:
- 1 0 = 0
Pap = Aadp), Map = =(Aa—=—= + La—=),
b= Aadp) Map = 5 (Aazgs + A7)
1 0 <y 0 92
D = —[a° +A—+2),Kpp = ——————. 2.12
2\" oae 7 pe EYCryD 12

Our task is to solve the associated conformal Ward identities for the current correlators.
Translation invariance is taken care of by stripping off the momentum conserving delta
function. Dilatation invariance is satisfied by making sure the correlator has the correct
scaling dimension which is 3 — n for the stripped rescaled correlator. Rotational invari-
ance demands that the correlator is constructed out of the following spinor contractions
using the two dimensional epsilon symbol,

— - - - - 1 -
. b e
(ij) = Aiad} (]} = AigAF, (i]) = AigA], pi = —E/lia/l?. (2.13)
2We also define the polarization vectors €4” = (9¢? and with €b = —1 (o) ap €4 for future reference.

We are slightly abusing notation by using € to denote both the polarization vector as well as the Levi-Civita
symbols but we will make it clear from context.
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Special conformal transformations on the other hand act as a coupled set of second order
inhomogeneous PDEs [37]:

n 02 A ]
Za/l(aa/ib)<< J;_t(/l,,/ll)>>

1 si(si+ 1) £
ZE(Z—I s Giabizop G G2 s (s ) D). (214

i=1 i

Before we proceed, there is another important constraint we must impose on correlators
of our conserved currents. The little group covariance. Given the fact that the currents
(2.10) are contracted with 2s As for the negative helicity component and 2s As for the
positive helicity one, we require the following recaling property of our correlators:

7+ l 3 +25; 7+ 3
TS A A ) = T (A i) ) (2.15)

Armed with the conformal Ward identities and the helicity identity, we shall now discuss
the general form of two and three point correlators of currents.

2.1.3 Correlation functions

We shall now discuss and derive some general facts about two and three-point correlators
in three-dimensional CFT involving scalars and conserved currents in momentum space
and spinor helicity variables.

Two-point functions

The two-point function of a primary scalar operator O, is fixed by the conformal ward

identities up to an overall constant. In momentum space, it is given by the following

expressi0n3,

((OA(P)OA(=D))) = ca p**7°. (2.16)

Two-point functions of conserved currents are similarly constrained and determined up
to two constants, one of which multiplies the usual parity even expression while the
other, multiplies a parity odd contact term. This is an artefact of three dimensions, due
to the presence of the three indexed Levi-Civita symbol. For example, the two-point
function of a spin-one conserved current is given by,

61,u€2v<~]# (p)-]v(_p» = Cl,even P (61 : 62) + C1,0dd €19P, (217)
This expression is easily generalized to the spin s case:
€lpy " €l €2y """ €2y <];ul~<,ux (p)‘];/]mvs(_p» = Cg,even st_l (61 . EZ)S + Cg,0dd st_z € 62p(el : EZ)S_I

= €luy c €Elug €2yt 2y Cs,even<~]§“mys (P)J:lmvs(_P))even + Cs,odd(ﬁ*llmm (P)J;IMVS (“p))odd) s

(2.18)

3Two point functions of non-identical operators are zero in CFTs modulo possible contact terms [17]
which also play an important role in supersymmetric CFT [48].
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where we used the notation €#"*a,b,c, := €< Tt is interesting to note that the parity
odd expression can be obtained from the parity even one via an epsilon transform as
follows [44]:

<J£ll #S(p)-];’l VS(_p»Odd:;Epa(#l(Jélz #5)0(17)-];’1 VS(_p»even- (2-19)

One may think that the ¢, 444 contribution can be removed via the addition of suitable
source counter-terms as it multiplies a contact term contribution*. This, however, is
not completely true as there could exist a scheme-independent part of the parity odd
two-point functions and hence no counter-terms can remove them. This is explicitly
realized in Chern-Simons theory with matter [77]. In fact, these contact terms will play
a crucial role in chapter 4 while defining the chiral limit of Chern-Simons matter theory.

It turns out that (2.18) takes an interesting form in the language of three-dimensional
spinor-helicity variables. In the two nonzero helicity configurations, i.e., (— —) and
(+ +), we find>,

12 2s
5 DI5 () ~ (Curen = o)
Ii 2s
(J:(p)]:(—p)) ~ (Cs,even + ics,odd)< p> . (2.20)

We see that in spinor-helicity variables, the even and odd terms are identical up to a
helicity (but not momentum) dependent factor. This factor of Fi can be understood by
looking at the epsilon transform (2.19). Effectively, the epsilon transform with respect to
a conserved current J; becomes a simple multiplicative transformation in spinor-helicity
variables.

Three-point functions

Three-point correlators of conserved currents can be grouped into two broad categories.
Given a three-point function (Jy, Js,Jy;) such that s; + s; > s¢ Vi, j, k € {1,2,3}, we

say that the correlator is inside the (spin) triangle. If this inequality is violated, we say

4p2s-Ded@ar (g . )51 is the Fourier transform of the following contact term:

(€1 - 62)5—1661 62’1(91;4D?<S_1)63(x1 - x2).

One can show using momentum conservation that the (—+) and (+-) helicity two point functions
are zero if the (——) and (++) ones are non-zero.

®Consider the s = 1 case for instance with a negative helicity polarization.

pupa

€n (e T = € —1a. 2.21)

_ (op)fdad® o (oH)pAad”

By using the fact that e*”? = % Tr{oc*oY 0o} and € = T P 2 , we find that,

€, (€I =—ie® Jo =-iJ". (2.22)
For the case when the polarization has a positive helicity, we obtain a +i on the RHS instead of the —i.
Since the polarization vectors for higher-spins are formed out of products of the spin one polarization,

the same results hold there. In short, if the polarization has helicity 4 we obtain a sign(/)i factor while
performing the epsilon transform.
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that it is outside the (spin) triangle. In this subsection, we first review some general
facts about correlators both inside and outside the triangle [45,52]. We then proceed
to derive some results which will refine our understanding of these quantities in spinor
helicity variables.

Three-point functions inside the triangle

The most general three-point function of conserved currents that obeys the triangle
inequality takes the following form [78]:

<JS1J52JS3> = n_f<J51JszJ53>FF + nodd<J51J52JS3>odd + nb<J51J52JS3>FB- (2.23)

We have used the abbreviations FF =free fermion and F'B =free boson that we shall
employ throughout this chapter. It was found that the odd part can be written in terms
of the FF and FB results via an epsilon transformation [44].

<Js1Js2JS3>0dd = <€ ' JS]"SQ"S})FF—FB = <€ ' ‘]SIJSQ‘]S})FF - <€ : JS1JSZJS3>FB' (224)
For example, consider (2.24) for the stress tensor three point function. Keeping all

indices explicit, it is given by,

(Tuy (P Tap(P2)Tyo(P3))odd = € - Ty (P1)Tap(p2)Tyo(P3))FF-FB

€ab(uP1
= %<Tv)b(Pl)Ta,B(pZ)TyG(p3)>FF—FB- (2.25)

It is important to note that for correlators inside the triangle, one can obtain the odd
correlator via the epsilon transform with respect to any of the currents in the F'F' — FB
correlator.” We will see that the same cannot be said for correlators that violate the
triangle inequality in the next subsection.

Further, we define the homogeneous and nonhomogeneous correlators,®:

1
<J.¥1J52JS3>]’L = E(Jsl-]sz-IS3>FF—FB’
1
<JS1JS2JS3>I’1/1 = §<JS1JS2JS3>FF+FB’ (2-26)

where we used the notation (- - - Yprspp = (- -+ )rF = (- - - )rp. These quantities satisfy9,

plﬂ <Jél|JS2JSg >h = Oa
P1u{J5 " I, Js3)un = Ward-Takahashi identity terms. (2.27)

Since the Ward-Takahashi identity is made out of two-point functions, the coefficient of
the nonhomogeneous correlator is that of the two-point function.

"This is due to the fact that the FF — FB correlators are non-zero only when all their helicities have
the same sign as we shall see in (2.30). Thus, the epsilon transform, which gives a factor of i sign(/) can
be performed with respect to any of the operators.

8The homogeneous and nonhomogeneous correlators have nice bulk interpretations. The former
comes due to higher derivative interactions whereas the latter comes due to the term that also gives rise
to the propagators of the involved bulk fields.

°Inside the triangle, the bosonic and fermionic current Ward-Takahashi identities are equal and thus
the homogeneous correlator is identically conserved [45].
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Now, using (2.24) and (2.26), (2.23) can be written as,

<‘]S1J.S‘2JS3> = (nf + nb)<J51JszJS3>nh + (nf - nb)<Js1J52JS3>h + 2”odd <€ . JleszJS3>h-
(2.28)

As mentioned just above this equation, the coefficient of the nonhomogeneous correlator
viz ny + ny, is proportional to the two-point function coefficient.!? n = np and nygq
on the other hand are truly three-point data. Thus we see that in contrast to the
three structures appearing in (2.23), only two appear in (2.28) thanks to the epsilon
transformation that related the odd part to the FF — FB (homogeneous) correlator.
Further, these homogeneous and nonhomogeneous correlators obey many interesting
properties. However, for the best way to see these properties, we must turn to the
language of three-dimensional spinor-helicity variables as we did even for the two-point
functions in (2.20). For instance, (2.28) in spinor-helicity variables takes the following
form (where h; is the helicity of J;,) in spinor-helicity variables:

BRIy = (np +np) JRIRTE Y + (ng = np £ 2ineaa) (TP I12IEY,, (2.29)
where the +i multiplying n,qq depends on the helicity configuration in question.

We shall now state some facts about the (non)homogeneous correlators and subse-
quently prove them.

Statement 1: For correlators inside the triangle, the homogeneous parts, (J;, Js,Js; )n are
only nonzero in the (— — —) and (+ + +) helicity configurations. It is important to note
that the odd correlators in spinor-helicity variables are equal to the even homogeneous
correlators up to factors of +2i that depend on the helicity'!

oo dsm # 0, 55 dim #0,

(I gt g5y, = 0 for all other helicities. (2.30)
Statement 2: The nonhomogeneous correlators inside the triangle, (Js,Js,Jg,)nn are
only nonzero in the mixed helicity configurations, i.e. they are zero in the (— — —) and
(+ + +) helicity configurations. We show that the nonhomogeneous correlators can be
modified via the addition of contact terms to obey this statement!?

<Js_1~]s_2~]5_3>nh = <J;-1J;2J;;>nh =0,

J shl‘ J shzzlshf Yan # 0 for other (net nonzero) helicities. 2.31)

19For instance, consider the (TT) two-point function: (T'T) o« Cy. We then have (TTT),,;, o Cr since
p1-{ITT) ~ (TT). This also implies in (2.28) that ny + n, = Cr.

"I'The fact that homogeneous correlators are dual to higher derivative interactions in the bulk supports
this statement. Such interactions are nonzero only when the helicities of all three particles coincide. For
example, consider (TTT);. It can be obtained from the graviton W3 (Weyl tensor cubed) interaction in
the bulk which vanishes except when the gravitons all have the same helicity.

12Nonhomogeneous correlators arise from the s derivative interactions in the bulk which have support
only if one of the particles has a different helicity than the other two. For instance consider (JJJ),p
(non-Abelian currents). This correlator is dual to the usual Yang-Mills interaction in the bulk which is
nonzero only in the (— — +) configuration and those obtained via exchanges or complex conjugation.
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Statement 3: The zero-helicity sectors (i.e. the sector where the net helicity of the
correlator is zero) of the nonhomogeneous correlators is identically zero. Similar to
what we discussed in the above statement, this statement too will be true modulo contact
term contributions. Put another way, we will show that we can find contact terms to
remove such contributions to the nonhomogeneous correlators'?
(I glsy =0 if s1hy + s2ho + s3h3 = 0. (2.32)

Let us now present a suggestive proof for statement 1, (2.30): consistency of the
momentum space correlator with the operator product expansion forces it to only have
total energy poles [45]. The other type of poles which are of the form p; + p; — px,
are inconsistent with the OPE. The momentum space expressions that give rise to the
correct conformally invariant homogeneous correlators in the (- — —) and (+ + +)
helicities can be found in [42,45]. These expressions also yield zero in the mixed
helicity configurations. Thus, in principle, any other solution that gives rise to non-
zero expressions in the mixed helicities will also ruin the correct (— — —), (+ + +)
answers. This is further solidified by the uniqueness of the momentum space solution:
Other solutions (that are consistent with the OPE) simply cannot exist except of course,
modulo some contact term contributions. Also, it is interesting to note that when the
spin-triangle inequality is violated, there is no homogeneous solution in any helicity
configuration consistent with the OPE [45].

We now present a few examples to illustrate the validity of statements 2 (2.31) and
3 (2.32).

Example 1 : (JJJ)

This correlator in the two independent helicity configurations takes the form [42]:

Ccg +ico cj
+

J-AJ-Bj-Cy _ ABC
( )= S E3 P1p2p3

)(12)(23)(31),

2 o
(JATB Oy = pABC ST (1 283y 19y 03y (31),
P1p2p3 E
where E = p| + p2 + p3, (2.33)

where cg (icp) multiplies the parity even (parity odd) homogeneous contribution and ¢
is the coefficient of the parity even nonhomogeneous term. The (+++) and (++ —) con-
figurations can be obtained from the above expression by complex conjugation (which
replaces (ij) — (ij)). Finally, the remaining helicities are obtained via exchanges of
labels.

Looking at (2.33), we see that the homogeneous solution is present only in the (———)
and (+ + +) helicities which is in accordance to statement 1. However, it appears as
though there is a nonhomogeneous contribution in the (— — —) and (+ + +) helicities

13 As the CFT correlators give rise to S-matrices in one higher dimension when the total energy goes
to zero and zero-helicity three-point S-matrices are identically zero, the CFT correlator should be free of
total energy poles. Thus, it is plausible (as we shall also show) that the zero-helicity CFT correlators can
be removed via suitable contact terms.
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which should not be there according to statement 2 (2.31). We shall show however, that
via the addition of a suitable contact term, we can cancel these contributions. Indeed,
consider the following contact term contribution:

(AT ) contact

B 2C] fABC

T (e1-&)(e3-p1)(p1+p2)ps+—(e1-&)(e& - pr)pa(p1 + p3) + (e1 - p2) (& - &)p1(p2 + p3) |
pip2p3

(2.34)

We then redefine the correlator via the addition of (2.34) as follows: (JAJBJC) e =
(JATBJCY — (JATBIC Y contact. This results in the following expression for (JJJ) e, in
the two independent helicity configurations:

JAJBICy, o fABC(CE;ﬂ)<12><23><31>,

3
2 3 ==
R v Un - [LCOLCI D)

proving that the nonhomogeneous contribution to (JJJ) can be tuned to zero in the
(— — —) and (+ + +) helicities by the addition of the contact term (2.34).'*
Example 2 : (TTT)

Let us now consider the three-point function of the stress tensor. This correlator takes
the following form in the two independent helicities [42]:

e Cg +ic 1
(T°T°T) = (( EXICOIDIPDS | (B = E(pip2 + paps + pip3) — pip2ps) |(12)2(23)7(31)2
E (p1p2p3)
E -2p3)*(E°-E + + - 2,3
T TT*) = 7 ( p3)~( (p1p2 + pap3 + p3p1) — p1paps (122232 (1)
E*pipips

ce and cp are the partiy even and parity odd homogeneous coefficients whereas cr is
the parity even nonhomogeneous coefficient. The remaining helicities can be obtained
via exchanges or by the complex conjugation.

Just like the previous example of (JJJ), while the homogeneous contribution is in
accordance with statement 1 (2.30), the nonhomogeneous part seems to violate statement
2 (2.31) as it is nonzero in the (— — —) and (+ + +) helicities. However, we shall show
that by adding a suitable contact term, we can render such contributions zero. Writing
an ansatz for the contact term and fixing the coefficients by demanding that it should
cancel out the nonhomogeneous contribution in the (— — —) and (+ + +) helicities we
find,

8(el-po)(er-&)(e-a)(a-p)(E+py) 8(e-p)(e-a)la-pile-e)

(TTT )contact = €T 3 3

(E + p3)

_8(e1-&)(e - a)(e-pi)ia-p1)
3

(E+p1)-8(e - &) (e - €3)(e- q)(p? +2p2(py + p3) +2p1(p3 + p2) + (p2+ p3) (P3 + pap3 + p%))].
(2.36)

By redefining,

<TTT> = (TTT> - <TTT>c0ntact’ (2.37)

14The same is true in the (+ + +) helicity as it is the complex conjugate of the (— — —) helicity.

35



we find,

e (ce+ico)pip2p3
(T°T°T >=( E6p P2P3 ) (12y2(23)2(31)2,
(T-T"T*) = CTW(SP? +3p}(4ps +3p3) + pi(14p3 + 1paps +9p3) + pa(5p3 + 9p5p3 + 9pap3 + 5p3)
1P2P3

+p1(12p3 + 11p5p3 + 16pap3 + 5p§)<12>2<23>2<31>2,

proving that the contact term (2.36), renders the nonhomogeneous (T7TT) zero in the
(= —-) and (+ + +) helicities.
We now turn to an example where there also exists a zero-helicity configuration.

Example 3 : (TJJ)

The helicity decomposition of this correlator is as follows '3

(c1 +ich)py (12)2(31)%(p2 + p3)

T-JJ) = 12)2(31)% -
(7077 = S P - e T
(23)*(p? = (p2 = p3)H)*(p2 + p3)

T J7) = - 238
O e R maps 239
e (12)* e - )
(T~JJ*) = CJ3E2<23)2p%p2p3 (E =2p1)*(3E°(E - p1) + 8(py — E*)p2 + 8(p1 + E)p3).

c1 and ¢ are the parity even and odd homogeneous coeflicients while ¢, is the coeficient
of the nonhomogeneous parity even contribution.

It seems that not only does (T'JJ) contain a nonhomogeneous contribution in the
(= —-) and (+ + +) helicity configurations but also a zero helicity configuration, both
of which should not exist according to statements 2 (2.31) and 3 (2.32).

By writing an ansatz for contact terms to cancel these contributions, we were able
to find one that simultaneously cancels out both of them:

(TJJ)contact = —4cy (€1 - €) (€1 - €)(p2 + p3). (2.39)
By redefining,
<TJJ>new = <TJJ> - <TJJ>c0ntact s (2-40)
we find
c1+ic
(T~T T Ynew = “E#azmnz
<T+]_J_>new =0
o 8CJ<12>4 2
T -J J*" =— (F-2 E+ . 241
< >new 3(23>2p%E2( pl) ( pl) ( )

Thus, the simple contact term (2.39) suffices to render the-nonhomogeneous (7'JJ) zero
in the (— — —) and (+ + +) helicities as well as the zero-helicity configurations.

5This expression can easily be obtained from the free theory computations using the definitions
provided in (2.26).
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Example 4 : (J37J)

Let us now consider a correlator involving a higher-spin current to show that our
statements also hold in such cases as well. Since the homogeneous part of this correlator
obeys statement 1 (2.30), we focus on the apparent discrepancy between this correlators
nonhomogeneous part with our statements 2 (2.31) and 3 (2.32). The nonhomogeneous

part of this correlator in the (— — —) and (+ — —) configurations are respectively given
by16,
o —(12)*(31)?
5T T dun = aw(@vi = Pips +4pa(p1 +2p2)ps = T(p1 = 2p2)ps + 14p3),
172F3

- (23)°(p1 + p2 = p3)*(p1 — p2 + p3)* 3 3. (02 2 2
ST T dan=a —6p; — 14p; + +4 -8 —T(p; +2 ,
(3T 220 i (= 6py = 14p3 + (pi +4p1p2 = 8p3)p3 = T(p1 +2p2)p3)

a is the coefficient of the parity even nonhomogeneous contribution. Although these
expressions are quite complicated, we were able to write an ansatz and determine
a contact term that can simultaneously cancel both these expressions, rendering the
nonhomogeneous contribution zero in the (— — —), (+ + +) helicities as well as the two
zero-helicity configurations. The explicit expression for the contact term is as follows:

(J3T I )contact = 4a(e€ '62)(4(61 -p2)(9(e2 - p1) (e - €3)
—7(e1-p2)(e2-€))p3 + (e1- €)(— 14(e3 - p1) (€l - p2)p3

+ (e1- €)(12p3 +9pips + 13p3ps + 3p§)))-

By redefining,

(3T Dnnnew = (J3TT)nn = (J3TJ )contacts (2.42)
we find,

3T I Dannew = 3T Dnnnew = 0. (2.43)

With this, we conclude our examples and attempt to generalize our findings to arbitrary
correlators inside the triangle.

Conclusion

In all the examples that we considered, we showed that it is always possible to add
contact terms to the correlators to render the nonhomogeneous contributions zero in the
(= ——), (+ + +) helicities as well as the zero-helicity configuration where applicable.
Essentially, what this means is that the Ward-Takahashi identity for the correlators in
these helicity sectors can be removed via re-defining the correlator by adding particular
contact terms. If we take this as an input, i.e. the Ward-Takahashi identities being trivial
in these helicity configurations, one can prove in general that the nonhomogeneous
contribution to the correlator vanishes in the (— — —), (+ + +) and zero-helicity sector.

16 Again, one can compute this via Wick contractions and use the definition (2.26)
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This follows from the statement that there exists a unique solution (that is consistent with
the operator product expansion) to the conformal Ward identities in these configurations,
which are the homogeneous correlators. Given these facts, it would be nice to rigorously
prove statements 2 (2.31) and 3 (2.32) but we defer such an analysis to the future.

Thus, after all the dust has settled, we see that using statements 1, 2 and 3, (2.30),
(2.31) and (2.32)), the expressions for three-point functions inside the triangle for generic
CFTs in the eight helicity configurations are,

(S ILI5) = (ng = np = 2inead) (J5 I, I (T J5TEY = (ng — ny + 2ineaa)(J5 I3+

3 3

(I I I8 = (ny +np) (T I TS JFTETY = (np + ng) (IS T TS nns

(T I d5) = (np +np) (I3 TSI Y 5o d5y = (np +np) (T35 T TS s

(J5 o d5) = (np +np) (T3 IO I s s I 5y = (np + np) (T3 T T S s
(2.44)

and if there are any configurations with net zero helicity, the correlators are identically
zero. We now turn to the study of three-point functions that are outside the triangle.

Three-point functions that are outside the triangle

Three-point functions of conserved currents that violate the spin triangle inequality take
the following form [78]:

<Jsl-]sz~]53> = nf<J.s1J52JS3>FF + nb<Js1JszJS3>FB s (2.45)

1.e. in contrast to (2.23), the parity odd structure is incompatible with current conser-
vation.!” It is also interesting to note that in contrast to the situation inside the triangle
(2.28), there is no homogeneous correlator outside the triangle. The reason for this is
that the free bosonic and free fermionic Ward-Takahashi identities are different outside
the triangle [45]. It is also important to note that the only non-zero Ward-Takahashi
identity is only due to the highest spin current in the correlator. For example, consider
a correlator with a spin four current and two spin one currents, i.e., (J4J1J1). Here, the
only Ward-Takahashi identity is with respect to the spin-four current.

Just as we have made for three-point functions inside the triangle, we shall make
some statements for their counterparts that are outside the triangle. Without loss of
generality, consider a correlator (J, Jg,J5,) with s1 > 52 + 53, 52 > 53. We have then,
the following statements for correlators that violate the spin triangle inequality:

"There can exist parity odd nonhomogeneous contributions but these are all contact term contributions.
For instance, take the FF or FB Ward-Takahashi identity and replace all the two-point functions appearing
there by their parity odd counterparts. This gives rise to two new structures that source these parity
odd Ward-Takahashi identities. It would be interesting to see the consequences of the existence of these
structures but we leave such an exercise for the future.
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Statement 4: The F'F' — F B correlators have support iff J,, and Jy, have the same
helicities.

TSI Fr-re #0, TN TE I pr-pp #0

3

IMI T pr—ps = (TN T T Y pr-FB = 0. (2.46)

Statement S: The FF + F B correlators identically vanish when the helicities of J,
and Jg, coincide.

I T prers =0, (IMIL T ppers =0
BT T prers #0, (NI T Frers 2 0. (2.47)

We have verified statements 4 and 5 using free theory via a few examples as we will
discuss below. It would be nice to find a general proof of these statements in the future.
For statement 4, however, we present a different argument for its validity following as
an implication of the next statement to be discussed below.

If we allow the current conservation to be “slightly” broken we instead have'® [78],
<J51J52J53> = nf<~]sl J52J53 >FF + Rodd <Js1 JszJS3 >odd +np <Jsl JszJS3 >FBa (2.48)

where the odd piece is the one that is not conserved but rather, slightly-broken. However,
it was shown that the odd part can be given by an epsilon transform of the difference of
the fermionic and bosonic correlators [45]:

<J51JS2JS3> = nf<JS1JS2JS3>FF + Hodd € - <JS1JSQJS3>FF—FB + ”b(JslstJS3>FB . (2.49)

The question now is, epsilon transform with respect to what? The answer is provided in
the below statement:

Statement 6: The epsilon transform required to obtain the odd correlator can be
performed only with respect to the lowest two spins in the correlator. This is because
they are identically conserved in the correlator and any Ward-Takahashi identity arises
from the current with the highest spin. For example consider (J;,J;,J5,) with s1 > s2,
s2 > s3. Then,

UsiJ53d53)0dd = (Js € - 5y T3 )FRFB = (J5, I, € - J 3 )FF-FB - (2.50)

The proof of this statement relies on using the slightly broken higher spin equations
which we presented in [52].

We shall now illustrate via three examples, the validity of statements 4 and 5 ((2.46)
and (2.47)). Let us begin with the example of (J4JJ;) following [45].

18Slightly-broken here refers to a situation where the current non-conservation is O(ﬁ) in a large-N
theory.
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Example 1: (J4J,J;)

The FF — FB correlator in the independent helicity configurations takes the following
forms [45]:

3E® + 5E%k; + 8EkT + 12E%k] + 16EkT + 16k7

JTT I Y rr_rp = —(12)*(31)*(23)?
(J I I rr-rB = —(12)7(31)7(23) S24288E°K)

b

3E + ky

JHIT T ) prepp = =232 BT ———
(J I I rr-FB = —(23)°(12)"( >524288E8k‘1‘

I I pr-FB = 0. (2.51)

This statement is perfectly consistent with statement 4 (2.46), i.e. the vanishing of
FF — F B when the helicities of the spin one currents are different. Let us now examine
the FF + FB correlator. In spinor-helicity variables we have [45]

(S JU I pBerr = 0, (3T I ) FBerr =0,
SE? +5E%k; + 4EkT + 2k3
262144E8k]

(I ITT Eperr = (12)°(31)%(23)* : (2.52)

which is in perfect agreement with statement 5 (2.47) as the correlator vanishes when
the helicities of the spin one currents coincide.
Let us now proceed to an example which involves half-integer spin insertions.

Example 2: <01/201/2T>

This correlator can be computed via Wick contractions in the free N' = 1 supersymmetric
theory. For the free bosonic stress tensor we have

A1 1P(1% = p9) (1P = ph)
(27)3 I2(1 = p)*(I + p2)?
_$1adob(p1 - 23)

) W((m e 2‘02)( - () + Pl(ﬁzab)) +2pipaE(E + pa)(z/s)“b).
(2.53)

§1a§2b23aZ3/3(07/2(191)0?/2(172)7??(173)) = 2010020230235 (0F) "

A similar computation for the free fermionic stress tensor yields,

1 (Y= pH) (P + ph) (X - pY)
(27)3 I2(1 = p1)*(1 + p2)?

(— (p1 -za)z((4(p1 +p2)* + (p1+ p2)(10py + 11p2)p3 +3(2p1 +3p2)p) ™ — (1 & 2))

§1a§2b23a23ﬁ<0?/2(171)0119/2(P2)T;§(P3)> = {alobz3azap(0P)d ()P (0¥)4

_ $1alob
32p1pap3E3

+(p1-23)(p1 + p2)(2p1 +2p2 +3p3)(pT + p3 — P3)(35)“Y = 2i(p1 - 23)(p1 + p2) (2p1 +2p2 + 3P3)€abfz3p1p2)-
(2.54)

We now consider the difference and sum of the bosonic and fermionic contributions
along with the addition of a contact term:

(01201 )2T)¥r.FB = {01201 )2TFF) — (01201)2TFB) = Co,0,T >
2 2
(01201)2T)¥B+¥F = (O01/201)2TFp) +(01201)2TFF) + CO%O%Ta (2.55)
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where the contact term is given by
1
2

1
Co,0,7 = 8—m41a42b(p1 - 23) ()" . (2.56)

We now find in accordance with statement 4 (2.46) that the F'F — F B correlator vanishes
when the O, operators have different helicities.

(23)2(31)*(4(p1 + p2)* + 7(p1 + p2)*p3 = 3(p1 + p2)*p3 — 11(p1 + p2)p3 +3p3

(012(p1)O] ), (P2)T™ (p3))Fr-FB = — 12802 PP

(012(P1)O7 5 (P2)T™ (p3))¥r-FB = 0,
(012(P1)O7 5 (P2)T™ (p3))¥E-FB = 0,

(12)*(4(p1 + p2) +3p3)((p1 — p2)* - p3)*
128(23)2(31)2+/p1y/P2P3 ’
We also see that the FF+FB correlator obeys statement 5 (2.47):
(012(P1)O0] ), (P2)T™ (p3))¥Bs+FF = 0,
(2331 (p1+ p2) (1 + p2 = p3)*(2p1 +2p2 +3p3)

(07,(P1)O] 5 (P2)T™ (P3))¥r-FB = — (2.57)

(07),(P1)O7 ;2(P2)T ™ (p3))¥B-FF =

64(12)2\/p1P2p3E?
+ - - ~(23)*31)(p1 + p2)(p1 + p2 — p3)*(2p1 +2p2 + 3p3)
(07),(P1)O07 ), (P2)T™ (p3))¥B-FF = 64127 NP1y E? ,
(072(P1)O ;5 (P2)T* (p3))¥B-kF = O. (2.58)

To conclude our examples, let us consider one more example, this time with a correlator
involving a spin 4 current and two spin half operators.

Example 3: (J;01,2012)

Computing this correlator via Wick contractions, we see that the FF — FB and FF + FB
combinations automatically obey statements 5 and 6 ((2.47) and (2.50)). The expressions
in the independent helicities are as follows:

— - _ <12>4<31>4 15 7 0 6 84 5.2 128 7
<J401/201/2>FF_FB_4096(23>3E5p4\/lTPs B R e 838 = 1280, )
1
_ (12)*(31)* 5 2 2
(J;0F7,0% VNpp_rpp = — (E—=2p1)°|15E- + 10Ep; + 4p7],
41272 4096(23)SE3 ptypaps :
<JEOI£/20T/2>FF—FB =0, (2-59)
and
_ (12)°(31)°
Va1 01 rrers = 102423 E oy T2 (SET+SEpu 4 dpy 4203
1

<JZOT/2OT/2> =0,
(J;01,07,,) =0, (2.60)

thereby verifying the robustness of our statements.

Let us now summarize the structure of three-point correlators outside the triangle
while employing (2.49) together with statements 4, 5 and 6, (2.46), (2.47) and (2.50) in
mind.
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Helicity decomposition of correlators outside the triangle

We see that the expressions for three-point functions outside the triangle for CFTs with
the slightly-broken higher-spin symmetry in the eight helicity configurations are (we
assume s1 > s, §2 > s3 in the expression below)

Ty Ty = M edd (e g TN e g, (ST = M2 (b gy e,

(I JoJdy = "5 T T rrars, (JFTETLY = "I TS T Frars,

(J5, 575, >_nf+nb<f_ o J ) FF+FB, J5 75, J+>—nf+”b<J+J JyVFF+FB

<J+J J;, > MUW Js3>FF FBs <J1J:z‘]s+3 :MU J+Js3>FF FB.
(2.61)

For the exactly conserved case there is no odd structure so we simply set n,4q = O.

The utility of spinor helicity

To summarize the discussion so far, we have seen that spinor helicity provides a nice
contrast and reveals the structural properties of the different three point correlation
functions. In a later chapter, we shall see its utility in full glory when using this
language to determine the holographic dual of chiral higher spin theory.

2.2 Lorentzian Signature

Having discussed Euclidean spinor helicity and the general structure of two and three
point correlation functions, we turn to the Lorentzian setting now. From the get-go, the
formalism is different simply because of the fact that the spinors are real rather than
complex like in Euclidean signature. Thus, in this section we begin with a discussion of
the Lorentzian spinor helicity construction as well as CPT properties that are important
in real time physics. We then discuss the observables of interest which are Wightman
functions and then present an example of a three point correlator to compare it with its
Euclidean counterparts that we discussed above.

2.2.1 Spinor helicity

Consider a three dimensional momentum vector p,. Since the Lorentz group in three
dimensions is SO(2, 1) = SL(2,R)/Z,, we can view it is a symmetric representation of
the latter group by trading it for a 2 X 2 matrix as follows:

ph=("lp,. (2.62)

(o#); are 2 X 2 matrices which obey the Clifford algebra,

{O'#, O-V} = Nuv, (2.63)
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where 717, = Diag(—1, 1, 1) is the standard flat metric on R>!. We can express (2.62)
using a pair of fundamental SL(2,R) spinors A and A as follows:

p (a2 +2°2,)

Pa 3 (2.64)
Writing out the momentum matrix explicitly we obtain,
Pa=\pe+pi —py | (2:69)
For (p;, px, p;) to represent a valid three momentum vector we require that,
PPy €ER = (ph)' = pl. (2.66)

This reality condition can be satisfied if we take the spinors in the RHS of (2.64) be
purely real viz,

Ay =A4,4; =, : Lorentzian Reality Conditions. (2.67)

The description (2.64) has a redundancy. Rescaling the two spinors by opposite amounts
leaves the momentum invariant. This is called the stabilizer or in physics parlance, the
little group:

1. - -
1> -A1>rl,reR = pZ—)pZ. (2.68)
r

2.2.2 CPT in spinor variables

Animportant feature of many of the Lorentzian field theories we study is C PT invariance.
Lets see how CPT acts on spinor variables. Since the correlators that we are interested
in that are invariant under charge conjugation, we focus on parity and time-reversal.

Parity and time reversal in spinor helicity variables

We work in R%! with the Minkowski coordinates (t,x,7). A parity transformation is a
flip of one of the spatial directions say,

P:(tx,y) = (t,x,-y). (2.69)
Time-reversal flips t — —t while keeping x, y unchanged.
T:(t,x,y) > (—t,x,y). (2.70)
Lets translate this statements to the spinor helicity variables. Our starting point is,
1, - -
Pa=5(Aad” + 242°). @2.71)
In matrix notation,
b_| Py Px = Pt _ adhidy ~A1d 2.72)
Pa Px t+ P: —Py ArA; ——/12/11;/12/11 ' '

The subscripts 1, 2 here refer to the spinor components. We shall now derive the action
of P and T on the spinors A and A by considering the action of parity and time-reversal
on the momentum matrix .
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Parity
The parity transformation (2.69) clearly will act on the momentum matrix by flipping

Py — —Dy:

| py Px — Pt) . ( —py Px =Dt 2.73)
Dx + D¢ —Py DPx + D¢ Py

Using the expressions of each component of this matrix in terms of the spinors (2.72),
we can write this transformation as follows:

P {/11/12 +/il/12 — —/11/7.2 - /il/lz,/ll/il — /11/11,/12/12 — /12/12,/12/11 + /12/11 — —/12/71 —/7.2/11}.
(2.74)

This can be implemented by,

P: (/11, /12) — (—/il, /_12) , (/7.1, /iz) — (—/11, /12). (2.75)

Time-reversal

The time-reversal transformation (2.70) flips py, — —p, and p, — —p,. Also, it is
important to remember that time-reversal is an anti-unitary operator and does not flip
the time component of the momentum (energy).

P px = pt) R ( -D: —px = Pi| 2.76)
Px t Dt —P:z —Px t Dt Pz

Using the expressions of each component of this matrix in terms of the spinors (2.72),
we can write this transformation as follows:

T : {/11/12 + /i]/lz - —/ll/iz - /i]/lz,/ll/il — /lz/iz,ﬂz/iz - /11/11,/1221 + /12/11 S —/1211 - /iz/l]},
2.77)

which can be implemented via,

T : (ﬂ.l, /12) — (/12, —/11) , (/_11, /iz) — (/12, —ﬂ_.l). (2.78)

PT

One can now show that under parity and time-reversal, the spinor brackets transform as,

P((x)) = (o), P((Ap)) = (xd) . P((A)) = (),

T({(Ax)) = {Ax), T({(1x)) = (Ax), T({(A2)) = (A2). (2.79)
Using these results, we find,
PT((Ax)) = (xA), PT({(2x)) = (xA), PT({(A1)) = (A4). (2.80)
For correlation functions CPT takes for instance (+ + +) to (— — —) as follows:
CPT((J{ JLJS)) = (=)o Tl J o), (2.81)

and similarly for other helicites and higher point functions. This concludes our discus-
sion on how PT acts on the spinor helicity variables.

44



2.2.3 Wightman functions

When working in Lorentzian spacetime, we are faced with the choice of which correlator
to work with. In contrast to Euclidean signature where correlation functions are single
valued and there is only one type of correlator (unsurprisingly called the Euclidean
correlator), there are a plethora of options to work with in Lorentzian signature. The
intuitive reason for this is as follows. In Euclidean signature, correlators are naturally
“time” ordered. For example, consider an n-point correlator in Euclidean signature with
a particular operator ordering:

0101(11,%1) - O (T, X0)|0) = (0|01 (0, %)) e H=) . o= H(m1=m) g (0, %,)|0).
(2.82)

Since we work in theories with a Hamiltonian H that is bounded below, this correlator
only makes sense for 7y > 7 > --- > 7, since otherwise, the correlator would diverge
due to the exponential factors. In contrast, Lorentzian correlators can be out of time
order. To see that consider,

0101(t1,%1) + - Op(tn, X)|0) = (0]01(0, X)) e H1=2) .. o= HHt1=ta) (0, %,)|0).
(2.83)

The exponentials are now oscillatory which implies that there is no forced ordering of the
Lorentzian times. Therefore evenif we takety >, > - - - 1, both (0|0 (¢1, X1) 02 (12, X2) -
and (0|0, (t2,X%2)01(t1,X1) - - - O,(t,,%,)|0) and the n! other operator orderings are all
valid correlators. These are what are known as Wightman functions that we will make
more precise momentarily.

Usually, in QFT, we work in Lorentzian signature with time-ordered correlators due
to their connection with scattering amplitudes via the LSZ prescription. However, since
we are working in a CFT where the observables of interest are the correlators themselves,
we will rather work with the simpler Wightman functions. If desired, time-ordered and
other kinds of correlators can be obtained using Wightman functions.

OIT{O01(11,%1) - - - On(tn, Xp) }O) = (21 > 12> -+ > 1,){0]01 (11, X1) - - - On (1, Xn)|0) + - - - .
(2.84)

To illustrate one advantage of working with Wightman functions, we note that those in-
volving a conserved current are identically conserved rather than satisfy Ward-Takahashi
identities with contact terms. For example, if J* is a conserved U(1) current and ¢ and
x are oppositely charged scalars we still have'?,

01 01T* (x1) ¢ (x2) x (x3)|0) = 0. (2.85)

Given (2.85), we can show how the familiar current conservation Ward-Takahashi iden-
tity for a time ordered correlator defined via (2.84) arises:

o On(tn’ )_C)n)|0>

A1, OIT{IH (x1) p(x2) ¥ (x3) }O) = (g% (x1 — x2) + q,,6% (x1 — x3))(O|T{p(x2) x (x3) }|0).

(2.86)

19As a consequence of this, Wightman functions in spinor helicity obey the homogeneous conformal
Ward identity, that is, the right hand side of (2.14) is zero.
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Further, in more mathematical parlance, Wightman functions are tempered distributions
and thus have nice properties such as having a well defined Fourier transform etc... in
contrast to time ordered correlators where the presence of the Heaviside theta functions
enforcing operator ordering spoils the simple distributional properties. With this moti-
vation to study Wightman functions, let us formalize their definitions and properties.

Wightman Functions: Formal Definitions and Properties

A Wightman function is an ordered expectation value in a particular state, which for us
is the vacuum [79]. Let O; be generic operators with i shorthand for possible spinor or
vector indices. A Wightman function with a particular ordering is denoted as?’,

<0|01 (xl) T On(xn)|0>- (287)

|0) is the Poincaré invariant vacuum and x; = (¢, X;) labels the spacetime location of
the operator. With n operators, there are n! such Wightman functions which in general
are distinct. However, they are all equal when every operator is space-like separated
by virtue of micro-causality. Wightman functions also come equipped with a particular
ie prescription. To see this, let us write (2.87) in the Heisenberg picture, placing all
operators at the origin in space for simplicity. Writing the ie dependence explicitly we
have,

<0|01(O)e—iH(tu—tz)—H(61—62)02(0) . e_iH(tn—l_tn)_H(fn—l_fn)On (0)|0), (2.88)

with €, > €0 > --- > ¢, > 0 that ensures that the contribution of high energy states
to the correlator are damped. The limit ¢, — 0 keeping fixed their ordering is to be
taken only after smearing the Wightman functions with Schwartz functions. As such,
Wightman functions are actually distributions (tempered distributions to be precise) but
we shall refer to them as functions as is common practice. This ie prescription also
has the consequence that Wightman functions are not quite real and obey the following
reality property:

0101(x1) - - - On(xa)|0)" = (01On (x) - - - O1(x1)]0), (2.89)

that is, complex conjugating the correlator reverses the operator ordering.

Another important property of Wightman functions is that they satisfy the spectral
condition. To see this, we need to go to momentum space. The fact that the Fourier
transform of a tempered distribution is also a tempered distribution makes momentum
space Wightman functions well defined. Poincaré invariance in Fourier space implies
momentum conservation so we can strip off this universal factor to obtain,

0101(p1) - - Ou(p)10) = (270)'6%(p1 + -+ + pu){0l01(p1) - - - Ou(pn)10)), (2.90)

that is, single bra-ket quantities in momentum space (0| - - - |0) including the momentum
conserving delta function whereas double bra-ket quantities ({(0| - - - |0)) indicated that

20We closely follow David Duffins’ TASI lecture notes on Conformal Field Theory in Lorentzian
Signature available at his Caltech home page.
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this factor is stripped off. The spectral condition is the statement that Wightman function
are non-zero iff,

n 2 n
(Zp,-) <0. ) p>0. je{23. - .n-1n), (2.91)
i=j i=j

that is, the sum of all the momenta of the operators acting on |0) should be time-like and
have positive energy. For example, take j = n. This implies that p2 < 0, p¥ > 0. Taking
Jj = 2 yields (p’; +---pH? <0, (p(z) +---p%) > 0 which by momentum conservation
implies that p% < 0, p(l) < 0. Similarly, taking j = n — 1 implies (p}, + pfj_l)z <
0,p0 + pg_l > 0 and so on. Thus, for every Wightman function, the rightmost and
leftmost operators have to have time-like momenta with positive and negative energy
respectively. The operators in the middle can in general have time-like or space-like
momenta as long as (2.91) is satisfied’!. Finally, the reality condition (2.89) in Fourier
space takes the form,

O[01(p1) - On(pn)10)" = (01Ou(=pn) - - - O1(=p1)|0). (2.92)

Wightman functions satisfy other properties such as cluster decomposition and positivity
for which we refer the reader to [46, 80] for a more detailed discussion of the Wightman
axioms in the context of CFT. We also elaborate on some of the properties satisfied by
Wightman functions in appendix C.

Helicity structure of Wightman functions

We now consider an example of a Wightman function using the Lorentzian spinor
helicity variables. We suppress the spectral theta functions below.

The non-homogeneous Euclidean correlators are non-zero only in the mixed helicity
configurations, i.e, it is zero in the (———) and (+++) configurations. The homogeneous
Euclidean correlator and the parity odd correlator which is its epsilon transform on the
other hand are non-zero only when all helicities coincide. In contrast, all their Wightman

21For example, the middle operator in a three point function can in general have time-like or space-like
momenta.

47



counterparts are non-zero in all eight helicity configurations. For example we find,

codd (12) <31>2P1

O~ JJ7|0) = (¢! —

) (12)2(31)%p,

211 ~ Harn E_4 €211 (E —2p3)2(E —2py)?’
0y = (o) so0dny I22BDpL Ly (122312
OIT~J7J*0) = (c5y — ZII)W +dcyy (E—2p1)2E2

O~ J*J|0) = (P -

codd <12> <31>2P1

) (12)2(31)%p,

211 211 (E 2]92)4 211 (E 2p1)2E2
2/27\2 2 2
OIT*7710) = (&4 - 3%—“” T e ea o S e
(E -2p1) (E =2p3)*(E - 2p»)
12)2(31)2 12)2(31)?
010y = (el ety LI g VO
E (E -2p3)*(E -2p>)
12)2(31)%p; n (12)231)?py
OITH I T-10) = (™ 4 jeodd <—+4 () {12)°G31)"p1.
© O = DT s M e
P (h) s (12)231)%py ) (12)2(31)?py
OIT*JTT|0) = (cyy; +ichT] E-2p)° o1l (E - 2p1)2E>’
12)2(31)2 n 12)%(31)?
O[T J*7*]0Y = (c gll)l ;’f’i’)< )-(31)°p1 ) (12)%(31)?p, (2.93)

(E-2p)* 2N (E—2py)2(E —2p3)?

These solutions follow as a consequence of the conformal Ward identities. Note that we
can go from one helicity to another by using the helicity flipping operator (1, 1) — (1, 1)
for any of the currents. One can also check that Wick rotation of the Euclidean correlator
results in the above expression thus validating its correctness.

2.2.4 Analytic continuation from Euclidean space

It is useful to understand how to compute the Wightman correlator given a Euclidean
space correlator since the latter is naturally computed using the standard path integral
for instance. Given a Euclidean correlator

<01(T1a)—él) e On(Tn’)_C)n)% (294)

one can obtain a Wightman function as follows. Analytically continue the Euclidean
times 7; = it; + €,. We now take ¢ — 0 keeping fixed the ordering €; > € > --- > ¢,
to maintain the Euclidean time ordering that serves to damp contributions from high
energy states. This results in the Wightman function.

W(X1, s ,)CQ) = (01(1‘1 + l'El,)_C)l) s On(ln + ien,fn)> ,El > €) > - (2.95)

> €.

The corresponding process in momentum space is more involved. Let us consider a
Euclidean momentum space correlator,

((O1(p1E,p1) - (2.96)

-Ou(paics B0))) = ) TiF7,
I
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where 77 denotes possible tensor structures and ¥ are form factors that depend on the

independent invariants formed out of the momenta. For example p; = ./ p?E +(pi)?

is one possible class of invariants. s;; = \/(pie + pje)? + (p: + p;)?* is another. The
Wick rotation we need to perform depends on whether the momentum we want to reach
to is space-like or time-like. For the space-like case pl.2 > (, we do not require an ie
prescription and one can simply set p;g = —i p? resulting in,

pr =Pk + (5 = =002+ (302 = IpiP = pil i p?>0.  @97)

On the other hand, we need to specify an ie prescription for time-like momenta pl.2 <0.
Let us see this for the Feynman and Wightman propagators where we have two distinct
ie prescriptions to consider. The Feynman ie prescription is,

pi= \/Ple +(pi)? — \/—(P?)2 + () —ie = —i[(p))? = (§)? = —ilpi| if p; <0.

(2.98)

The Wightman ie prescription on the other hand is,

R o7 oo o e VIl = =ilpil, p}<0,p) <0
Pi =P+ (PD)7 = = (p)* + (Pi)* +iep; =y, — ) 0
e 2V |pil* =ilpil. p; <0,p; >0
(2.99)
Further, to obtain a Wightman function we need to take particular discontinuities of the
Euclidean form factors.

Let us illustrate this with a three point example. The spectral conditions require that
the first and third operators have time-like momenta which we take to be p% <0, p% <0
with p(l) <0, pg > (. For concreteness, we consider the middle operator to have space-
like momenta p% > ( although the middle operator can in general also have time-like
momenta. Consider the Euclidean correlator,

((O1(piE, P1)O2(p2E, P2)O3(P3E, P3))) = 27}?[(1?1,1?2,173) (2.100)
7

To obtain the Wightman function with the middle operator having space-like momenta
we need to do the following. First, we take a discontinuity with respect to p% and p%.

Then, we Wick rotate the momenta following the Wightman ie prescription (2.99). The
result is,

({0101 (p1)02(p2)O03(p3)|0))8(p3)

= 0(=pDO(=pO(-p)O(PDO(p3) Y TrDisc aDisc 2 F1 (p1, p2. p3)|
I

p1——i|p1l,p3—=ilpsl,p2—Ip2l”

(2.101)

One can also first Wick rotate and then take the discontinuities, the order of these
operations does not matter. Note that the tensor structures 77 are at most analytic in
p?‘ so one does not need to take their discontinuity. The above procedure in these
kinematics can be ascertained by seeing the structure of the three point scalar Wightman
function [34] and generalizing it to arbitrary spin.
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For the middle operator also having time-like momenta, the analytic continuation is
more complicated. Even at the level of higher point functions, the analogous procedure
increases in complexity if we have more and more time-like momenta and the general
procedure is not quite known. However, in chapter 6, we will directly compute these
real time Wightman functions holographically and derive the procedure for analytic
continuation from Euclidean signature in that setting.

2.3 Towards Higher point functions in momentum space

2.3.1 Four point conformal partial waves in general dimensions

At the level of four and higher point functions, conformal invariance is no longer strong
enough to fix the functional form of correlation functions. In position space for instance,
four point functions are fixed up to functions of conformal cross ratios. For example
consider a correlator of identical scalar operators. It takes the form,

1
(Oa(x1) -+ Oa(xs)) = sz—me(M,V), (2.102)

12434
where the cross ratios u, v are given by,

2,2 2,2

X12%34 X14%23
= LV = . (2.103)

x2. x2 x2. x2

13%24 13%24

n point functions take a similar form but with a unknown function of n(n — 3)/2 cross
ratios>?. In momentum space, the general expression for n point scalar correlators in
general dimensions was discovered recently and the result takes the form of a simplex
integral [81-83]. For spinning correlators, the analogous expressions remain unknown.
However, we are working with a conformal field theory which in particular has a

convergent operator product expansion in position space>’,

0;(x)0;(x;) = D fijw(xij 07) Ok (x)), (2.104)
k

The f;;x encode the three point function coeflicient. We can see this by multiplying
the above equation with a third operator. The only term which is picked out on the
RHS is when the very same operator appears in the OPE since only two point functions
of identical operators are non-zero in CFT up to contact term contributions. We have
also suppressed the possible vector or more generally spinor indices of all operators
involved. Given this formula, one can in principle construct all higher point correlators

22There is a subtlety in this formula. For instance in d = 1, there is only one independent cross ratio at
the level of four points as we shall discuss in more detail subsequently. In d = 2 at the level of five points
we have 4 rather than 5 independent cross ratios. One has to account for these and related constraints in
d dimensions in writing down the precise formula. The above formula n(n — 3)/2 is only an upper bound
on the possible independent cross ratios.

230ne can perform the OPE between two operators as long as they are well separated from any other
operator.
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from lower point ones. For example, performing an OPE between the first two and last
two operators in a four point function we obtain,

(01(x1)02(x2)03(x3)O04(x4)) = Z f12k(x12, 02) f341(x3404) (O (x2) O1(x4)).
il

(2.105)

However, in d > 2 it is famously known that every four and higher point correlator
receives contributions from infinitely many (primary) operators. Therefore, this sum is
always an infinite one and requires detailed knowledge of the spectrum of operators and
their three point function coeflicients. However, in the traditional conformal bootstrap
program, we also supplement the OPE with what is known as crossing symmetry.
Performing the OPE say between 1, 2 and 3, 4 should yield the same result as performing
it between 1, 3 and 2,4 in a common domain of convergence. In momentum space, the
issues of convergence of OPE become more complicated since the Fourier transform
instructs as to integrate over all positions, including coincident ones. However, what we
can still do is look at the contribution of a single exchanged operator which is called a
conformal block.
Consider a general four point function,

(O01(x1)02(x2) O3(x3)O4(x4)). (2.100)
Lets insert a complete set of states in the middle. In a CFT, the operator spectrum of the
theory serves this purpose thanks to the operator state correspondence [8, 84]:
Z (O01(x1) 02 (x2)|@){@|O03(x3)O4(x4)), (2.107)
a€0,PHO,-

where @ runs over the spectrum of primary operators and their descendants in the
theory. Now, what is this complete set? Well, the projector has to be dimensionless
and conformally invariant. This heavily restricts the form it can take and leads us to an
ansatz,

la)(a| = / dx0,,..., (x)]0)(0]OF1 s (x) (2.108)

O is called the shadow of O. It has scaling dimension d — A and the same spin as O
to ensure that the integrand is invariant under Lorentz and scale transformations®*. For
scalar operators, we have,

O(x) = /I |2(dA)O(y) (2.109)

The contribution to the correlator due to the exchange of a single operator with scaling
dimension A and spin s is called a conformal block. This is equivalent to (with a
caveat [35])),

Gas = / d?x(O01 (x1) 02 (x2) 0" Hs (x))(Op s, () O3 (x3) O4 (x4) ). (2.110)

24This discussion is valid in general dimensions so we re-instate the dimension d. However, when we
specialize to spinor helicity variables we will set d = 3.
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The caveat is that the above expression is democratic in the operator and its shadow
so one has to do some more work to extract the contribution just due to the operator.
This is through a Monodromy projection which roughly speaking yields the conformal
block with short distance behavior consistent with the exchange of the operator and
not its shadow. Let us convert the above CPW to momentum space. Lets first define
the shadow of a general spinning operator. By conformal invariance and dimensional
analysis we see that it takes the form [36],

- 1 Vieey
OMI,..#S(X)OC/a’dymfm...#s;yl...vs(x—y)O1 s(y). (2.111)

I is called the Inversion multi-tensor. It is made out of the following object simply

called an inversion tensor®:

2x,xy
Ly (x) = (0 — 2 ). (2.112)
For conserved currents, the shadow transform (2.111) drastically simplifies! The re-
sult after converting to momentum space is given by (ignoring overall proportionality
constants),

e 1 Ly
JE T (p) = l,2s+d—4nﬂ1 He s (D) T syyoovy (D). (2.113)

[T#1Hs is a transverse traceless projector. It is traceless with respect to any pair of
indices and transverse with respect to every index as is appropriate for a conserved
current. For example for a spin-1 current we have the two indexed object (there is no
tracelessness for a spin-1 object)

JTnY
 (p) = ot - L (2.114)
p

For spin-2 we have,

[1¥7#7 (p) = o (p)n” (p) — (x* (p)n* (p) + 77 (P)x* (p)),  (2.115)

and so on for higher spins. Lets now use this. Now, to get the CPW (2.110) in momentum
space, we perform a simple Fourier transform yielding,

GA,s=/ddp<01(pl)Oz(Pz)O“l"'““(P))(éw--us(—p)O(p3)0(p4)>- (2.116)

A general four point function can be constructed using these building blocks.

25This is the Jacobian of the transformation x# — ’;—Z which is a conformal transformation, although
one disconnected from the identity transformation.
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2.3.2 Four point spinor helicity conformal partial waves in d = 3

We now consider the spinor helicity versions of the CPWs. In spinor helicity, it is easy
to show that the following simple formulae for the shadow currents (we also set d = 3),

- 1
J5(p) = pZS_lJi(p)- (2.117)

Lets now use this. First, we need to get the CPW (2.110) in momentum space. By a
simple Fourier transform we get,

GA,S=/d3p<01(p1)02(p2)0”""”s(p)><(5m-~ys(—P)O(ps)O(p4)>- (2.118)

Specializing to exchanges of conserved currents and using the helicity basis we can use
the formula (2.117) to obtain,

_ = 1 _ - .
T () Tty (D) = F(Js (P (=p) + IS (P (=p)). (2.119)
Given p® = 242%), we can obtain the spinor decomposition of —p? simply by taking

A — —A. Using the formula for the shadow current and using the above in the CPW, we
obtain (suppressing overall numerical constants),

3
Gas = dzfl (O1(p1)O02(p2) 5 (P)){I5 (=P)O3(p3)Oa(pa))
4

+(01(p1)O2(p2)J{ (p)){Js (=p)O3(p3)O4(pa)) (2.120)

However, recall that three point functions in momentum space come with a momentum
conserving delta function and therefore the above integral is trivial! The result is,

Gas = (208 (p1 +p2+ p3 + P4)ﬁ (O1(p1)02(p2)Js (=p1 =PI (p1 + P2)O3(p3)Oa(pa))

[p1

+(01(p1)02(p2)J; (=p1 — p2))Y{Js (p1 + p2)O3(p3)O4(pa))
(2.121)

The external operators O;(p;) can be any operators including conserved currents but is
not limited to the same. They can be scalars or even generic non conserved currents.
Also, this is in the s channel with (12) and (34) paired together which is the s—channel.
One can repeat a similar analysis in the ¢ and u channels if desired. The three point
functions in the above formulae can be either Euclidean correlators or Wightman func-
tions. We shall re-discover Wightman conformal partial waves in chapter 6 naturally
emerging in a region of kinematic space of AdS4 boundary Wightman functions.

As we have seen, there is much progress to be made in understanding the gen-
eral structure of four and higher point conformal correlators in momentum space and
consequently, in spinor helicity variables. However, in the special case of one dimen-
sional CFTs viz conformal quantum mechanics where the technical complexity is more
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tractable, we can actually determine the general structure of even n—point functions.
Inside every d—dimensional CFT is a SL(2,R) subgroup which corresponds to just
focusing on correlation functions on a line in the d—dimensional space(time) and thus
any results for 1d CFT form a subspace of results in d-dimensional CFTs. Further, it is
of independent interest by itself as well could yield insights into how to make progress
in higher dimensions. This will form the subject of the last part of this chapter.

2.4 Conformal Quantum Mechanics

We now specialize to the special and simplest case of conformal field theory viz con-
formal quantum mechanics. It will illustrate the differences between the usual position
space analysis and the momentum space approach in a technically simpler setting. Com-
pared to its higher dimensional counterparts, it provides us a path with fewer technical
hurdles to obtain exact analytical results such as closed form expressions of four and
higher point point functions. Historically, the study of conformal quantum mechanics
dates back to 1976, with the work of de Alfaro, Fubini and Furlan (DFF) [87] who
analyzed a particular quantum mechanical model (A particle moving in a inverse square
potential) that possesses conformal invariance. Almost five decades after this paper,
there has been a great deal of development with applications ranging from the con-
nection of CQM to M2 branes, black holes and even to molecular physics [88—105].
A major motivation to study and bootstrap CQM stems from the AdS/CFT correspon-
dence [7]. AdS,/CFT] is often referred to as the runt of the correspondence as CFT
does not possess a local stress tensor that generates conformal transformations which
is in sharp contrast to its higher dimensional counterparts. In the context of the DFF
model, this correspondence and its subtleties were first discussed and explored in [ 106].
Another extremely important case is that of the SYK models and their holographic
bulk duals [107-109]. To investigate such dualities, having a firm foothold on the
conformal theory side of things is essential. Further, as a bonus of our analysis, the
conformal Ward identities in conformal quantum mechanics coincide with those in the
(anti-)holomorphic sector of two dimensional CFT [13], thereby giving a possibility of
our results being applicable there too.

2.4.1 The generalized hypergeometric nature of n—point functions

In d = 1, the conformal group is SO (2, 1) which is homomorphic to SL(2,R). Since
there is no spin in one dimension, primary operators are labelled just by their scaling
dimension. The action of the conformal generators are,

[H,0s(1)] = 15 0n(1),
[D,0a()] =i (t% + A) Ox(1), (2.122)
[K,OA(1)] =i (ﬂ% + 2tA) On(2).
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In momentum space (frequency space), we obtain,
[H, Or(w)] = wOa(w),

[D,Ox(w)] = —i (wi +(1 - A)) Or(w),
dw

(2.123)
d? d
[K,Oa(w)] = = |w=—— +2(1 - A)— ] Oar(w).
dw? dw
We thus obtain the following Ward identities, due to H, D and K respectively:
n
0
A, Jn t s T ’t}’l :0’
Zl] R GBI
< 0
(t,-— + Al-) fa(tr, -+ 1) =0, (2.124)
o\ o
< 0
(tiz— + 2tiAi) fa(tr, - ,ty) = 0.
i=1 ot;
The Fourier space counterparts of above equations are,
D wifa(wi, e w,) =0, (2.125)
i=1

- 0

Z(wia +(1_Ai)) fu(wi, -+ w,) =0, (2.126)
i=1 Wi
- 9* 0
D wis— + 200 = 8)—| fulwr, -+ w,) = 0. (2.127)
~i\ dw; Ow;

With the conformal ward identities, (2.124), and (2.125), (2.126), (2.127) in hand, we
now proceed to solve them now.

The time domain

In position space (which is just the temporal domain) we get,

C120A,,A,
O\, (t1)0p, (1)) = ——=,
(O, (11)O0n,(12)) PREPRET

fi23

|t — 1| A1+82=s |1y — g3 | AatAs=Ai|gy — 3| Ar+As=da?
A1+A2+A3+A4

(O, (11)Op, (12) O 7, (13) O, (14)) = ]—[ (t:i—t;D" 5 4 G(y),

1<i<j<4

(Op (t1) -+ Op, (1n)) = n (It: = t;1)* G (X1, Xn—3)s (2.128)

1<i<j<n

(O, (11)07,(12)Op4(13)) =
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|t — to|[t3 — t4] .

where, y = is the four point cross ratio, yi, - - - x»—3 are the cross ratios
|11 — t3][t2 — 14]
. . : ti —tilltx —t1l .
for n-point functions which take the form ———— i, j, k,l € {1,---n} and the
|t; = tel|t; — 1]

n

a;; satisfy A; = — Z @;j ,i € {l,---,n}. An artefact of the fact that we are in one
J=1

dimension is that we have only a single (real) cross ratio at the level of four points in
contrast to the case in higher dimensions. For n point functions, we have only n — 3
cross ratios in contrast to the "("—2_3) cross ratios in sufficiently high dimensions.

The frequency domain

We can solve the frequency space conformal Ward identities similarly. For two point
functions, we obtain the solution,

(0, (01)0p, (02)) = Cra6p, 2,028 8 (w1 + w)). (2.129)

For three point functions on the other hand, we obtain two distinct solutions:
(Oa, (01)04,(W2) Oy (w3)) = w2872 ey s F (2= Ay 1+ 241 — Ay, 2 = 2495 —x)

+ e x?7 VP (1 + 200 = Ay A — 203,200 —x) |8 (w01 + w2 + w3).

(2.130)

In contrast to the unique three point correlator in the time domain provided in (2.128),
we have here, two linearly independent solutions. These different solutions can be traced
back to the Fourier transform of the time domain correlator for different time orderings
of the arguments. For example, if we take a A = —1 operator in position space, we
obtain via direct Fourier transform the results of table 2.1. Our general solution for three
point functions (2.130) for A; = A, = Az = —1 (recall that our operator O has scaling
dimension —1) is given by:

2 2
- w; (2w + wy) wi(w] — w2)
Glw,w)=w>|eg —— ey = 2.131
2w + -
. . w1 T W2 + o (wl - (;)2) ) (2.132)
w) (w1 + wy)3 w W,

The expression (2.131) covers all the cases we find in table 2.1 by appropriately choosing
the constants c¢; and ¢,. The true meaning of the existence of the two independent
solutions in (2.130) is now clear. They correspond to the fact that the different ’time
orderings” give rise to two possible Fourier space expressions. A similar interpretation
in higher dimensions was made in [ 10].

We now repeat the same drill that we carried out in the analysis of two and three
point functions for the four point case.
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Time Ordering Correlator
212wy + w
1 >0 >13 —3( ! 2)3
wi (w1 + wy)
2i(w; + 2w
h>1>13 —51—2)3
(1)2((4)1 + w2)
212wy + w
13 >1>1 3(1—2)3
wl(wl + wZ)
2i(w] —w
thh >13>1 %
W W,
2i(w] —w
HH>t3>10 %
ol L)
2i(w; + 2w
A
wz(wl + (UZ)

Table 2.1: Correlators in momentum space obtained via Fourier Transform with different
time orderings

Translation invariance (2.125) instills the following form for the correlator:

(O, (01)0 6, (2) 04, (w3)Op, (w4)) = 6(w1 + s + w3 + Wa) G (W1, W2, W3).
(2.133)

The dilatation ward identity (2.126) yields,

0 0 ~
wi— +wr— +w3— + (3-A) |G (w1, wr,w3) =0
w1 owr w3

= G(w,wy,w3) = w7 g(x,y), (2.134)

where we have defined A; = A| + Ay + Az + A4 and the ratios x = @2 and y = ﬁ.

w1 w1
The ward identity due to special conformal transformations (2.127) gives us the
following partial differential that the function g(x, y) has to satisfy:

62 (92 2
x(x + 1)@ +y(y + 1)(9_))2 + 2xyaxay

0
= 2(8g = T4 x(A — A1 = 3)) -

0
—2(A3—1+y(A = A — 3))5 + (A =3) (A —2A1 - 2)|8(x,y) =0.  (2.135)

Very interestingly, (2.135) is an equation obeyed by none other than Appell’s gener-
alized hypergeometric function F, [111]! The system of differential equations that
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F>(a,by, by, c1,c2;x,y) obeys is the following:
82F2 (92F2 8F2 6F2

x(1—x) e _xyﬁxay +(ci1—(a+by + l)x)(')_x - bly—ay —abF, =0,
82F2 52F2 0F )
1 - - - by + 1)y)—= — bopx——= —abyF, = 0.
y(I-y) 52 Voxay +(c2 = (a+by+1)y) 5y ~ gy mabak
(2.136)

If we add these two equations we obtain,

0% F,
0x?

0% F,
dy?

x(1—=x) +(c1—(a+b1+b2+1)x)%+y(l—y)
X

2

OF
+(ca—(a+by+by+1)y) 6y2 —2xy—2 —a(b; + bz)Fz) - 0. (2.137)

0x0y

Let us now perform the following re-labeling and mapping:

x—>-x, yo -y, ca=2(1-4y), c2=2(1-43),
2 2
{a=(B-A), ) bi=2+20-A}or{a=2+2A1-A, > bi=3-A}.
i=1 i=1

(2.138)

Thus, (2.137) becomes identical to our equation for the four point function (2.135)! We
see that (2.138) fixes a, ¢, c’z, by + b, in terms of the scaling dimensions of the external

operators. The key point here is that the combination b + b, is fixed in terms of the
external operator scaling dimensions but not by and b, individually. If we fix b, in

terms of by using (2.138), then b is left completely undetermined. Thus, our solution

to the four-point function is26,

(Op (W1)Op, (w2)0p, (W3)Op, (ws)) = Z WM S (w1 + wr + w3 + wa) | ki Fa(a, by, by, c1, c25 =X, —Y)
by

+ kz(—x)l_C‘Fz(a —c1+1,by—c1+1,b3,2 —cy,¢0;,—x,—y)

+ k3 (=)' Fy(a—cy+ 1,b1,by — 3+ 1,¢1,2 — ¢25—x, —)

+kg(=0) (=R (a— e —ca + 2,by —cr + L,y —ca+ 1,2 = ¢1,2 = ¢33 —x, =) |,
(2.139)

with the parameters given in (2.138). Thus, we see that cross ratios in the time domain
are traded for hypergeometric parameters in frequency space.

One can actually proceed to n—points this way. solving the translation and dilatation
Ward identities ((2.125) and (2.126) respectively) we see that any n point correlator
takes the following form:

(On (1) -+ O (@) = 6(wi + - + )0 " Vg1, yama),  (2.140)

26There are four linearly independent solutions to Appell’s differential equation for F». Since by is not
determined via conformal invariance, we allow generic four-point functions to be a linear combination
of solutions with different values of b;. Even more generally, one could allow for an integral over b
rather than a sum. The constants kq, - - - , k4 can depend on b; but for the sake of brevity, we suppress
this dependence.
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where we have defined,

wi

n
A=A yi= L (2.141)
i=1

The special conformal Ward identity (2.127) implies that the function g(yy,--- , yn,—2)
satisfies the following differential equation:

n-2
0
(Zyz(yz'*‘l)_"*'z Z yly]a ay] _ZZ(AHI_I+yi(Az—A1—n+1))a

1<j<i<n-2 i=1 Yi

+ (A —n+1)(A =201 —-n+ 2))g(y1, oo L, yn—2) = 0. (2.142)

The generalized Lauricella function of n—2 variables, EIE‘"_Z) (a,bi, - ,bp_n,Cl, " ,Cn2;X1," " »,Xp—2)
obeys the following system of PDEs [112]:

Ll.(”_z)E/g”_z)(a,bl,--- buo,Cl, s Cn3X1,+ ,Xp—2) =0, i €{l,--- ,n—2}, where,
2 n-2 2 n-2
(n-2) _ 0 0 o P
‘Ei —x,-(l—xl)— Z ]a ax] +(Ci—(a+bi+1)xi)a—Xi—bi : ,xj(?Tj.
l J#i J#l
(2.143)

This obviously implies,

n—2
Z Ll(n_Z)E,(An_Z)(aa b17 T, bn—2, Cly " 5 Cp=25X15" " ’x}’l—Z) = O' (2'144)
i=1

If we choose,

= —yi, ¢i =2(1=A7),
n-2 n=2
{a=n-1-A, Y bi=n-2420-A}or{a=n-2+2A1-A, Y bi=n—-1-A}.
i=1 i=1
(2.145)

Thus, (2.144) becomes identical to the n point conformal Ward identity (2.142)! The
map (2.145) fixes a and the n — 2 ¢; but leaves n — 3 out of the n — 2 b; undetermined.
This is exactly the number of independent conformal cross ratios in the time domain
and thus we have obtained their momentum space analogues for any n point correlation
function. Our result for the n point function reads,

(Oa(w1) -+ Op, (wn))
= 6("‘)1 +--+ wn)wlAt_("_]) klEIgn_Q)(aa b17 R bn—Z,cl, o, Cp=25 X, 0, _xn—Z) +-0,

(2.146)
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where the parameters are given in (2.145) and the --- stand for the remaining 2>
linearly independent solutions to the Lauricella E/(;’_z) PDEs?’. Asin the previous cases,
we have suppressed a possible sum over the b; that are not determined by conformal
invariance. The result (2.146) is quite pleasing and presents the first closed-form
expression for a conformal n-point function in momentum space with analogos of cross
ratios that are not variables that are integrated over. It would be interesting to see if
higher dimensional conformal correlators can also be determined in terms of appropriate
generalized hypergeometric functions.

2.4.2 A Momentum-Mellin Space representation

Motivated by the (generalized) hypergeometric structure of our correlators, we investi-
gate their Mellin space representation. Consider the four point function that we obtained
(2.139). For simplicity we focus on the first term in the expression (2.139)28. For the
convenience of the reader we provide it here?’:

Gi(w1, wa, w3, w4) = Z kl(bl)w?’_3F2(a, b1, by, c1,c2;—x,—y). (2.147)
by

where,

2
c1=2(1-A2), c2=2(1-A3), {a=2+2A1-A, Zbi:3—At}, A=A+ Ag + Az + Ag,
i=1
(2.148)

and k1 (b) are constants that weigh the contribution of a particular b to the correlator.
Using a Mellin-Barnes type integral representation of F,(a, by, by, cy,c2; —x,—y) (for
instance, see section 5.8.3 in [115]), we obtain the following beautiful form for the
correlator (2.147):

Gi(w1, wa, w3, W)

w0 T2 -28)T(2-243) i gy /i“’ dit T(s+1+2+2A; — A (=5)[(=1)

i 1i g ! ’t b
ra-A) oo 27 ) oo 21 T(s+2-2M)I'(¢ +2 - 2A3) X'y M(s, 1)

(2.149)

where we have defined the momentum-Mellin space amplitude,

by +s)I'(t+3-A—by)

M(s,t):bzlkl(bl)/\/lbl(s,t):;kl(bl) TG _A sy 215

where My, (s,t) are momentum-Mellin space partial amplitudes which represent the
contribution of a particular b to the full amplitude. The pre-factors in (2.149) are fixed

It is interesting to note that certain Lauricella functions also pop out as solutions of conformal
integrals [113] as well as in solutions to the conformal Ward identity in special kinematics [ 14].

28 As will be explained shortly, the different solutions represent the Fourier space counterparts of the
in-equivalent time orderings.

2YWe suppress the momentum conserving delta function §(w| + wy + w3 + wy) for brevity.
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by the external dimensions of the operators (kinematics) whereas M(s, t) represents the
dynamical contributions to the correlator. Note the contrast to the usual real space Mellin
amplitudes [116, ]: The usual Mellin amplitude is an unknown (theory dependent)
function of s and 7. Here in (2.150), the theory dependence just lies in the constants
k1(b1) which weighs the contribution of the different b, to the correlator. The functional
form of the amplitude, however, is completely determined by the above ratio of gamma
functions.

For example, the momentum space correlator (O;0;0;0) that we compute in
(2.186) in the free bosonic theory receives contributions only from by = 4,5 and 6
with k1 (b;) = 14,28 and 40 respectively. Using these facts in (2.150), we obtain the
following compact momentum-mellin amplitude:

M(s,t) = %F(s +HI(r+3) + %F(s +5I(t+2)+ %F(s +6)['(t+1)

(824252 +T1(T+1) +5(25+ 1))
- 6
Based on the simplicity of this representation, it would be interesting to directly bootstrap

four and higher point correlators in the momentum-mellin space. We leave this analysis
to a future work.

T4+ s)T(1 +1). (2.151)

2.4.3 Conformal Partial Waves

In this subsection, we compute momentum space conformal partial waves specializing
our general discussion earlier to d = 1. Conformal partial waves are eigenvectors of the
quadratic conformal Casimir C; [| 18]. The expression for C; is as follows [95]:

1
C, = 5(HK + KH) - D (2.152)

Itis easy to see that C; commutes with H, K and D using the sI(2, R) conformal algebra.
The conformal partial wave W (1, 12, 13, t4) satisfies the following differential equation:

C1oWa(t1, 12,13, 14) = A(A = 1)Wa(11, 12,13, 14). (2.153)

The conformal partial wave (in the s channel) is given by the following integral [85]:
W (1,12, 13,14) = / dt{Oa, (11)0n, (12)OA(D)(OA(1) Oy (13)04, (1)), (2.154)

where we have introduced the shadow operator, O, which is defined as,

i © g
0(t)=/_ TTHAOA(;). (2.155)

o |

Using (2.155) in (2.154) we obtain,

Wi s = [ /m| dtf‘fjZA<0A1<r1>oA2<r2>0A(r>><0A<r>oA3<r3>0A4<r4>>
(2.156)
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Fourier transforming with respect to ¢y, 72, 13 and 74 we obtain,

W (1, w2, w3, w4) = / / R ””‘f;‘ (O, (01)0, (@2)0A(1) (04 (1) O, (03) O, (3)).
(2.157)
This equals (We ignore overall numerical factors),
WM (w1, w2, w3, w4)
/ / dthdZid?Zd% D BITBY 0y (w1) 04, (2)Oa(93))(0(43) 0 (w3) O, (wa)).
(2.158)

Performing the integrals over x and 7, we obtain,

W ooy = [ [ d"“jﬁzf‘“éml+q3>6<q1—qz)<om<w1>0A2(wz>oA<q3>><0A<qa)0A3(w3)0A4(w4)>

=‘[ qi:“1<0A1(w])0A2(w2)0A( q1)){0a(q1)0a; (w3)0n, (w4))

1

-/ qffila(wl 4w = g)3(g1 + 3 + 1) (O, (@10, (02)0a(=g1))){(O4(41) Oy (@3) Oy (1))
T

A F 0 H 8 H ) (1, (1) 0, (3)0 (~01 — 02)))(OA(@) + w3) Oy (©3)0n, (1)),
(w1 + w2)
(2.159)

where we have defined the double bracket notation,

()=06(wr+-- ). ). (2.160)

Having obtained the conformal partial wave in momentum space (2.159), we can now
extract the conformal block. We then use the expression for generic three point functions
that we obtained in (2.130) in (2.159). Recall however, that we have two, rather than
a unique solution to the three point function. As we explained in the beginning of this
section and as we shall elaborate that this fact owes itself to the possibility of the various
possible time orderings yielding different expressions when Fourier transformed. Let
us now write (2.159) explicitly. First, we define,

A Aj+Ag—2 —Wj
Iaca, A wiwj) = AT (Cl,ijk 2 Fq (2—A,~—Aj—Ak,l+Ai—AJ~—Ak,2(1—Aj);#)
l
w; 2A ;-1 w;
+ | — C2ijk 2F1 1—Ai+Aj—Ak,Ai+Aj—Ak,2Aj;—— .
w; Wi

(2.161)

We can then re-write (2.159) as,
1

W (w1, w2, w3, ws) =
(w1 + Wz

J2A-1 JaraA (W1, 02) fans A (W1 + W2, w3)0(w1 + W2 + W3 + wa),

(2.162)

which is our final expression for the s channel momentum space conformal partial wave.
We will put (2.162) to the test in subsection (2.4.4).
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2.4.4 Examples from free and interacting theories

Let us begin by showing that three and four point correlators in the free bosonic theory
are captured by our general formulae for correlation functions.

Free Bosonic Theory

The action for the U(1) free bosonic theory is given by,

Srp = / dt 8,46, ¢. (2.163)

(o]

- . . . . . 1 . .
¢ and ¢ are primary operators with scaling dimension —75. We also consider the following
composite primary operators:

O(t) = p(1)¢ (1), Jp(1) = i(¢did — 019 ¢), (2.164)

which have the following momentum space counterparts:

O(w) :/ dl ¢()p(w - 1), Jp(w) :/ dl 2l —w)¢(Dp(w—1).  (2.165)
The first of these is a A = —1 scalar while the second is the conserved U(1) current.
Let us now compute several three and four point correlators involving ¢, ¢ and these
composite operators.

(p(w1)p(w2)0(w3))
Performing the Wick contractions we obtain,
- 2
(#(w1)(w2)0(w3)) = —F—6(w1 + w2 + w3). (2.166)
wiw;,

We see that we can easily express (2.166) in the form of our general solution (2.130).
Setting ¢; = 0 and ¢, = 2 in (2.130) we see that the result matches (2.166):

-2
($(w1)d(w2)O(w3)) = wi* (Z—?) S Fy (2,0,—1,—2—?)6(m1+w2+w3). (2.167)

Let us now consider a correlator involving the U(1) current.

(¢(w1)p(w2)Jp(w3))
The Wick contractions yield,

(B (W) p(w3)) = L2325 (w) + w2 + w3). (2.168)
Wiy

Note that in d = 1, a conserved U(1) current is a scalar with A = 0. Using this fact, we
can employ the general solution (2.130). We see that,

-2
(B(w1)p(w2) T (w3)) = (1) (Z—f) N (1, —1,—1,—%), (2.169)

1
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providing another check of our result. Note that (2.168) also satisfies the charge conser-
vation Ward Takahashi identity. We have,

03 (B (@) (@) (w3)) = (é - ﬁ) 5(w1 + w1+ w3) = ((B)F(=w1)) — (F@)(-w2)))S (w1 +ws + ws),
1 2
(2.170)

which shows that our general solution (2.169) accommodates correlators involving
conserved currents.
Let us now move on to a four point function.

($(w1)0(w2)O0(w3)p(w4))
Using the definitions of the operators provided in (2.165) we obtain,

()0 (@2)0(ws)d(ws)) = / ) / " dldk () BN (s - DEKR)S(ws — ()

1 ©ore 1 1
= T/ / dldk[—25(a)1 +l)6(w2—l+k)5(a)3—k+a)4)+—26(l+w3+k)5(a)2—l+a)4)5(a)| +k)
2m)2wiw; J-e J-o k l

1 1 1
_ -6
= 5(w1 + Wy + W3 + W4 W] (1+x+y)2((1+x)2 ) (2.171)

where x = ‘ﬁ and y = z—? as we defined earlier.
We now define for convenience,

(B(@1)0(@2)0(w3)$(w3)) = 6(w1 +ws + W3 + W) W 4005 (5,y),  (2.172)
where,

1 1 1
+ .
(1+x+y)2\(1+x)?%2 (1+y)?

Yp004(%X,y) = (2.173)
As we saw in (2.139), the ward identities do not fix the form of the 4 point function
and lead to an undetermined parameter ;. Our aim now is to find value(s) of b; that
reproduce this correlator.

We have A = Ay = —% and A, = A3 = —1. One of the solutions to the Ward identities
(2.139) is,

Wi fp, (x,¥) = W[ °Fa(4,b1,6 — by, 4,4;—x,-y). (2.174)

Consider the following identity (see [115]):

Fy(a,bi.by.a.a:—x.—y) = (1 +x)°(1+ o2 ,F (b6 = b1a, —2 .
2(a, by, by, a,a;-x,—y) = (1 +x)] (1 +y)°7"' 2F | by 1a(1+x)(1+y)
(2.175)
Using this , we find that,
1
F 4’27474’4;_ s = s
2 ) = Aty 10)2
1
F2(49 49 25 4’ 47 —X, _y) = (2.176)

(1+x+y)2(1 +x)%

64



which correspond to the choices b = 2 and b, = 4 respectively. This gives us,

P P 1 1
w (0, y) + falx,y) = w; a +x+y)2((l gy + a +y)2)' (2.177)

Comparing with (2.172) we find,
Yp00¢ = (F2(4, 2,4,4,4;—x,-y) + F»(4,4,2,4,4; —x, —y)). (2.178)

Therefore, the correlator (2.171) can be written as,

((w1)0(w2)0(w3)P(wy))
w3 w3

=S+ wrtws+ w4>wf6(Fz (4, 2,4,4,4, -2, ——) +F) (4, 4,2,4,4,-22 22
wr Wi w1 W

(2.179)

)

which provides a check of our general result (2.139). Let us now also reproduce this
correlator using conformal partial waves. Consider the s channel conformal partial wave
(2.162), set cojjkx = 0in (2.161) and Ay = Ay = —%, Ay = Az = —1. For the exchanged
operator having A = —% we find,

(s) 1
4 = 0w + wr + w3 + wy). 2.180
A=—3 (1+x)2(1+x+y)2w? (@1 2 3 + ( )

We can also obtain the u channel conformal partial wave by a (2 < 3) exchange and
add it with the s channel result which yields,

(s) w) _ -6 1 1 1
WA:_% + WA:_% = w] e TG + e O(w) + wr+ w3 +wy)
= (¢(w1)0(w2)O(w3)p(wa)). (2.181)

To summarize, we have obtained two distinct representations for this correlator: One in
terms of the momentum space conformal partial waves and the other, in terms of the
Appell F2 function.

(@(@)O0(@)O0W)d(w) =W + W

= §(w) + Wy + w3 + w4)w;6(F2 (4, 2.4.4, 4. -2 —ﬁ) +F (4, 4,2.4,4;-22 9
w1 Wi w; Wi
(2.182)

Let us now provide two more examples of correlators in the free bosonic theory. Since
the details of the calculation are similar to the above example, we just provide the final
results.
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(01(w1)01(w2)01(w3)01(ws4))

The Fourier space expression for this correlator with the time ordering t; > 1, > t3 > 14
30
reads’”,

2(1+x)%(41 + 7x(4 +x)) + 2(1 + x) (54 + x(31 + 7x))y + 4(10 + x(5 + x)) y?
(1+x)°(1 +x+y)w] ’

(01(w1)01(w2)01(w3)01(wa))) =

(2.183)

We find that this correlator receives contributions from three different conformal blocks
corresponding to exchanges of operators with A = -2, —1, and 0. Setting ¢ ;;x = 0 and
A=Ay =A;3 =As =—11in(2.162), we see that,
s 2 s 200 (s

(01(@)01 ()01 (03)01(wa)) = 16W,)| = SW .y + =W, (2.184)
We also find that this result can be expressed in terms of our general four point function
(2.139). For Ay = A = A3 = Ay = —1 and setting k; = k3 = k4 = 0 in (2.139)
we obtain the following two possible expressions (corresponding to the two choices of
a,by + by in (2.138)):

1 1
fi(by) = JF2(7,b1,4 —b1,4,4,—x,—-y) and fo(by) = JF2(4’b1’7 —by1,4,4,—x,-y).
| 1
(2.185)

It turns out that the second solution in (2.185) is the required one for this example.
Consider the following linear combination of the b1 =4, b; = 5 and b; = 6 solutions:

(01(w1)01(w2)01(w3)01(w4)) = §(w) + Wy + w3 + ws) (14/2(4) + 28 /2(5) + 40£2(6))

_ O(w) + wr + w3 + wy)

7
1

(14F5(4,4,3,4,4,—x,-y) + 28F»(4,5,2,4,4,-x,—y) + 40F»(4,6,1,4,4, —x, —y)).
w

(2.186)

Let us now compare the conformal partial wave representation (2.184) and the Appell
F, representation of the correlator (2.186). In (2.184), it takes the sum of three different
conformal blocks to reproduce the correlator. In (2.186), it takes three different “b
exchanges” to reproduce the correlator. In lieu of this, one might think that b; is
somehow related to the dimension of the exchanged operators. This, however, is not
quite true as the number of conformal blocks does not always tally up with the number
of “b| exchanges”.

(Jp(w1)Jp(w2)01(w3)01(w4))

The momentum space correlator corresponding to the time ordering ¢y > tp > 13 > t4 1S
given by,

1
s
(1+x)(1+x+y)lw]

((Jp(w1)Jp(w2)01(w3)0(ws4))) = (2.187)

390ne way in which this expression can be obtained is by performing the Wick contractions in the time
domain and then Fourier transforming with this time ordering.
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It turns out that a single conformal block suffices to reproduce this correlator. Setting
A=Ay =0,A3 = A4, = -1 and C2ijk = 0in (2.162) we see that,

(Jp(w1)Tp(w2)01(w3)0(ws)) = W (2.188)

In terms of our general four point solution (2.139), set Ay = Ay = 0,A3 = Ay = -1 and
k> = k3 = k4 = 0 to obtain the two solutions:

1 1
1 1
(2.189)

We see that we can reproduce this correlator by a single “b| exchange”:

(Jp(w1)Jp(w2)01(w3)0(w4)) = 6(w1 + w2 + W3 + wy) 2(2) = 6(wW1 +ws + w3 +wWy4)F2(4,2,3,2,4;-x,-y).
(2.190)

Free Fermionic Theory

The action for the U (1) free massless Dirac fermion theory is,
Spp = i/ dr ' 0. (2.191)

 and " are dimensionless operators. We also consider the conserved U(1) current,
Jr(1) =y (0w (), (2.192)
which in momentum space is given by,
Jr(w) = / dly (DY (w -1). (2.193)

Let us now consider the following correlator:

W () (w2)Jr(w3))

Performing the Wick contractions gives,

() (02)0(w3)) = ﬁawl s+ ). (2.194)

This is reproduced by the general solution (2.130) in the following way:

-1
() (@)0(@3)) = (1) (Z—j) JF (1,0, 0, ‘w—“’z) | (2.195)

1

We now move on to a four-point example.
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W () Jp(w2)Jr(w3)y (ws))

Via Wick contractions, we obtain the following expression for this correlator:

. _ 0w +wy + w3+ wy) 2+x+y
W' (W) (w2)Jp(w3)y (ws)) = W (1+x)(1+y)(1+x+y)

(2.196)

This correlator is reproduced by the sum of a single conformal block in the s and u
channels (obtained by setting Ay = Ay = A3 = Ay = —1,¢2;jx = 01in (2.162) and the u
channel expression obtained via a (2 <> 3) exchange.):

W (W) Tr (W) Tr (w3 (wa)) = WD + W (2.197)

As for the Appell function representation, set A; = Ao = A3 = A4 =0,ky = k3 = ks =0
in (2.139). We obtain,

1

fi(by) = a?Fz(ibl,Z —b1,2,2;—x,-y) and fo(b1) = F»2(2,b1,3 = b1,2,2;-x,—Yy).
1

(2.198)

We find,

W (W) (w)IF(w3)¥ (wa)) = 6 (w1 + W + w3 +ws) fi(1) = (w1 + wz + w3 + wa)F2(3,1,1,2,2; —x,
(2.199)

providing another test of our results. Let us now consider and reproduce correlation
functions in the DFF model.

The DFF model

The DFF model [87] is a one-dimensional quantum mechanical model of a particle
moving in an inverse square potential. It’s Lagrangian is as follows:

1.d
L:/dt (E(d_(f 2—2%2). (2.200)

This theory enjoys invariance under the SL(2,R) group, and our focus will be on four
point correlators in this model. The four point function in the DFF model was computed
in [95] and reads,

1

(O] (11)$5(t2)$5(13) 01y (14)) = X" 2F1(6,6,2r0; ),
" K (t24t13)°770 (¢ 12l34)‘5+’°fﬁr0_5)
(2.201)
_ _ Lotz . .
where we have used the shorthand #;; = 1; —1;, x = =y is the cross ratio. The above
13124

expression is also in the time ordering t; > 1, > t3 > 14.
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Consider the specific case where rop = 6 = —1. The Fourier space expression of
the correlator reads,

2+x)2+2x+y)
(1+x)3(1 +x+y)Pw]

5(0)1 + wy + w3 + w4). (2.202)

This correlator (for arbitrary d, rg) was found to receive contribution from just a single
conformal block. Indeed, we see that just a single conformal block with A = -1
exchange (obtained be setting Aj = Ay = A3 = Ay = =1, ¢p;x = 0 in (2.162)) suffices
to reproduce this correlator:

) _ 2+x)2+2x+y)
A=-1 " 7
(1+x)3(1+x+y)w;

5((1)1 + wr + w3 + a)4). (2203)

In terms of the Appell F; representation, setA; = Ay = A3 =Ags = -1,k =kz =ks =0
in (2.139). We obtain two solutions:

1 1
fl(bl) = JF2(79b1’4_ b1’4’4; —X, —)7) and fZ(bl) = JFZ(LL b197_b194’4; —X, —)’)
1 1
(2.204)
We see that,

2+x)2+2x+y)
(1+x)3(1 +x+y)w]

5(0)1 + wr + w3 + w4) = 25(&)1 + wr + w3 + w4) (f2(4) + f2(5))
_ 25(0)1 + wy + w3+ w4)

7
1

” (F2(4,4,3,4,4;—x,—-y) + F2(4,5,2,4,4;-x,-y)).

(2.205)

We can also repeat the same analysis for other values of ¢ and ro. We find that the
momentum space correlator for any d, rg is given in terms of exactly one conformal
block in accordance with the results of [95].

Finally, we have discussed the supersymmetric extension of conformal quantum
mechanics in appendix E.

2.5 Summary of this Chapter

In this chapter, we discussed the construction of off-shell Euclidean and Lorentzian
spinor helicity variables in three dimensions. These spinor helicity variables do not
satisfy any mass-shell condition in contrast to the more familiar on-shell spinor he-
licity construction. An alternate derivation of these formalisms from the dimensional
reduction point of view from the usual on-shell spinor helicity construction for massless
momenta in four dimensions is provided in appendix A.1. We analyzed Euclidean two
and three point correlators of conserved currents in great detail, understanding their
structure in the helicity basis. Similarly, we discussed the construction of Wightman
functions in Lorentzian signature including their construction in spinor helicity vari-
ables contrasted with their Euclidean counterparts via analytic continuation. We then
discussed the construction of four point functions and conformal partial waves.
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Finally, we concluded with the simple, yet non-trivial example of conformal quantum
mechanics which forms a sub-sector of higher dimensional CFTs and discovered a
Lauricella function structure for momentum n-point correlators. One can also think of
conformal quantum mechanics as a chiral sector of a two dimensional CFT. From this
perspective, we have only used the global SL(2,R) sub-group of the (chiral) Virasoro
symmetry. Understanding the implications of the full Virasoro symmetry in this context
presents an area of interest. It would be interesting to find out the connection between the
undetermined parameters of the Lauricella functions to the conformal data of a particular
theory of interest. An extension of this to higher dimensions and to spinning correlators
is also desirable. Also, systematizing spinor helicity for CFT3 at four points and beyond
would be an important task to make progress. Finally, since the spinor helicity formalism
does not rely on conformal invariance and the fact that there are interesting scale but not
conformally invariant theories in three dimensions [ | | ], understanding the utility of the
formalism in such settings would be interesting.
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Chapter 3

Chern-Simons matter theories

In this chapter, we focus on Chern-Simons theory coupled to matter in the fundamen-
tal representation of SU(N). This chapter will serves as our first application of the
momentum space and spinor helicity formalisms.

Over the years, there has been a lot of progress in understanding Chern-Simons matter
theories in the large-N limit, a significant part of which was based on the idea of the
slightly-broken higher-spin symmetry [ 19-122]. Several remarkable achievements in
these theories include exact computations of the partition function [ 19, , -127],
understanding the Hilbert space structure [128] and the higher-spin spectrum [129—

], determination of the exact S matrix [136—138], showing the existence of BCFW
recursion relations and dual superconformal invariance [139, ].

An important set of observables in these theories are the correlation functions of
gauge invariant single trace operators, aka higher-spin currents. It was found in [78]
(and as we discussed in the previous chapter) that three-point functions in general three-
dimensional CFTs involving higher-spin currents contain three pieces: two of which
are realized by the free bosonic and free fermionic theories and a third, which is parity
violating and not realized by free fields. In [121, 122] it was found that if one imposes in
addition, the Ward identities due to the slightly-broken higher-spin symmetry, the relative
coefficients of these structures get determined in terms of a single parameter. This
parameter was then related to the Chern-Simons matter theory 't Hooft coupling in [77].
Since then, there have been many attempts to compute three- and four-point correlators in
position space and Mellin space [14 1—155] and also in momentum space [38,39]. It was
subsequently realized by working in momentum space, that the parity odd correlators
can be obtained from the difference of the free fermionic and free bosonic correlators

by the so-called epsilon transform [44,45, ] as we discussed in the previous chapter.
Further, by employing the technology of three-dimensional spinor-helicity variables,
this relation becomes extremely simple [40—42]. Spinor-helicity variables also revealed

the anyonic nature of the correlators [157]. Eventually, this culminated in the analysis
of all four- and higher-point functions in the Chern-Simons matter theories [ 58] using
the slightly-broken higher-spin symmetry which will form the subject of this chapter.
Although we will not discuss it here, the implications on the bulk dual of Chern-Simons
matter theory were analyzed in [159] using these results where it was found that there
exists the possibility of a sub-sector of the theory that has a local bulk dual.

The main reference for this chapter is,

* xMapping Large N Slightly Broken Higher Spin (SBHS) theory correlators to
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free theory correlators, Prabhav Jain, Sachin Jain, Bibhut Sahoo, Dhruva K.S.
and Aashna Zade, JHEP 12 (2023) 173 [2207.05101]

3.1 The Action and Spectrum of primary operators

The theory of interest is SU(Ny) Chern-Simons+fundamental fermions (henceforth
called the quasi-fermionic (QF) theory). The action of the QF theory is,

_ K 2i
SFF,CS = / d3x(ngw + iGNVpﬁ TI‘{A”GVAP - ?ApAvAp})‘ (3.1)

We work in the large Ny — oo limit and also take the limit ky — oo keeping the
t’Hooft coupling Ay = [Z—; fixed. The spectrum of this theory includes a parity odd

A=2+ O(NLf) scalar O», conserved spin-1 and spin-2 currents J and T and weakly

nonconserved currents Jg, s = 3,4,--- withA; =s+ 1+ O(NLf)
This theory enjoys a strong-weak duality with the SU(N,) critical bosonic (CB)

theory, which is the theory obtained by flowing to the Wilson-Fisher fixed point starting
with the following action:

_ L 2i
Scp.cs = / x| D gDt + =2 (G9)? + i LTl A 0,4, — AL AA L.
Nb 4 3
(3.2)

We take the limits N, — 0,44 — oo and «x;, — oo keeping fixed f,—‘; and 1, = IZ—}’:

The spectrum of this theory includes a parity even A = 2 + O(NL;,) scalar O», conserved
spin-1 and spin-2 currents J and 7 and weakly nonconserved currents Jy, s = 3,4, - - -
with A = s+ 1 +0(NLb)l.

The nonconservation is not seen at the level of two-point correlation functions, which
take the form of the exactly conserved case, (2.18) with ¢ epen = N and ¢ 40 = NA.

Three-point functions inside and outside the triangle respectively take the form of (2.23)
and (2.48) with the coefficients are given by [122]

N N NA2
ng=—, Nodd = ——== » np = — . 3.3
I “EIER PTIT R (3-3)
We have defined,
' 2Nsm(7r/l)’
A
- A
1= tan(%), (3.4)

'A CB three point correlator with a O, insertion can be obtained via a Legendre transform of a
FB correlator with an O insertion instead of the O, operator. Three point correlators without scalar
insertions coincide in the FB and CB theory and thus we will use the labels interchangeably in such cases.
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in terms of the ’t Hooft coupling and the large N parameter. If the three-point function
is inside the triangle, then the correlator is conserved with respect to all the currents.
However, when the spin triangle inequality is violated, the odd part of the correlator
gives rise to the nonconservation. Let us now make precise what we mean by slightly
broken conservation. It is the statement that the divergence of the higher spin currents
take the form,

0-Js= é[]y]sn] +--, (3.5
N

where [JyJg-] denotes a composite operator formed out of two currents. We see that
the non-conservation is suppressed by % and thus we recover conservation at infinite
N. Due to this controlled non-conservation, we can still use this to constrain the
form of correlation functions of these currents. Before we present the details of the
computation, we shall now summarize our results using spinor helicity variables that
reveals an interesting anyonic structure of the current correlators.

3.2 Anyonic form of correlators

In this section we summarize our results. We first present some notation that we employ.
For any correlator we define,

Notation | Description
(...)or | In quasi-fermionic theory

(...)rps | In free fermionic/bosonic theory
(...)c | In critical bosonic theory
(...)oda | Parity odd correlator

(...)FF+FB | (.- )FF + {...)FB

(..)FE-FB | {-.)FF — {...)FB

Table 3.1: Notation for correlators

3.2.1 2 point function
The two point function is given by,
(JsJs)qr = N(JJs)er + NAJ T )odd- (3.6)
Using the epsilon transform (2.19) we find,
(JsJs)oF = N(JsJs)er + NA(e - JoJs)r, (3.7
which upon converting to spinor helicity variables and using (3.4) gives,
UsJsdor = %U{Jﬁw- (3.8)

The result for the (++) helicity can be found be complex conjugation.
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3.2.2 3-point functions

It was shown in [122] that for the case of three point functions in the quasi fermionic
theory we have’

(Js00)qF = N(1 + 2*)(J;00)p
<Js1]s20>QF = N<J51JSZO>FF + N/i<]‘v1-ls20>CB

N ~ -
<JS|JS2JS3>QF = T/p <JS1JS2JS3>FF + /1<JS1JS2JS3>Odd + /12<JS1JSQJS3>FB (3-9)

In the above expression the momentum labels and the indices have been suppressed for
clarity and they can be restored appropriately.

However, it was realized [44,45] that we can write the odd piece in terms of the FF
and FB 3correlators using the epsilon transform and the final answer turns out to be,

(J5;00)qr = N(1 + *)(J;, 00)kr,
<J51J520>QF = N<Js1Js20>FF + N/l(E . Jsljsz0>FF,

N ~ -
<J51JS2JS3>QF = m |:<JSIJS2JS3>FF + /l<6 : JS1JSZJS3>FF-FB + /12<J51JS2JS3>FB:| . (310)

We now convert the third line of (3.10) to spinor helicity variables. To illustrate the
result, we consider all currents to have negative helicities. Combining the FF and FB
terms, and substituting A1 = tan MTf we get,

(5,957 53 )QF =7 (J5, I 5o 53 )FE+EB + € (I T 0 T )RR FB

[nlf

O ﬂ/lf___ .,ﬂ/lf___
=Ne 2 cosT(JSIJ32JS3>pF+lsmT(J31JS2JS3>FB . (3.1

For, Ay = 0, we obtain the FF correlator and for Ay = 1, we have the FB correlator. This
shows an interesting flow between these free theory correlators.

3-point functions in terms of homogeneous and non-homogeneous decomposition

It is very interesting to see that the QF correlators can be written in terms of just the
free theory correlators. However for the three-point case it was shown in [45] that
we can make a further stronger claim by representing the correlators in terms of the
homogeneous and non-homogeneous parts [45].

It was shown in [45] that when the triangle inequality,

Si+S8j = Sk (3.12)

2Qur conventions are such that our scalar operator is related to the one in [122] as O = 10+1\le2

3When all the spins are non-zero the critical bosonic and free bosonic correlators are identical. When
we have some scalar operator then the correlation functions are legendre transforms of each other.
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is satisfied, we can define the homogeneous/non-homogeneous parts of a correlator as
we discussed in the previous chapter as,

<JS1JS2JS3>FB = <JSIJS2JS3>nh + <JSIJ52JS3>h5
<Js1J32J53>FF = <JS1JS2JS3>nh - <Js1JszJS3>h- (3-13)

We invert these relations to get

1
<Js1 JSQJS3 >nh = §<JSIJS2JS3>FB+FF’

1
<JS]JS2JS3>h = E<JS]JS2JS3>FB-FF- (314)

Thus inside the triangle inequality we can express our result for a general spinning
correlator in spinor helicity variables (3.11) as follows ,

T I T = NI T J 3 an + Ne ™Y (I 0 T3 T . (3.15)

S17827 83 S17 82753

which is an even stronger statement than (3.10) since the homogeneous and non-
homogeneous parts can be computed in just the free bosonic theory or just in the
free fermionic theory [157]. When we are outside the triangle inequality, such that
(3.12) does not hold, the only contribution is from the non-homogeneous parts [45],
1.e. both the parity even structures and the parity odd structure are non-homogeneous.
Also [45]

<JS1J52JS3>nh,FB F <JS1JS2JS3>nh,FF~ (316)

In that case the distinction in (3.13) no longer holds and we can only represent in terms
of the free theories as in (3.11) in spinor helicity variables.

3.2.3 4-point functions

Now, we turn our attention to the case of 4-point correlators.

For general 4-point correlators, we obtain the following form in momentum space

(0000)qgr = N(1 + 15)*(0000),
(J;000)qr = N(1 + 1%) ({J;000)r + A{J;000)cB),
(J5,J5,00)0F = N{J5,J;,00)g + NX(e - J;, J5,00)kp.cB + N (J;, J;,00)cs,
(J5,J5,J5,0)0F = N{J5,J5,J5;O)pr + NA(J5, J5,J5,0)cB,
N

(14_—22) <JS1JSQJA‘3JS4>FF + /i<5 : JS]‘]SQJS3JS4>FF—CB + 12<J31J52JS3JS4>CB .

<JSI‘]S2JS3JS4>QF =

(3.17)

“The results presented in this section may not be the unique solution to the SBHS equations. However,
the structure of the higher spin equations are very tight as solving for say (JJJJ) does require information
about (JJTO), (JJOO). To solve for (JJOO) we need to know the form of (TOOO). To solve for
(TOOO) we need to know (OOO0OO). Thus, we see that the solutions are highly interconnected and even
if there are more solutions to the SBHS equation, they will be extremely constrained.
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To get a more intuitive form of these correlators, we convert the above expressions to
spinor helicity variables. The general expression for an arbitrary correlator in spinor
helicity looks like °,

N Ay . Ay
(Js000)qr = — (cos (JsO0O0)gg + sin —(J;000)cB),
cos3 5L 2 2
N _imdy Ay . wdy
(J5;J5,00)0F = ————e€ 2 [cos —(J5,J5,00)FF + i sin —‘(Jlesz00>CB],
cos2 Tf 2 2
N Ay . Ay
<Js1-]s2JS3O>QF = ) (COS <Js1Js2JS3O>FF + Sin _<JS1JS2JS30>CB)’
cos =L 2 2
L imdy JT/lf o JT/lf
(I Ty I53 sy )qF = Ne™ 7 | cos T<JSIJSQJS3JS4>FF +isin T(JSIJSQJSSJM)CB].

(3.18)

It is clear that for Ay = 0, we get the expression for FF correlator. For Ay = 1 we get the
CB result. For (J;000) and (J,,J5,J5,0) at Ay = 1 we need to appropriately redefine
the correlator by absorbing the coupling constant dependent factor.

As was discussed in (3.15), in the case of three-point correlators we can get an even
stronger statement that just the FB or just the FF theory is enough to construct QF theory
correlation function. However as of yet we don’t have such a statement for four point
functions.

cocting MEhCT spiy
€oy.

KOI' 60‘\3 r
act; R
“ling higher spi™

Figure 3.1: A chart visualizing the space of theories. Exactly conserved or weakly
broken at large—N higher spin theories lie on the circle of unit radius.

The above figure summarises our finding that correlation functions in CS matter
theory are obtainable from the free theories with some anyonic phase factor [45]. For

SWe focus on the case where all currents have negative helicity for concreteness and suppress the
helicity label.
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two and three point functions we can just start with the FB or FF answer and appropriately
multiply with the anyonic phase factor to obtain the result in CS matter theory. For the
four (and higher) point case, we do require both the FF and the FB results to get the
result for the CS matter theory. We will now present the details of the computations in
order to arrive at these results.

3.3 The Slightly Broken higher spin algebra

The existence of the higher spin currents Jg, s > 2 and their associated higher spin
charges Qg ~ f dXJ lead to what are called slightly broken higher spin equations. In
particular, lets focus on the spin-4 current Jf: IH2H3H Tts associated charge is (71, is the
normal to the constant time slice on which this charge is defined),

Q1P = / d% ngJ!P7 (x). (3.19)

The associated Ward-Takahashi identity reads,

Q" 0y, T, ) = / Px(0, I (), - T, ). (3.20)

If the current is conserved, the RHS vanishes (throwing away the boundary term) and
we obtain the higher spin charge Ward identities. However, in the CS-matter theory, the

current is non-conserved at O(%) For spin-4, the divergence takes the form [158],

055y = 100,00 ()T, (x) + €uab (a0Ja(X)0p0yJp(x) + D174 (x) 00, (x) + €0y (x)DaDpJp(X)).
3.21)

The constants rg, ag, b1, co all equal % times a function of 1. Exact expressions will be
given shortly. On the LHS of the Ward-Takahashi identity, we can figure out the algebra
of Q4 with any of the spin-s currents explicitly too. Further, given the fact that the RHS
of (3.20) has a % factor, only the disconnected part of the correlator appearing inside
the integrand will contribute. This is called large-N factorization. This is to ensure
that each of the two correlators the integrand each gives a factor of N thus ensuring the
expression is of O(N). This equation can in principle be used to solve for the CS+matter
theory correlators. However, what is interesting is that we can actually avoid explicitly
solving this equation. It turns out that writing an ansatz inspired by the two and three
point functions, we can actually map this interacting theory equation to the free bosonic
and free fermionic equations at each order [158] as we will show in the next section.
Before we conclude this section however, we present the higher spin algebras for the
free fermionic and quasi fermionic theories which will be used in what is to follow. the
FF theory in three dimensions has a pseudo-scalar operator O with dimension A = 2
and an infinite tower of exactly conserved currents J; with integer spin s and dimension
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A = s + 1. The algebra of charges O3 and Q4 with O and J; is as follows :

[0, O] = €uap 38,07, (3.22)
[qu, Jp] = Eo-p('uav)aa-O + i@(#T,,)p + 8pT,N, (3.23)
[Quv-Tapl = PuPvPalp + PuPpPaty + 8uvPaPilp + Pulvap: (3.24)
[Qvp> O] = 8,0,0,0 + 8,,,0,00 + €,4450,34 Ty, (3.25)

[Qvp> Ja] = @ du0y0p)Ja + b 00010y J ) + Bad (uvp)
+ 8(uw0p) Do + 8y0e0Jp + C8a(u0yOJ ), (3.26)

[Q,uV,D’ T(x,B] = bl(’)lu(?vapTaﬁ + bzaﬂavaanﬁ + b36ﬂjvpaﬁ + b40(l‘],uvp,8- (3.27)

and in the case of QF theories, the non-conservation for J3 and J4 are given by

8(,J§V =adJ,)0 + bJ,0,)0, (3.28)
GUJ/‘pr =r90,0(x)T,,(x) + eﬂab(aoJa(x)(')p('),,Jb (x) + b1Ja(x)0,0,J,(x) + eko(x)(')aapr(x)).
(3.29)

here the several factors { f;, b; } are no longer constants but pick up a A dependence. The
precise values are given as follows,

3 A 2 A
a=——=——=—, =,

5N 1+ A2 5N 1+ A2

480 1 512 1 128 1
ro=———, = -, = —= =
OT N1+ YT 3N 1+ P3N 1+ 2

64 1 128 1

L A AL 3.30
=% " TaRien (3-30)

The algebra for the slightly broken HS theory is also slightly modified where the
coeflicients may or may not pick up a dependence of the coupling constant.

[Qyuv> O] = c1€uap 8°0,J”, (3.31)
1
[Q,N, Jp] = —1 T 6260-/3(/1(9,,)60-0 + C3(9(/1T,,)p + C48pT#V, (3.32)
[Qﬂyp, O] = alayayapo + azgﬂyapDO + a3f,uabavaapra (3.33)
[Q#Vp, Ja] = b 8(#(%8[))]@ + by aaa(ﬂay.]p) + b3aa,.](w,p)
+ 8(uv0p)OJo + 8uv0o,0Jp + C8a(u0y0J ), (3.34)

[Q,uV,D’ Ta’g] = blaﬂavapTaﬁ + bzaﬂavaanﬂ + b3aﬂfvpa,3 + b4aoz-],uvp,8- (335)

the precise values of all the {a;, b}, ci } sometimes cannot be determined but it is usually
not required. The only information we know about these coeflicients is if they are
modified for SBHS theories. For A = 0, this algebra is that of the FF theory whereas at
infinite A it becomes that of the CB theory where the only difference is that the scalar O is
even under parity unlike the FF theory. Our aim in this chapter is to map the correlation
function in SBHS theories to the free theories which does not require explicit knowledge
of these coeflicients.
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3.4 Mapping Slightly broken HS correlators to free the-
ory correlators

In the previous section we saw that the results in the QF theory can be written in terms
of the FF and FB theory results. In this section we outline the methodology which maps
correlation functions in SBHS theories to the free theories. In the next section we show
how our methodology works explicitly.

We make use of the SBHS equation following [122] to compute the result for corre-
lation functions. Our method can be summarized by the following steps::

Step 1: Choose an appropriate charge operator and a seed correlator to write down the
higher spin equation in the interacting theory, say the quasi fermionic theory.

Step 2: Repeat the same for the free and critical theories.

Step 3: Write down the ansatz for each correlator that appears in the slightly bro-
ken higher spin equation in the interacting theory.

Step 4: Map the equations that are at the lowest O(A°) and highest orders in the
coupling to the free fermion and critical bosonic theories respectively. This helps us
identify the contributions at the lowest and highest orders as the ones from the free and
critical theories, respectively.

Step 5: Write the pole equations which are obtained by expanding the HSE around
A = +i to obtain the remaining unknowns in the ansatz °.

Step 6: Plug back the solution in the higher spin equation and map it to a linear
combination of the equations in the free and critical theories ’.
The above map allows us to identify the unknowns in the ansatz of the interacting theory

correlator purely in terms of the FF and CB theory results.

3.5 Examples of the general principle

351 (JJO)or

As discussed earlier in (3.9), (J,JgO) in the QF theory has an odd part. In our analysis
we make use of higher spin equations and follow the steps given at the end of section
34.

Step 1: We choose the charge operator and the seed correlator to be Q3 and (JOO)
respectively to write the following HSE in position space [39]

®For certain correlators such as (JJJJ) it turns out that the pole equations are not sufficient and one
has to resort to the higher spin equations at intermediate orders in the coupling to extract out the remaining
unknowns.

For the case of four-point functions, spinor-helicity variables are extremely useful at this step since
the map between parity even and odd parts of the HSE is much more transparent in these variables.
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([Quvs Ja (x1)]10 (x2) O (x3))qF + (Jo (x1)[Qpv> O (x2)]O(x3))qF
+ (Jo (x1) O (x2) [Qpyv» O(x3)])qF = /(aafgy(x)fa(xl)O(Xz)O(X3)>QF- (3.36)

We utilize the higher spin algebra (3.33) ® and the current non conservation for J v
(3.29) in the HSE (3.36). We then perform an integration by parts and use the large
N factorisation of the 5-point correlator that appears on the RHS. After a subsequent
Fourier transform of the HSE we obtain the following HSE as an algebraic equation in
terms of the correlators of the interacting theory

P1(u{Ta(P1)O(P2)O(p3))qF + P1a{Tuy(P1)O(p2)O(p3))qF

+ (6(uabp2ap2v) Ja(p)Ip(p2)O(p3))or + {2 & 3}) (3.37)

A
= (TZZPZ(;JPZ<JQ(]71)JV) (P2)O(p3))qr +{2 < 3} )
where the notation p(,T,), denotes u, v symmetrisation of py,7,,. We note that Fourier
transforming (3.37) gets rid of the integral on the RHS of (3.36) and thus makes it easier
to factorise the resulting 5-point function [39].

Step 2: We now write down the corresponding HSEs for the FF theory

P1(u{Ta(P1)O(P2)O(P3))rE + P1a{Tu (P1)O(P2)O(p3))FF

(3.38)
+ €(uabP2aP2v) <Ja(p1)Jb(p2)0(p3)>FF + {2 < 3} =0.
and the CB theory,
P1u{T)a(P1)O(P2)O(p3))cB + c2P1a{Tuy(P1)O(p2)O(p3))ce
= pauP2{Ja(P1)])(p2)O(p3))cB + {2 < 3}. (3.39)

Step 3: We consider the following ansatz for the correlators that appear in the HSE
(3.37) [122]

(Tya (P1)O(p2)O(p3))qr = N(1 + ) (Te (p1)O(p2)O(p3) e,

(Ja(p1)Is(p2)O(P3))aF = N{Jo(p1)Js(p2)O0(p3))y, + NAJo(p1)Jp(p2)O(P3)Yodd-
(3.40)

where (Jo (p1)J(p2)O(p3))y, and {(Jo (p1)Jp(P2) O (p3))odd are the unknown parts that
we wish to find. The HSE (3.37) can then be written at different orders in the coupling.

Step 4: At O(A°) of (3.37) the HSE is identical to the FF theory equation (3.38)
which gives

Ja(P1)I(p2)O(P3))y, = (Jo(P1)Ip(P2)O(P3))FF- (3.41)

8We keep the coeflicients in the algebra arbitrary since fixing them will not affect our computation.
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Similarly, the highest order equation, namely the one at O(A?) is identical to the CB®
equation (3.39). Thus, we identify

Ja(p1)Ip(P2)O(P3))odd = (Ja(P1)JIp(P2)O(P3))cB,
(T (p1)O(P2)O(p3))rr = (Tva(p1)O(p2)O(p3))cB. (3.42)

Step 5:We now write the pole equation. We expand (3.37) around the pole 1 = +i
to get the following pole equations

€(uabP2aP2v){Ja (P1)Ib(P2)O(P3))odd + {2 © 3} = paup2{Ja(pP1)J,)(P2)O(p3))EE + {2 © 3},

€(uabP2aP2v)Ja (P (P2)O(p3))rr + {2 © 3} = p2up2{Ja(P1)Jy) (P2)O(P3))odd + {2 & 3}.
(3.43)

which helps us identify the unknown correlator (J, (p1)J,(p2)O(p3))odd in terms of the
same correlator in free theory [44, ]

(Jo(P1)Jy(P2)O(P3))odd = pizfvab P2a {Ja(P1)Ip(P2)O(P3))FE. (3.44)

The expression for (JJO)yqq obtained from (3.44) is consistent with the results obtained
using perturbative techniques in special kinematic regimes [77, 129] and by solving
conformal Ward identities in momentum space [44, 1. 10

Step 6: We now use our results to map the SBHS equation to the free theory HSE.
To do this, we use (3.44) and substitute it back into (3.37) and see that the remaining
HSE maps to the free theory equation. Thus we see that the solution for the odd piece
that we obtained from the pole equation is consistent with the HSE at any order.

This confirms the result obtained for (J,(p1)Jg(p2)O(p3))oda in (3.43). Thus we
have completely determined the 3-point spinning correlator (J, (p1)Jg(p2)O(p3))odd in
the interacting theory purely in terms of free theory correlators i.e

Beb P2 1 (1) (p2) O (p3))r.

(3.45)

(Ja(P1)Js(p2)O(p3))aoF = N(Ja(p1)Js(p2)O(p3))rr + NA

Now in spinor-helicity we have (e - JJO) — +i(JJO) depending on the helicity. Thus
the final expression becomes,

iN(1—e ™)

(JJO)qr = N(1 +id){(JJO)pr =
ﬂ/lf

(JJO)FF. (3.46)

We note that the expression of the correlator picks up an anyonic phase when we express
the full correlator only in terms of the FF theory correlator.

This is because the CB theory is obtained in the limit 1 — co of the quasi fermionic theory.

10We note that (3.44) is one of the solutions to (3.43) where we ignore {2 < 3} exchanges. We will
adopt a similar strategy while computing 4-point functions where we again ignore such permutations.
However as we shall see, pole equations are not sufficient to get the odd piece in case of certain 4-point
functions and we will then have to make full use of the slightly broken HS equations and provide a
consistent solution to the higher spin equation.
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352 (TTT)or

In this section we will make use of the HSE to obtain the odd part of (TTT) in the QF
theory. As before we follow the steps presented at the end of section 3.4.

Step 1: We choose the charge operator and the seed correlator to be Q4 and (OTT)
respectively to write the following HSE in position space

<[Q/JVp9 O(xl)]T(tﬁ(XZ)Tyﬂ(XS))QF +(0(x1) [vap, Ta,B(xZ)]T)/O(XS)DQF

+ (O (x1)Tap(x2)[Quvp, Tyo (x3))qF = /<60'J;4Tvp(x)0(xl)Tafﬁ(x2)Tyé)(x3)>QF~ (3.47)

We make use of the higher spin algebra (3.33) and (3.35) along with the current non
conservation (3.29) to obtain the following HSE in momentum space,

PiuP1vP1p) O (P1)Tap(P2)Ty6(P3))QF + €uabP1aP1v{Tbp) (P1)Tap(P2)Tyo (P3))QF

+ (pZ(up2vp2p)<0(p1)Taﬂ(p2)Ty€)(p3)>QF + P2(uP2v P20 (P1)Tp)p(P2) Ty (P3))gF + {2 & 3}

1+ 22

P1uP1{Typ)(P2)Tap(P2)Tyo(P3))QF + | P2(u{Tvp) Tap)Qr{O(P1)O(p2)T,6(P3))QF

+{2 o 3}) . (3.48)

Step 2: We now write down the corresponding higher spin equation for the FF theory

P1(uP1vP1p)y{O (P 1)Top(P2)Tyo(P3))kE = €uabP1aP1v{Thp) (P1)Tap(P2)Tye(P3))FF

+ (P2(uP2vP20) (O (P 1) T (P2) Tyo (P3))EE + P2(uP2vP22{0 (P1)Tp)p(P2) Ty (p3) e + {2 & 3}) = 0.
(3.49)

and similarly for the CB theory,

P1uP1vP1p) O (P)Tap(P2)Tyo(p3))cB + (P2(uP2vP2p) (O (P 1) Tap(P2)Tyo(p3))cB
+D2uP2v P20 (P 1) T s(p2)Tye(p3))ce + {2 © 3})

= [pl(upl<Tvp)(pl)Taﬁ(pZ)Tye(p3)>CB + [ P2(u{Tvp) Tap)r{O (P1) O (p2)Tye(p3))cB

+{2<—>3})

(3.50)

Step 3: We consider the following ansatz for the correlators that appear in the HSE
(3.48) [122]

(O(p1)O(=p1))ar = N(1 + A%)(0(p1)O(—p1))er,
(O(p)Tap(p2)Tya(p3))ar = N(O(p1)Tap(p2)Tye(p3))er + NACO (p1)Tap(p2)Tye(p3))cs,

<Tpo'(pl)Ta,B(pZ)TyH(pS))QF = N%/p [(Tp(r(pl)Taﬁ(pZ)T)/G(p3)>Yo

+22<Tp0'(pl)Ta,B(p2)T79(P3)>Y2 + /1<Tp0'(pl)Ta,B(p2)T79(P3)>0dd] .
(3.51)
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Our goal is to determine the parity odd part of (TTT), viz. (Tyo(P1)Tap(P2)Ty6(P3))0dd
in terms of the free theory correlators. We can now write the HSE at various orders in
the coupling constant.

Step 4: At O(1°) of (3.48), the HSE is identical to the FF HSE (3.49) which gives

<Tp0' (pl)Taﬁ(pZ)TyO(pS»Yo = <Tp0'(p1)Ta'B(p2)T79 (p3)>FF- (352)

Similarly, the highest order equation namely the O (1°) is identical to the critical bosonic
equation (3.50) since the CB theory is the 1 — oo limit of the QF theory. This happens
after we identify

<Tpcr (pl)Taﬁ(p2)Ty9(p3)>Y2 = <Tp0'(p1)Ta',B(P2)TyG (p3)>CB- (3.53)

Hence we get 2 of the 3 unknowns.
Step 5: To find the third unknown we expand (3.48) around the pole 1 = +i to get
the following pole equations

€uabP1aP1v{Tbp) (P1)Tap(P2)Tyo(P3))odd

= D1(uP1 (<Tvp) (P1)Tep(P2)Ty6(P3))FB — <Tvp(P1)Taﬁ(P2)Ty9(p3)>FF),

E(uabplaplv(<pr) (P)Tap(P2)Tyo(p3))rB — (Tpp) (pl)Taﬁ(pZ)TyG(P3)>FF)
= 1P 1{Tvp) (P1)Tap(P2)Tye(P3) )odd- (3.54)

which helps us identify the unknown correlator (7., (p1)Top(P2)Ty6(P3))odd in terms
of the same correlator in the free theories. Thus from (3.51), after contracting with
I1,,(p1) and p1, we get (TTT )oqq to be

<Tyv (pl)Ta/ﬁ (p2)Ty0 (p3)>0dd

1
= p_lfyabpla (Tpy(P1)Tap(p2)Tyo(P3))eB — (Thp)(P1)Tap(p2)Tye(P3))FE |(3.55)

Step 6: We now use our results to map the SBHS equation to the free theory HSE.
We use the expression for (TTT)oqq and substitute it back into the O (1) and O(1?)
equations and see that they map to the free theory equations. Therefore we see that that
our solution for (TTT),qq obtained from (3.55) solves the entire higher spin equation
and is also consistent with results obtained in [44, ]. The same can also be obtained
by solving conformal Ward identities in momentum space. Thus we have seen that in
the QF theory the correlator (TTT) is given by

N
TTT)or = _
< JoF 1+ A2
N (TTT) + -2 (TTT) + 24
2 FF+FB 1 N /12 FF-FB 1 N 12

((TTT)pr + ATTT Yoaa + A(TTT)rp)

<6 . TTT)FB-FF (356)
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Now in spinor-helicity variables we have (€ - TTT) — i(TTT) (focussing on the case
when all stress tensors have negative helicity for illustrative purposes) and thus

(TTT)qr = % (<TTT>FF+FB ; (

N
2

1+id
1—il

) <TTT>FF-FB)

(TTT)sesrn + e ™ (TTT )i ) (3.57)

Thus we see the presence of an anyonic phase yet again in the expression for the
correlator. There is one more representation which makes the duality manifest

_ —iﬂ'ﬁ ﬂ/lf .. ﬂ'/lf
(TTT>QF =e 2 |cos T(TTT)ﬂ: +181n T(TTT>FB . (358)

Note that at Ay = 0 it gives the FF and at A = 1, it gives the FB answer.

353 (TOOO)gr

To start with, we look at the simple example of (TOOO )qr. The result of this part was
obtained first in position space by [ 151], in momentum space in [39] and in Mellin space
in [152]. Below we work in momentum space.

Step 1: We choose the charge operator and the seed correlator to be Q4 and (OO0O)
respectively. Then we make use of the higher spin algebra (3.33) and (3.35) along with
the current non conservation (3.29) to obtain the following HSE in momentum space '!

P1uP1vP1p{0000)GE + g(uvP1p)PT{O000)QE + €ap(uP1vP1a{Thp)O00)qF
+{l o2} +{l &3} +{l &4} =Ap1wp1{T,,)000)gr + {1 & 2} + {1 & 3} + {1 & 4}.
(3.59)

Step 2: We now write down the corresponding higher spin equations for the free theory

P1uP1vP1p{O000EE + &(,vP1p)P1{OOOO0VEE + €app(uP1vP1a{Tpp) OO0 )gr

+{leo2}+{lo3}+{l 4} =0. (3.60)

and similarly for the CB theory,

P1(uP1vP1p){0000)CB + 8P 1) PT{O000)cE + {1 & 2} + {1 & 3} + {1 & 4}
= pl(uP1<Tvp)000>CB +{l &2} +{l & 3} +{1 < 4}.
(3.61)

Step 3: We consider the following ansatz for the correlators that appear in the HSE
(3.59)

Y 72 1
(TOOO)qr = N(1 + °)({TO00)y, + KTOOO)y, |, (3.62)

(0000)qr = N(1 + 12)({0000)gg + *{0000)cp).

! Strictly speaking, we should have the constants from the algebra appearing in each term of the LHS
but since our aim is only to map the SBHS HSE to the free theory HSEs, we do not need to fix these
constants to their numerical values. All we had to do was fix their 1 dependence.
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Step 4: At 0(A°) of (3.59) we obtain the HSE to be identical to the FF theory equation
(3.60) which gives

(TOOO)y, = (TOOO ). (3.63)

Similarly, the highest order equation( O (1*) ) is identical to the CB equation (3.61) since
the CB theory is the 1 — oo limit of the quasi fermionic theory. This happens after we
identify

(TOOO)y, = (TOOO)ck. (3.64)

Step 5: We expand the HSE (3.59) around the point A = +i and obtain the following
pole equations

€ab(uP1vP1a{Tpp)O00)FF + {1 & 2} + {1 & 3} + {1 & 4}

(3.65)
= pl(upl<Tvp)OOO>CB + {1 A 2} + {1 o 3} + {1 A 4},

and

€ab(uP1vP1a{Tpp)000)cB + {1 & 2} + {1 & 3} + {1 & 4}

(3.66)
= pl(#p1<Typ)000>FF + {1 > 2} + {1 — 3} + {1 > 4}.

One can check again that (3.66) can be mapped to FF and CB equations. In momentum
space it looks complicated to map the above equation to FF and CB equations as it
requires some epsilon transforms. However, going to spinor helicity variables solves
this problem as in spinor helicity variables the epsilon transform becomes trivial 2.
Step 6: Considering different order equations of (3.59), it can be shown directly in
momentum space that

HSE at O(1%) = FF HSE+CB HSE. (3.68)

The O(1) equation which is the same as the 0(/f3) equation is the same as an epsilon
transform of the difference between the FF and CB equations. To see this we move to
spinor helicity variables where it is easily seen. Thus we get,

HSE at O(1) = HSE at O(1*) = +i(FF HSE-CB HSE). (3.69)

Thus we obtain the following form for (TOOO) in the QF theory in spinor helicity
variables

(TOOO)gr = N(1 + ) [{TOOO)gs + H{TOOO)cp (3.70)

120ne possible solution to these pole equations is
€ab(uP1vP1a{Thy)O0O0)rF = (T}1,) 000 )cB. (3.67)

We chose this solution such that equation (3.65) is satisfied individually for each permutation. A direct
verification of this result requires a proper analysis of the contact terms which we leave for future works.
However, we note that certain HSEs demand that this individual equivalence such as that of (TTTO). It
is easy to check that using naive bootstrap argument involving single trace operator only, one gets (3.67).
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Using the same procedure, we can also generalize the above result for correlators
with arbitrary spin as follows in spinor helicity variables.

(J;000)qr = N(1 + 1% ({(J;000)gg + A{J;000)cp). (3.71)

One can check the consistency of the result using the following argument: If we consider
the divergence of the correlator,

(8- J;000)qr = (1 + 12) ({8 - J;000)px + (8 - J,000)cp). (3.72)

due to the nonconservation of J; the left hand side is nonzero while in the RHS the free
theory contribution drops out but the CB term is nonzero due to its nonconservation
which is exactly the same as the left hand side. One can carry out a similar analysis
for more general current correlators as we have in [158] finding the results summarized
earlier.

3.6 Summary of this Chapter

In this chapter, we have developed a methodology to systematically solve SBHS equa-
tions for spinning correlation functions. Our solution involves mapping the SBHS
theory correlation functions to the free theory correlation functions. We demonstrate
our procedure first with three point functions which reproduce known results. We then
apply our methodology to four point functions of spinning correlators. We show that
the four point functions take on a remarkably simple form and can be mapped to the free
theory correlation functions. Our analysis in this chapter demonstrates the usefulness
of momentum space or spinor helicity variables to deal with slightly broken HSEs. Our
main strategy was to map the slightly broken HSE to exactly conserved HSEs which in
turn maps the interacting correlation functions in terms of the free theory correlators'>.
In contrast, the usual position space approach is extremely complicated especially for
four and higher point functions since the slightly broken higher spin equations are
complicated higher order integro-differential equations [!22], whereas our momentum
space analysis was purely algebraic. There are many interesting future directions such
as direct perturbative computations to verify these results such as the recent work [160],
finding a description that makes the anyonic nature of current correlators manifest, an
extension to supersymmetric Chern-Simons matter theories and understanding correla-
tors beyond the conformal fixed point and beyond large N. A better understanding of
their bulk duals is also desirable. Although we have not discussed it in this chapter, the
coupling constants that parameterize the current correlators are constrained by boundary
micro-causality and the analysis of the three point functions show that they saturate the
bounds [45]. Via AdS/CFT, this indicates that the bulk dual is a causal theory. The bulk
theory however, has issues of non-locality [ 159, 161] which gives us a natural entry point
to the next chapter where the goal is to find a local tractable bulk dual to a sub-sector of
Chern-Simons matter theories.

13We should emphasize that slightly broken HS equation can have more solutions. We checked some
more possibilities but they all lead to inconsistencies. At the level of three point functions, the answers
are unique as can be verified directly by using conformal symmetry [42].
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Chapter 4

Holography of Chiral Higher Spin Theory

AdS/CFT duality [7, 162, 163] was born inside string theory and extended later with
many examples that are not necessarily easy to embed into string theory. Most generally,
AdS/CFT is the relation between theories of quantum gravity with negative cosmological
constant and CFTs. Even more generally bulk theories can be dual to ensembles of CFTs.

AdS/CFT is often applied as a “knowledge transfer” tool to deduce some nontrivial
properties on one side of the duality from another one. One can also combine pieces
of information coming from both sides of duality. Nevertheless, for many reasons it
would be important to have an example of a simple AdS/CFT duality where both sides
are easy to define independently of each other and are simple enough to compute any
relevant observable as a matter of principle. Ideally, this should lead to a direct proof of
the holographic duality in such cases, which should shed more light on the mechanism
of AdS/CFT and on the quantum gravity problem.

It has been surprisingly hard to establish such simple AdS/CFT pairs, if we consider
the canonical stringy dualities to be beyond technical capabilities to explore them in
the whole space of couplings. For example, the supergravity limit where string theory
is tractable corresponds to the regime of classical tensionful strings. Even putting the
string loops aside, the opposite regime of tensionless strings is surprisingly hard to
understand. In the canonical example of Type-IIB strings on AdSs x S° the tensionless
limit corresponds to the weakly coupled N = 4 SYM [164-169], i.e. a simple regime on
the CFT side, but it has so far been difficult to take the tensionless limit directly on the
string side.! The tensionful limit, on the other hand, corresponds to the strongly coupled
SYM and can only be understood thanks to the integrability, see e.g. [171], which still
gives access to a limited set of observables at present and is also hard to extend beyond
the large-N limit.

A natural idea to find tractable AdS/CFT pairs is to look for CFTs simpler/smaller
than SYM and for bulk theories that are simpler than string theory. Among the latter, it
is hard to find potentially UV-complete theories since it is related to the quantum gravity
problem”. Some examples that have extensively been studied over the years include
3d-gravity as Chern-Simons theory, SYK, and JT models. Here, higher-spin gravities

'Tt has been possible to directly land on the tensionless limit worldsheet theory in the case of string
theory on AdSs, see e.g. [170].

21t is possible to consider examples without a dynamical graviton, e.g. just the ¢* theory in AdSy,
thereby avoiding the quantum gravity problem. On the CFT side, one has to look for CFTs without the
stress-tensor, which is not impossible, e.g. the long-range Ising model.
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could be of some help. On the CFT side, the smallest possible conformal field theories
are 3d vector models, in particular the O(N) vector model, which describes second
order phase transitions of many physical systems, e.g. the Ising critical point.

The space of 3d vector models can be substantially enriched by gauging some
global symmetries therein and adding the Chern-Simons term, which results in Chern-
Simons matter theories. One can also add supersymmetry and pass to models with
bi-fundamental matter that extends to ABJ(M) theories [ 172, 173]. Remarkably, Chern-
Simons matter theories are related to each other by a web of dualities, see e.g. [77,

, , , —176], of which, perhaps, the most remarkable is the 3d bosonization
duality [77, , ] since it remains to be nontrivial in the large-N limit.

Since (Chern-Simons) vector models are the smallest 3d CFTs it is natural to ask
how the AdS/CFT dual thereof can look like [177—179]. In the large-N limit, it is easy to
see the signs of an infinite-dimensional extension of conformal symmetry, called higher-
spin symmetry. Itis immediately visible in free vector models. One manifestation of the
higher-spin symmetry is the presence of infinitely many conserved higher-spin tensors,
Ja,...a,» Oof which the stress tensor is a particular member. By the standard AdS/CFT
dictionary a spin-s conserved tensor is dual to a gauge/massless spin-s field on the AdS
side. Therefore, the dual theory must feature an infinite multiplet of massless fields
with spins from O to co. Theories with massless higher-spin fields had been studied
long before AdS/CFT correspondence and are usually called higher-spin gravities, see
e.g. [180] for areview and e.g. [181—185] for the first results in this direction.

Many properties of higher-spin gravities can be deduced before even constructing a
theory. A pro example of AdS/CFT correspondence is the Flato-Fronsdal theorem [181]
that, in the modern language, states that the single trace operators in the free vector model
are dual to the spectrum built from massless fields of all spins. However, constructing
interactions faced a number of difficulties, the main being that higher-spin symmetry
mixes spins and derivatives, thereby, rendering any generic higher-spin gravity too
non-local, see e.g. [161, 186—-191]. There are very few exceptions: topological 3d
higher-spin gravities [192—198] and conformal higher-spin gravity [199-201]. The
former do not have propagating degrees of freedom and the latter extends conformal
gravity. The AdS/CFT itself implies that the holographic duals of vector models do
not obey the usual locality assumptions in field theory [161, 187, 188, 190] and, hence,
cannot be constructed by following, say, the Noether procedure. Nevertheless, certain
structures that are stable under nonlocal field-redefinitions can be formulated as an L-
algebra or as formally consistent classical equations of motion [202-210] and the dual of
free/critical vector models can, in some sense, be reconstructed [211, ]. The former
leaves infinitely many coefficients unfixed and does not allow for systematic holographic
calculations, while the latter does not give an independent definition of the bulk theory
and cannot at present be extended to Chern-Simons matter theories.

Therefore, it turns out that simple CFTs, like free vector models, do not have simple
holographic duals in the sense that the bulk theories have to be too nonlocal for the
standard field theory rules to apply and new techniques are yet to be developed to
construct and deal with them.

A new impulse into this puzzle came from the flat space, an unusual place for
AdS/CFT duality, when it was shown that there exists a local theory with the required
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full CS-matter

Figure 4.1: Chern-Simons vector models vs. higher-spin gravity: the structure of
AdS/CFT duality. The spectrum of fields/operators is the same (free theory in the
bulk/2-point correlators on the boundary). (Anti)-chiral sectors together cover all cubic
vertices/three-point functions. There are non-chiral parts at higher orders.

spectrum [213—215] — chiral higher-spin gravity. It was conjectured already in [215]
that there should exist a smooth deformation to (A)dS4, which was constructed later
in [143,216-218]. The theory can be interpreted as a higher-spin extension of both
self-dual Yang-Mills and self-dual gravity. It was shown to be at least one-loop finite
[219, ]. It is also integrable at least in flat space [ 189]. Therefore, there exists a tame
theory in AdS4 with the right spectrum to be dual to Chern-Simons matter theories.
However, it cannot be dual to the full Chern-Simons matter theory. For example, the
chirality of interactions is such that the sum of helicities must be positive (or negative
for the anti-chiral theory) at each cubic vertex.

Given there is a well-defined (anti-)chiral higher-spin gravity in AdS4 we can apply
the AdS/CFT correspondence to conclude that there should exist two closed hidden
subsectors in Chern-Simons matter theories that are consistent on their own.

Another simple consequence of there being an AdS theory is the 3d bosonization at
the level of 3-point correlators [143]. Indeed, chiral and anti-chiral interactions form a
complete basis of cubic interactions and all the couplings are completely fixed in each of
the sectors. Therefore, in order to bootstrap the 3-point correlators in a theory with the
same spectrum of higher-spin fields, one needs to see how to glue (anti-)chiral pieces
together. The gluing depends on one phase-like parameter that gives the structure ob-
served by Maldacena and Zhiboedov in [122]. Beyond 3-point (anti-)chiral interactions
do not cover everything possible, but see [22 1]. The structure of the duality is illustrated
on the figure.

Since chiral higher-spin gravity is a perturbatively local field theory, one can directly

compute holographic correlators to define the hidden subsectors of Chern-Simons matter
theories. However, it would be important to identify the hidden sectors directly on the
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CFT side. This is what we attempt in this chapter. Crucial ingredients for our analysis
are the epsilon transform and the usage of three-dimensional spinor-helicity variables
which together manifest the anyonic nature of correlation functions. We shall show that
taking appropriate limits of the 't Hooft coupling of the theory projects us into a chiral
or anti-chiral sector at the level of three-point correlators. We also derive some simple
constraints for the structure of higher-order correlators and loop corrections from the
bulk. The loop corrections are shown to truncate at a finite order in 1/N-expansion,
which makes the latter convergent. All of this paves the way to constructing exact
models of AdS/CFT correspondence. The reference for this chapter is,

* xHidden sectors of Chern-Simons matter theories and exact holography, Sachin
Jain, Dhruva K.S., Evgeny Skvortsov, Phys. Rev. D 111(2025) 106017 [2405.00773]

4.1 (Anti-)chiral limit for Chern-Simons matter theory

Our goal in this section is to find a closed subsector of Chern-Simons matter theories
that is dual to (anti-)Chiral higher-spin gravity in AdS4. We focus on the QF theory.
However, it is a simple matter to extend the analysis to follow to the other slightly broken
higher spin theory, that is the theory of Chern-Simons+fundamental bosons.

The limit that we take to reach the (anti-)Chiral theory should be a nonunitary one
as the (anti-)chiral bulk theory is nonunitary. To find out the correct prescription, we
begin by analyzing correlation functions of the single trace primary operators in the
Chern-Simons matter theory.

Before we proceed, let us set the notation straight. In contrast to [1 58], we normalize
our single trace operators such that their two-point functions are O(1), with an additional
rescaling as follows:

-, PRald .
Jo = \/]_VJS_
i 9
0,=%0,. 4.1

where 6§ = ”—2’1 and A = % is the 't Hooft coupling in the Chern-Simons matter theory. Note
that the rescaling of the currents is different for their positive and negative components.
For real 6 this is required as J; and J; are complex conjugates of each other. However,
if we complexify 6 this is no longer true and J; and J; become independent quantities.
Finally, we define for convenience,

i in 26 i
N = 2NSH219 , 1= tan6. 4.2)

We now state two limits that, as we shall show, project us into the anti-chiral or chiral
sectors.

0

VN

anti-chiral limit: (N — oo, A — —i = § — —ico) with

= 8ac> (4.3)
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and,

-i6
chiral limit: (N — 00,1 — i = § — ico) with e_~ =gec. 4.4)

VN

Let us begin by investigating the consequences of these limits for two-point functions.

4.1.1 Two-point functions

The two-point functions of the spin-s currents in the QF theory are given by,

<JSJS>QF = (Jst>even + /i<‘]s-]s>0dd s 4.5)

where the odd piece is given in terms of the even one through an epsilon transformation as
we discussed in chapter 2. In spinor-helicity variables, the correlator takes the following
form in the two nonzero helicity configurations (note that this and all other expressions
in spinor-helicity variables are after the rescaling (4.1)):

(Js I or = (1= i) T Veven
,<js+js+>QF: (1+i/i)<-]:~]:>even~ (4-6)

Let us now take the limit  — —i in (4.6). In this limit, only the (——) configuration
survives. We obtain,

e o 12)2s
lim (T T )0 = 2077 Yeven = 2920
A——i p
lim (J§ T )or = 0. 4.7)

A——i

Similarly, as 1 — i, we obtain only the (++) helicity configuration. The story for the
scalar two-point function is simple: it reads,

(0202)0F = (0202)FF . 4.8)

Let us move on to the three-point case where we can test this limit further.

4.1.2 Three-point functions

We will show that (4.3) and (4.4) do indeed produce (anti-)chiral three-point functions.
Let us begin with correlators that are inside the triangle.
Spinning correlators inside the triangle

Example 1: (TJJ)

This correlator is given by,

(TJJ)oF = ((TJTypF + A €-{TII)Fr-Fg

VN(1 + 22)
+ A(TJJ)Fp). (4.9)
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Using our results for correlators inside the triangle (2.44) with n ¢, n; and neqq given in
(3.3), we obtain the expression of this correlator in the eight helicity configurations:

i0 —-i6
dJJy = i/ﬁq—rmh, (T+TH Ty = eﬁmﬁmh
i0 —i0
Ty = (0T T (T T = e T
i0 —-i6
Ty = T Y (T = S T
(T-J*T) =0 ATYJ"J7)y=0. (4.10)

Let us now take the anti-chiral limit defined in (4.3). In this limit we obtain,

(TT T =8aeXTJ I I, (T*J*J*) =0,
(TT T = gaclT I T Vi, (T*J*J7) =0,
(T TT7) = 8aeXT T i » (T*J-J*) =0,
(T-J*J" =0, (T*J-J7)y =0. 4.11)

Equation (4.11) contains only the net negative helicity configurations of the correlators
and is precisely the definition of the anti-chiral sector, showing that the limit (4.3) is as
we desired. One point to note is that if we had not re-scaled the currents as in (4.1), we
would only have been able to retain the (— — —) helicity configuration. However, with
the rescaling, we are able to obtain the full anti-chiral sector viz (4.11). Let us consider
another example now to further illustrate and validate (4.3):

Example 2: (TTT)

This correlator is given by >

(TTT) = — ((TTT)pr + € - {TTT)pp_rp + A>(TTT)rp). (4.12)

1
VN(1 + 12)

Using (2.44) and (3.3), we see that this correlator in the eight helicity configurations
reads

i0 -if0

i f/—I_V(T_T‘T_)h, (THTHT = eﬁmﬁmh
T — =t eig + T+t e_ig +7+
T TTY=—"T T TYp, TTT")y=—TT T )i
VN VN
g P o eif
(T°T*°T™) = ﬁ<T_T+T_>nh’ (T°T°T") = W<T+T_T+>nh
o~ o~ eia o e*i()
T*T"T7) = ﬁ<T+T’T’)nh, {T~T°T*") = W(T’T*T*},,h. (4.13)
3There can, in principle, exist a parity odd nonhomogeneous contact term. If we allow for such
contributions, (TTT )up even can be cancelled out by (TTT)up 044 in the (— — —) and (+ + +) helicities

as can be seen given the expressions in [42]. However, for correlators such as (T'JJ), there is no
nonhomogeneous parity odd contact term possible and thus our parity even contact term analysis in
chapter 2 is essential.
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Taking the anti-chiral limit (4.3) we obtain only the anti-chiral helicity configurations
as desired:

(TTT7)=8ac{T T T ), (T*T*T*) =0

(TT°T) = gaeXT T T Vi (T*T*T7) =0

<T_T+T_> = gac<T_T+T_>nh s <T+T—T+> =

(TYTT7) = gueT T T Y, (T"T*T*) = 0. (4.14)
We note that if the nonhomogeneous correlator was nonzero in the (— — —) helicity

configuration, we would have a contribution of the form %(T‘T‘T‘ Yuhn Which would
be exponentially enhanced compared to all the other helicity configurations in the anti-
chiral limit. It being zero via the addition of contact terms like (2.36) is essential to
obtain a uniform scaling for all the anti-chiral helicity configurations as in (4.14).

Let us now consider a correlator outside the triangle and investigate if our findings
carry over.

Spinning correlators outside the triangle

Example 3: <J4J1J1>

Using (2.61) and (3.3), we see that the eight helicity configurations of this correlator
are,

R e’ o o—i0
J, Ty = —(J,J J")FF-FB, (J7JHTH) = —~<J+J+J+>FF—FB
* VN ) VN
o ol o -if
Sy JIT)y = —= (U, T I Yrrerp, JJJIT7) = —=( T T Yrrera
* VN * VN
-7+ 7 ei9 + T+ 7 ~+> e_i0< + +>
U Iy = —=UJ I )FF+Frp, (i J J7) = —(J J J)FF+FB
* LA ’ ! AN i
o i0 o o0
S JTTT)y = —= I T T pp-rp, (T )= —=(J I )rr-rp. (4.15)
* VR * VR
Let us now take the anti-chiral limit defined in (4.3). In this limit we obtain,
T 07) = 80T s, (J;J7 =0
T T = 80T erars. (J;) =0
(To Ty = S0 T Yerers (37T =0
(TodT7) = S80I T rr-rn JITy =0, 416)

which indeed is the anti-chiral sector. Note that we used the facts that the FF + FB
contribution to this correlator vanishes in the (— — —) as well as the (— + +) helicity
configurations (as well as their complex conjugate helicities). We also used the fact
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that the F'F — FB contribution vanishes in the (— — +) helicity as well as its complex
conjugate and their (2 < 3) permutations. These facts were explicitly obtained in [45].
Some comments about parity odd contact terms are also in order. The FF and FB Ward-
Takahashi identities are distinct outside the triangle. Thus, if we take the (JJ) two-point
functions appearing on the RHS of these Ward-Takahashi identities and replace them
with the parity odd two-point function, we will obtain two distinct parity odd correlation
functions that are, of course, contact term contributions. It is not obvious what role they
play but it would be interesting to further explore their consequences in the future.

Correlators involving the scalar operator

One scalar

Let us first consider a correlator with a single scalar insertion and two currents. In the
QF theory, such correlators are given by,

<JSI‘]S2O2> = _(<JS]JS202>FF +Z<JS1J5202>CB)

_é‘_

(<Js1~]szOZ>FF + e - <JS1JS202>FF) , (4.17)

<

where in the second line, the epsilon transform is performed with respect to the lower
amongst the two spins. This correlator in the four helicity configurations (after the
rescaling (4.1) and assuming s; > s7) is given by,

(J5,J;,02) = \/—< J5,02)FF,
(JHTH0,) = e (JFJ0,)
= 2)FF,
N
16’
(J;,J5,02) = \/——(1;1J9202>FF,
6—10
(J§J,,02) = \/—<Js1 J5,02)pr . (4.18)
Taking the anti-chiral limit (4.3) we obtain,
(J575,02) = gac(J5, J5,02)FF (J3,J5,02) =
(J5J3502) = gac{J5, T 02)Fr (J3J;,02) = (4.19)

which is indeed the desired result.

Two scalars
The QF theory correlator involving two scalars is given by

(1+ %)
VN

(J50202) = (Js0202)FF . (4.20)
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In the two independent helicity configurations, it is given by,

o RO o o—i0
(J5 0207) = ﬁ(k 0202)FpF, (J§0,07) = WU;OZ()z)FF . 4.21)

Taking the anti-chiral limit (4.3) yet again results in the desired answer:

(J;0202) = g4c(J; 0202)FrF (JF0,0,) = 0. (4.22)

Three-point Summary

Based on the examples considered above, one can easily show that the anti-chiral limit,
(4.3), works for any three-point correlator that is inside or outside the triangle, also for
the ones involving scalar operators, thus establishing that what we have uncovered is
indeed the subsector that is dual to anti-Chiral higher-spin gravity. Indeed, at the three-
point level, the main signature of (anti-)Chiral higher-spin gravity is that it features cubic
interactions with the total helicity being (negative) positive.

Let us now explore the consequences of taking this limit at higher points, starting
with the four-point case.

4.2 Beyond three-point

A general comment is that beyond three-point and at the loop level chiral and anti-chiral
interactions can mix in the bulk, see section 4.3, which is not in contradiction with
having them as closed subsectors on their own. However, we should not expect the
simple limiting procedure we proposed above to work as it is, but it is instructive to see
what happens when we take the limit.

4.2.1 Four-point functions

In this subsection, we investigate what happens to four-point correlators in the QF theory
when we take the anti-chiral limit (4.3). Let us begin with the scalar case.

Example 1: (0,0,0,0>)

The scalar correlator in the CS+fermionic matter theory is given by [149, 150]

~ o~ o~ o~ cos*(0)(1 + 1%)? 1

(02020,07) = ( )(~ ) (02020702)FF = ﬁ<02020202>FF’ (4.23)
where we used A = tan(6). Therefore, in the chiral limit and the anti-chiral limits (4.4)
and (4.3), this correlator goes to zero.*

4Given the fact that the fermionic scalar four-point function is non-local [159, ], it is a nice feature
that it drops out in this limit. This is an indication that we are focusing on a local sub-sector.
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Example 2: <Js020202>

This correlator in the two helicity configurations is given by [151, 152]

i0
- .~ = e _ . _
(J5 020,07) = F(COS(Q)US 020,07 +sin(0)(J; 020202)cB),
o-i0

(JF0,0,0,) = < (cos(8)(JF020202)FF + sin(0)(JF020202)cp) - (4.24)

If we now take the anti-chiral limit (4.3) we see that

2
(J:020,0,) = %(U;OzOzozm — i(J7020,07)c)

(JF0,0,0,) =0, (4.25)

thus showing that the anti-chiral limit (4.3) is well defined and indeed picks out just the
anti-chiral sector for these types of four-point functions.

In the above examples, we notice a very nice separation between the chiral (net
negative helicity) and anti-chiral (net positive helicity) sectors. However, by investi-
gating several more general four-point functions, we see that in addition to taking the
(anti-)chiral limit, one needs to throw away some extra pieces to obtain finite results.
However, we postpone further analysis at the four- and higher-point levels to future work.

4.2.2 Anomalous dimensions in the (anti-)chiral limit

The anomalous dimensions of the spin s currents in the CS+fermionic matter theory at
leading order in N are given by [131]
1{ as? byA? sin(6)

== = 2
TR <1+12)+(1+12>2) N (“S”’s“’s <9>)’ (4.26)

where we used A = tan(6). Let us now take the anti-chiral limit (4.3). In this limit we
have
as 5 bs 5ig

Vs =~ 8ac~ 1—66 8act 0. (4.27)

Note that a; is a rational function of s that approaches constant for large spins, while
bs ~ log s for large spins. The latter signals that the CFT is a gauge theory. It seems
that the chiral limit should freeze these gauge degrees of freedom and the b term needs
to be dropped.

As for the scalar operator, its anomalous dimension is given by [134]

32 Q2
=——— . 4.28
=R A+ D) (428)
Using the definition A = tan 6 we see that this equals
32 (sin6)?
= 7 4.29
N=35 % (4.29)
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In the anti-chiral limit, this quantity is finite and equals,

_ 8g2,

=32 (4.30)

Y0
An important point to note here is that (4.27) and (4.30) could receive corrections from
non-planar diagrams. In the usual setting, we take the 't Hooft limit 4 = % to be
finite while taking N and k to infinity. However, the anti-chiral limit (4.3) that we take
corresponds to 4 — —ico which means we take N — oo faster than we take k — oo.
This can alternatively be interpreted as N — co while taking k& — i thus indicating that
the contributions of the non-planar diagrams to the anomalous dimensions need to be
kept while taking this limit. Thus, it may be appropriate or even necessary to perform the
re-summation of these contributions. For instance, the divergent part of the anomalous
dimension of the spin s currents (4.27) could be rendered finite by these contributions.
We leave a detailed investigation of this to the future.

4.3 Holographic predictions for correlators

In this section we change the gears and move into the bulk. It is quite easy to get a
number of predictions by analysing the structure of interactions in Chiral theory without
having to actually compute any holographic correlators. Some of the statements below
go a bit beyond what is known at present on the CFT side. Several points should be
stressed before we proceed.

Firstly, as we show below, certain corrections vanish identically in the bulk because
it is impossible to draw a tree/loop diagram that would contribute. These are robust
predictions. However, we expect that the higher-spin symmetry implies many cancel-
lations. For example, there have to be no loop corrections to holographic correlators
for the free CFT duals. Therefore, certain combinations of loop diagrams must vanish,
even though it is possible to draw them. To take this possibility into account to refer to
a situation when a contribution exists, but only an explicit computation can tell us if it

vanishes or not, we will use the sign + 0.

Secondly, we will consider the most general case of the bosonic (U(M) or O(M))
gauged Chiral higher-spin gravity. On the CFT side, this corresponds to vector models
with some leftover global symmetries, e.g. U(M) or O(M).> However, there are two
standard cases in the literature:® (a) the spectrum contains higher-spin currents of all
integer spins; (b) the spectrum has higher-spin currents with even spins only. These are
obtained by simple reductions of the general statements that are made for the nonabelian
Chiral theory: for (a) the sum of spins meeting at a vertex has to be even; for (b) the
spins themselves have to be even. For example, for case (a) (T7J) = 0 and there is no
bulk cubic vertex with spins 2 — 2 — 1. Supersymmetric extensions are also possible,
but we do not discuss them in detail.

>The O (N)-gauging relevant for Chiral higher-spin gravity was first discussed in [213] and its gener-
alization in [222], which is very similar to [223].

The two cases correspond to Chern-Simons matter theories with U(N) and O (N) gauged symmetry
and without the leftover U(M) or O (M) symmetry.
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Thirdly, one should be careful in comparing the bulk predictions to CFT while the
chiral limit on the CFT side is not yet well-understood. Indeed, the hypothetical bulk
dual of the full Chern-Simons matter theories (see also the picture in the introduction)
has the same spectrum as Chiral theory. Chiral and anti-chiral interactions cover all
possible cubic interactions. Starting from the quartic order this is not the case and
there has to be some structures (let us call them nonchiral) not belonging to (anti-
)Chiral theories. Starting from four-point functions (and loop corrections) holographic
correlators receive contributions from (anti-)Chiral theories separately and from various
mixtures of (anti-)chiral interactions together with the nonchiral ones.

Let us begin by giving a schematic form of the Lagrangian of Chiral theory. The
Lagrangian is known in the light-cone gauge in flat space [213-215], up to the cubic
order in AdS4 [143, ]. With the equations of motion [ 143, , ] it is easy to see
what kind of contact interaction vertices are present at higher orders in AdS4, which can

be summarized as
L=) & ob+ » N2 N vy (4.31)
s>0 N>3 A[O[ZN—Z

Here, the first term is the sum of kinetic terms for all spins. Note that a massless spin-s,
s > 0 field has two degrees of freedom that can be associated with helicity +s and
—s states, which we denote ®.,.” In particular, the bulk-to-bulk propagator connects
helicity A to helicity —A. The most important information about the interactions is that
at order N the total helicity A;o = »}; A; entering the vertex VN 1, must be greater or
equal to N — 2 for chiral theory or —Ai,¢ > N — 2 for the anti- Chlral one. For example,
all cubic interactions with 4| + A, + A3 > 0 are present in Chiral theory and those with
A1 + A2 + A3 < 0 are present in anti-Chiral one. In reality, the helicity is integer in the
bosonic theory and we have 4; + 4 + 43 > 1 (or < —1). For simplicity, we confine
ourselves to anti-Chiral theory as in the main text above.

Three-point functions. The main constraint for the three-point functions is the afore-
mentioned A; + A> + A3 < 0. In particular, O — 0 — O vanishes. Therefore, (O0O0) =0
and all three-point correlators where the sum of the helicities greater or equal to zero
vanish. This is exactly what we observed above. It is important that Chiral theory can
be shown to be a unique theory under certain assumptions.®

Four-point functions. There are two types of contributions to the four-point functions
at tree level: exchanges and contact, but they satisfy the same constraint —Aio; > N — 2

"The Lagrangian is written as if we use the light-cone gauge [216] where the helicity structure is
manifest. Note that the kinetic terms do reduce to simple O = 3,0 in the light-cone gauge after an
appropriate rescaling despite AdS4 is curved, which is due to the fact that massless higher-spin fields are
also conformally invariant in certain field descriptions.

8 Assumptions can vary, for example, one can assume that there is at least one higher-spin field that
has nontrivial self-interactions. The latter forces one to introduce all other spins and all other (anti-
)chiral interactions, see [213-215]. It is important to note that there are two contractions of Chiral
theory [189] that can be thought of as higher-spin extensions of selfdual Yang-Mills and of self-dual
gravity (separately). They contain higher-spin fields but exhibit only one-derivative Yang-Mills-type
interactions or two-derivative gravitational-type interactions, but no genuine higher-spin interactions.
These two theories have simple actions [224].
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as one can easily see. Therefore, for a four-point correlator to be nonzero we should
have A; + Ay + A3 + A4 < =2.

For example, for 0 — 0 — 0 — O the only vertex that can contribute to the exchange is
0 -0 — (—s) and the bulk-to-bulk propagator connects +s to —s and 0 — 0 — (+s) cannot
be both in the same Chiral theory. Therefore, (OOOO) = 0 and, in general, we expect

(J_,000)#0, s>2, (/-,000) =0, s=0.1, (4.32)
(J,,000)=0, 530,

where the correlator on the left can still be zero as a result of some cancellation, but in
general we expect that it does not vanish.

Higher-point functions. For higher point functions we have —A¢x > N — 2. In
particular, we expect that

(J_;0000) #0, s>3 (/-,0000) =0, s=0.12, (4.33)
- e (J4s0000) =0, s>0 '

For example, all (00...0) = 0.

Loop corrections. Flat space computations [219, 220] show that there are no UV
divergences in the theory at least at one-loop. Any n-point one-loop diagram can be
obtained by connecting two lines in some (n + 2)-point tree-level diagram. Therefore,
for a one-loop correction to an n-point correlator we get —Ao > n.

For example, for two-point functions, we have 4| + 1, < —2. Therefore, we do not
expect any one-loop correction to {(OO), but there can be one to (J_;J_;), s > 1. For
three-point functions at one-loop, we have 4; + 4, + 43 < —3 and so on. In particular,
there should not be any loop corrections to (0O...0).

Assuming Chiral theory does not have any UV-divergences to all orders and, hence,
no new counterterms need to be introduced that could change the simple conclusions
here, we can estimate that an /-loop correction to an n-point function comes by gluing
2/ lines in a (2! + n)-point tree level diagram. Therefore, we have to have —Ayy >
2l + n — 2. As a consequence, we see that for any given correlation function (Jy,...J3, )
loop corrections stop at a certain finite loop order, 2/ < —A;oi—n+2. The latter means that
the 1/N expansion is convergent (we can say nonuniformly because the order depends
on the observable being computed).

4.4 Summary of this Chapter

In the chapter, we made the first step towards identifying the hidden closed subsector of
Chern-Simons matter theories that is dual to Chiral higher-spin gravity. It is quite easy
to do so at the level of three-point functions by taking a certain limit of the coupling
constant. The main selection rule here is to keep the correlators with total helicity
positive/negative. At higher orders the picture is less clear since chiral and anti-chiral
sectors can mix as we discuss in more detail in the paper [52]. However, if we naively
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attempt to bootstrap higher-point correlators of the (anti-)chiral theory using the three-
point functions as an input, we obtain simple but different results from directly taking the
(anti-)chiral limit of the correlators [52]. The latter procedure should be consistent with
the bulk picture. It would be interesting to systematically setup the conformal bootstrap
in this setting since constraints such as crossing symmetry should still provide valuable
constraints.

One should not rush to compare some of our bulk conclusions to the CFT results
above because the existence of a closed subsector is not the same as existence of a limiting
subsector. We see that at higher orders chiral and anti-chiral theories/subsectors mix
with each other and with the nonchiral ones and a further refinement of our limiting
procedure may be needed. For example, one may need to drop certain parts of correlation
functions to land on the chiral subsector.

It is worth stressing that the perturbation series in the bulk seems to converge
(nonuniformly in spins), which is dual to the convergence of the 1/N expansion in
the chiral subsector. The chiral subsector can be bootstrapped with the help of the
slightly-broken higher-spin symmetry starting from the three-point functions we have.
Therefore, there is a good chance of establishing a pair of AdS/CFT dual theories where
both sides are nontrivial, computable and are defined independently of each other.

In general, one might expect the slightly-broken higher-spin symmetry to be useful
even at small N, given that the anomalous dimensions of higher-spin currents are small
and get even smaller with spin. It would be interesting to find out if the existence of
chiral subsectors can also be established directly at small N via the numerical bootstrap
techniques, where the main challenge seems to be to implement the notion of helicity
into the structure of correlators and OPE coefficients and to be able to target nonunitary
theories.

On the way towards exact models of AdS/CFT correspondence, it is interesting to
identify the AdS/CFT duals of self-dual Yang-Mills and of self-dual gravity. In flat
space all tree-level amplitudes in these theories vanish and the only nontrivial ones
are all-helicity-plus one-loop amplitudes. However, it is not so in (anti-)de Sitter and
it would be interesting to compute the corresponding AdS/CFT correlators. Already
tree-level amplitudes of type (+ + ... + —) do not vanish. The existence of these theories
implies that there are closed subsectors of the current (J...J) and stress tensor (T...T)
correlators. However, these two subsectors are quite small. Nevertheless, they are
universal since every (local) CFT has a stress tensor and many have global symmetry
currents, while the existence of the slightly-broken higher-spin currents is special to
large-N vector models. It also should be taken into account that both SDYM and SDGR
are UV finite theories [225].

SDYM and SDGR are contained inside (anti-)Chiral theory. SDYM has only the
(——+) cubic vertex and SDGR also has the (— — +) vertex and stops there at least in the
light-cone gauge [226,227]. Therefore, our expressions for (T~T~T*),,;, and (J=J~J "),
immediately give the three-point holographic functions in SDGR and SDYM, respec-
tively. As for the four-point ones, it easy to see that (J~J~J~J*) in SDYM coincides
with the one in Chiral theory with all integer spins. Similarly, (T-7-7-T") in SDGR
coincides with the one on Chiral theory restricted to even spins. In fact the same should
be true for all (J~J~...J"J") and (T~ T~...T"T") since exchanges via higher-spin fields
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are suppressed in these correlators.

In the same vein, it would be interesting to identify the chiral subsectors in ABJ
theories since via triality [228] one can argue that N' = 6 U(M)-gauged Chiral theory
should be dual to the subsector of the vector-like limit of ABJ theories. The latter
indicates the existence of a closed subsector in tensionless strings on AdS, x CP3.

Our (anti-)chiral limit can be understood as taking N — oo while keeping the Chern-
Simons level fixed at k = +i. The analysis of Chern-Simons theory with a complex
level has been performed by Witten [229,230]. It would be interesting to see if one can
perform an analogous analysis when we also add matter into the mix and see for instance,
if the bosonization dualities persist. In the literature, supersymmetric Chern-Simons
matter theories have been analyzed in the so-called M-theory limit which corresponds to
N — oo with k finite [231,232], which is quite similar in spirit to our (anti-)chiral limit.
By localization, the partition function on S3 reduces to a matrix model which is then
interpreted as the partition function of an ideal Fermi gas of non-interacting particles.
The level k is mapped to Planck’s constant and, hence, one can study the theory at
finite k by employing the WKB approximation. This formalism also enables one to
compute non-perturbative (instanton) effects. It would thus be interesting to understand
the implications of the (anti-)chiral limits in this vein.

The works mentioned above were in the context of ABJM or ABJ theory with
matter in the adjoint or bi-fundamental representations. There has also been some
work on the supersymmetric versions of Chern-Simons theory with fundamental matter
[137, , ]. It would be interesting to see if we can define (anti-)chiral limits
analogous to (4.4) and (4.3) to obtain a sub-sector that is dual to a supersymmetric (anti-
)chiral higher-spin gravity. The formalism of super spinor-helicity variables developed
in [48] for N = 1 and N = 2 theories would provide a perfect stage for the start of such
exploits.

Another avenue of interest is the connection between AdS4/CFT3 and flat space
holography. CFTj; correlators/ AdS4 amplitudes are related to S-matrix in four dimen-
sions. The framework of Celestial holography relates four-dimensional S-matrices to
CFT; correlators. It would thus be interesting to see the implications of taking the
(anti-)chiral limit on the celestial correlators.
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Chapter 5

Deciphering CFT; using Twistor theory

Twistor theory, since it was first conceived by Penrose [2 1], has led to many developments
such as in the context of four dimensional flat-space scattering amplitudes [20, 22,

,235]. More recently, there have been developments to study three dimensional
conformal field theories (CFTs) in twistor space [236,237] which through the lens
of holography, also describes scattering in four dimensional (anti)de-Sitter spacetime.
The study of CFT3 in twistor space is complementary to the traditional position space
approaches [13—16] and the more recent momentum space and spinor helicity point of
view [24-45,75]. (Real) Twistor space in some sense sits in between position space
and momentum space where it is connected to the former via a Penrose transform [21]
and to the latter through Witten’s half-Fourier transform [20]. Thus, this presents an
opportunity to import the best tools and techniques from either side and use them to
set up the twistor space bootstrap. In particular, the simplicity of two and three point
conserved current correlators in twistor space [236,237] suggests that it might provide
a nice stage to bootstrap spinning correlators.

In this chapter, we build on the constructed twistor space for 3D CFTs and derive
several new results. One point to note is that previous works [236, 237] used an
ambidextrous approach employing both twistors and their Fourier duals to represent
two and three point Wightman functions involving conserved currents. On the other
hand, we shall work purely with twistor variables by employing additional invariants of
the conformal group which also allows us to extend the results to include twistor space
Wightman functions involving A = 1 scalar operators. An interesting observation that
we make is that in order to describe correlators involving scalars with A # 1, one needs
to use the infinity twistor of R>! that breaks the natural conformal invariance in twistor
space. However, we shall see that this is compensated by that fact that scalars with
A # 1 transform in a representation of Sp(4) that involves non-local terms and with
these generators, their correlators are indeed conformally invariant. The infinity twistor
also features in parity odd correlators. However, the dependence is mild in the sense
that it appears only in sign factors and in such a way that on the support of conformally
invariant delta functions that it multiplies, the whole expression is conformally invariant
as a distribution. We also derive the Penrose transform for generic non-conserved
spinning operators. In all cases, the infinity twistor features. One of the main messages
of this chapter is that in order to accommodate general representations of the conformal
group, one must extend the space of Sp(4) invariants to allow for those that involve the
infinity twistor.
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We then switch gears and turn towards superconformal field theories. We derive
the supersymmetric Penrose transform for N' = 1 theories and discuss its relation to
the supersymmetric Witten transform. An interesting feature is that the infinity twistor
of R>! is naturally incorporated by the super-incidence relations. We then discuss the
different super-conformal OSp(/N|4) invariants such as the orthosymplectic dot products
and the projective super-delta functions that serve as building blocks for correlators. We
explicitly determine various examples in N = 1 theories including super-correlators
involving scalar super-fields.

The reference for this chapter is,

* xAn Ode to the Penrose and Witten transforms in Twistor space for 3D CFT,
Aswini Bala and Dhruva K.S., JHEP 11 (2025) 056, [2505.14082].

5.1 The Geometry of Twistor Space

In this section, we shall discuss the essential features of real twistor space which we shall
use to study 2 + 1 dimensional CFTs. We first introduce coordinates that we use to chart
the space and its connection to R>! through the incidence relations. The discussion
here is quite reminiscent of the four dimensional case since one can interpret the twistor
space for R>! as being derived from a dimensional reduction of the twistor space of
R?2. For more discussion, please see appendix A.2.

The projective twistor space RP? is spanned by projective coordinates Z4 which are
in the fundamental representation of Sp(4), the double cover of the 2 + 1 dimensional
conformal group SO(3,2). It can be written as a direct sum of fundamental represen-
tations of SL(2,R) which is itself the double cover of the 2 + 1 dimensional Lorentz
group SO(2,1)!:

Z4 = (A%, fi). (5.1)

The connection of this twistor space to the spacetime R>! is through the incidence
relations,

fa = —xapAd’. (5.2)

Here, x4p = (07)apx* is the usual contraction of the position vector x* with the Pauli
matrices 0. Note that the incidence relations (5.2) after modding out by projective
rescalings defines a RP' ¢ RP3. Thus, given any point in x,p € R%!, we can associate
a RP! in twistor space which is topologically equivalent to a circle. The non-locality
of this correspondence works both ways. Let us define a point in twistor space as the
intersection of two lines (5.2) associated to points x,y € R2!, We have,

XapA® = yapd® = (x = y)apd” = 0. (5.3)

'Tt is important to note in (5.1) that both a and a’ are spinor indices of the same SL(2,R) as is
appropriate in R>!. This is in contrast to the twistors associated to R>? which are direct sums of two
independent SL(2,R) spinors.
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This implies?,
(x = Y)ap = 2°2°, (5.4)

(5.4) corresponds to null separated points x,y as can easily be seen by squaring the
equation. Therefore, we see that a point in twistor space corresponds to null line in R>!.
This leads us naturally to the concept of the infinity twistor. Since null rays are invariant
under conformal transformations, we see that twistor space as it stands is insensitive to
the overall conformal factor of the metric in R>!. This is where the infinity twistor enters
the fray. It breaks the conformal invariance and encodes the structure of spacetime at
infinity. First, let us see how we can construct the R>! metric up to an overall scale from
two twistors Zf‘, Zg‘ associated to a single point x using the incidence relations (5.2).
We construct the skew combination,

YAB _ 7[AB] _ 1 _/l‘f/lb —ﬂb/}‘zl _/1‘1’/_1217' - ,1_7117'/_1‘2’ _ (12) Eib —Xy,
U722 2\ — Ao o flop — A1y fa - 2 \x), —€wpx
(5.5)
Given this quantity X2, we can construct the following natural line element
1 1
ds* = zeABCDdXABdXCD = 5Pi(dX). (5.6)

The four index Levi-Civita symbol in RP? is constructed out of the Sp(4) conformally
invariant tensor € via,

€EABCD = —(QABQCD - QucQpp + QADQBC), (5.7
where,
0 A
Qup = (—(5;’ ‘ ) . (5.8)

Pf(dX) is the Pfaffian of the matrix dX“® formed using (5.5). Opening up (5.6) using
the variation of (5.5), we obtain,

d5? = (12)X(=di® + dx® + dz?) = (12)*nydx"dx” (5.9)

Note that (5.9) depends on (12)? and thus reproduces the Minkowski metric up to an
overall conformal factor. To obtain the flat metric we must introduce a fixed bi-twistor
I4p to cancel out this factor. Let us define instead of (5.6),

EABCDdXABdXCD Pf(dX)

ds® = = . 5.10
T X B T 2(1-X) 10

2(5.3) tells us that (x — y)*? = a%A? for some a* € R2. However since the Pauli matrices and thus
the position bi-spinors are symmetric in their indices, one should rather say that (x — y)®? = a(¢2?) with
the constraint @ - 4 = 0 to ensure (5.3). However, in the two dimensional space spanned by these spinors
this implies that @ « A thus yielding (5.4).
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This also ensures that this metric is invariant under projective rescalings Z — rZ,r € R
as is appropriate in RP3. If we choose,

€, 0
Iup = ( Ob 0), (5.11)

we obtain,
(14 X"8)? = (12)2. (5.12)

Substituting this in (5.10) and using (5.9) results in the flat Minkowski metric of R>!
viz,

ds® = —dt* + dx* + dz°. (5.13)

Thus, we see that (5.11) is the infinity twistor that breaks the Sp(4) conformal invariance
and picks out the R?>! flat Minkowski metric that has only the usual 3d Poincare
invariance. We shall return to the infinity twistor in sections 5.6 where we shall see that
it is required to describe scalars with arbitrary scaling dimensions, parity odd Wightman
functions as well as non-conserved currents.

It is interesting to see that the construction here is almost identical to its four
dimensional counterpart [238]. One key distinction in our case however, is that X42 is
required to satisfy,

X4BQup =0, (5.14)
which using (5.5) and (5.8) demands,
x;jdf; =0 — xis traceless, (5.15)

which is guaranteed if x; = (O'ﬂ)gx“ as we indeed took below (5.2) since the Pauli
matrices are individually traceless. This condition is required to ensure that the number
of independent components of X4 is 3 as is appropriate for a quantity that describes a
point in three dimensional space-time?.

We shall now proceed to discuss the construction of conserved currents and A =
1 scalars. First through the Penrose transform that relates twistor space to position
space and second, through Witten’s half Fourier transform that relates twistor space
to momentum space (spinor helicity variables). To show the equivalence of these
constructions, we then derive the Penrose transform from the Witten transform.

5.2 The Penrose Transform

Let us first introduce the Penrose transform. Just like how the spinor formalism provides
an unconstrained way of describing null vectors (like in (5.4))*, the Penrose transform
provides an unconstrained way to describe conserved currents.

3The rescaling redundancy X428 ~ rX4B r e R, the null condition Det(X) o« X2 = 0 and the Omega
traclessness condition (5.14) bring down the number of independent components of the anti-symmetric
4 x 4 matrix X8 from 6 to 3.

4Given any spinor A, the moment we form a vector using x,5 = A44p, the vector is automatically
null. Contrast this to the standard definition of a null vector x#. It is a vector x# with the constraint that
—1% + x% + z2 = 0. However, when we write x5 = 144}, there is no further constraint on A and hence the
terminology, unconstrained.
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In the foundational paper on Twistors for 3d CFT [236], the authors introduce the
Penrose transform from the embedding space perspective. Here, we stick to the 2 + 1

dimensional Vlewpolnt5 Given a symmetric traceless conserved current Jg' % (x) we
can represent it as follows to make manifest its conservation:
JOs () = /(/ld/l)/lal .../1a2sjs+ (5.16)

where X denotes imposing the incidence relation (5.2) and the measure is the natural
one on RP!.
Let us check that (5.16) leads to a conserved current. Taking a divergence we obtain,

0 al azs — a azs aﬂ 0
xara Js (x) = /(xld/l)/l b A% Fyaia @ g J j*(a, ) x (5.17)
Using the incidence relation (5.2) we find that,
aﬂa a a a
o = (=265 6% + €4,0,€"") = —224,8% + €4,0,4%. (5.18)
Substituting (5.18) in (5.17) yields,
8 ap--dazs aj ajs a a a T+
T @) = [ AT A% (= 220,65, + a0, )0 — (A A)x =
(5.19)

since 1°1,, = 0 and €,,4,A“ A% = 0. Note that this is true for any J} (A, 1), thus
showing that the Penrose transform (5.16) allows us to represent conserved currents in
an unconstrained way. An important property of (5.16) is that the integrand is invariant
under projective rescalings Z4 = (19, i) — rZ4 = (rA%, rfi,) which also requires
that the twistor space current scales as,
Jirz) =

Sali(2). (5.20)

There also exists another type of Penrose transform [236] which is called the deriva-
tive based Penrose transform in contrast to its product based counterpart (5.16).
T3 (x) = J3 (), (5.21)

azs

where X’ denotes the dual incidence relation,
ta = Xapd?. (5.22)

It is easy to check that this Penrose transform is also conserved just like (5.17). The
current in dual-twistor variables W4 = (14, 1) also satisfies,
Jrew) =

— T W). (5.23)

S0f course, it is easy to check that their Penrose transform when restricted to the Poincare section of
the embedding space null cone gives rise to (5.16).
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In this work, we stick to the product based Penrose transform (5.16) as it suffices for
our purposes. Before we proceed, one important point to note is that both in (5.16)
and (5.21), the twistor space current that appears inside the RP! integral is the positive
helicity component of the current which we shall define in (2.10). Recall that symmetric
traceless conserved currents in three dimensions have only two independent components
which we call positive and negative helicity®. There also exist similar Penrose transforms
that make use of the negative rather than the positive helicity currents but we do not
require the same for this chapter and do not present it.

Let us now discuss another aspect of twistor space: Its connection to momentum
space through Witten’s half Fourier transform.

5.3 The Witten Transform

Witten’s half Fourier transform is a map from spinor helicity variables to twistor space.
The essential feature is that the momentum vector, the polarization spinors are all
expressed in terms of SL(2,R) spinors A and A which are assigned negative and positive
helicity respectively. The explicit formula are given by,

- . A LA
Pab = /l(a/lb) > {— = =1 {+ = = 1 (524)
Rk 14412

Given a symmetric traceless conserved current in momentum space, one can convert it
into spinor helicity variables via,

T3 ) =gl 82Ty ayan, (PP), (5.25)

and thus J; denote the two independent components of the current. The remaining
mixed helicity components are zero due to conservation. The operation of a half-Fourier
transform to twistor space due to Witten is as follows:

- -
d°A i;,ﬂJ;“(/l,/l)

j:-(Z) = j:(/l’ ﬂ) = (271.)26 |p|s—1

) (5.26)

where p = —%(/l/i). The rescaling with the momentum magnitude ensures a natural and
simple action of special conformal transformations; see [237] for more details.

There is another half-Fourier transform that takes us from spinor helicity variables

to dual-twistor space7,

d*A ()
(27)2 |pls~!

®One easy way to understand this is in the context of holography. Each spin—s symmetric traceless
conserved current is dual to a spin—s massless gauge field in AdS4. The latter have only two physical
degrees of freedom which translates to the former having only two independent components.

"Both Witten transforms (5.26) and (5.27) are defined for space-like momenta due to the Lorentzian
reality conditions which are 1 = 1*,1 = A1* for space-like momenta [237]. Thus we can independently
Fourier transform A and A.

Jrwy =7 (u, ) = : (5.27)
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It is easy to see that the relation between this transform and (5.26) is as follows:
. ‘W ., .
+ _ iW-Z 7+
INVAE / e JH(w). (5.28)

Analogous formulae exist for negative helicity currents and can be found in [237].

The next important thing to check is that the twistor space obtained via a half-Fourier
transform (5.26) and the twistor space discussed earlier in the context of the Penrose
transform (5.16) are equivalent. As we shall see, the Witten transform (5.26) when
used in tandem with the ordinary Fourier transform can be used to derive the Penrose
transform (5.16). This will also make it clear that the spinor helicity currents (5.25) are
indeed what appears in the Penrose transform (5.16). The Fourier transform for a spin-s
symmetric traceless conserved current is given by,

d*p
——e
(27)’
Let us now express the momentum in spinor helicity variables (5.24) and re-write the
integral (5.29) in spinor helicity variables using®,

JEUas (xHy = 2P s (pHy. (5.29)

1 -
d*p = d*Ad* A - 4. 5.30
/ p 4V01(GL(1,R))/ -4l (5.30)
We derive this formula in appendix B. (5.29) becomes,
1 d*Ad*A

ngu-azS (x,u) — [ - /i|ei/ia/lbxub‘]sa1...azs (1, Z)

4Vol(GL(1,R)) (2n)3
i 1 d*Ad*A
~ 4Vol(GL(1,R)) (2m)3

— .3 b —
|4 - A]etatox® gaibr . gaxba g (2, ).

(5.31)
Let us now use the identity,
ayb _ yajb
b = % (5.32)
Substituting this in (5.31) yields,
1 APAdPX < i ab (AU AP — Q@ pbry (a9 b2 — e gl -
ai---azs — . idgdpx

(5.33)

Using the fact that a conserved current has only two helicity components viz positive
and negative helicity (5.25), we can re-write the above as,

1 d*Ad?A |2 -_1| St [y
4Vol(GL(1,R)) (27)3 (A- )%

Jsal"'azs (x) — . -/lazs/ihl te /ibzs-]sblnbk (/1’ /i)

+(=1)2% . Qe b Qb g (2,0)).
(5.34)

8 As remarked in footnote 7, we work with space-like momenta for which A and A are real and thus all
the components of the integral in (5.30) are over the real line.
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We can now re-label 2 < A in the second term which yieldsg,

JO () = 1 d2/1d2/i/lal L Qan giTader Ao 3 I (4,1)
g 2Vol(GL(1,R)) J (27)3 -5 |- A
1 d*Ad*A T doadb 3e =
A9 29 o (7)) (5.35)

T 2Vol(GL(LR) J (27)3

where we have used the definition of the polarizations (5.24) and identified the rescaled
positive helicity current using (5.25),

N - Jsb, .-
TEAD =gt (5.36)
B

which is what features in the integrand of Witten’s transform (5.26). Note that this
quantity satisifes,

. A 1 . -
J:,’(r/l, -) = s J:(/l,/l) (5.37)
r r=s

Therefore we can use the inverse of the Witten transform (5.26),
JI Q) = / A2 e VRFH(A, ). (5.38)
Using (5.37), this leads to the projective property,
Jr(ra,rip) = rz%f;u, Q). (5.39)

Using (5.38) in (5.35) results in,

1 d2/1d2/jd2/i o o
J;ll“'azs — /lal . /lags —l/la(,u —Apx )J+ /L _
(x) 22Vol(GL(1,R) (2n)3 e (1, )
1 TN a 74 a 2. _
! 2 a ars 7+ —
B 22527Vol(GL(1,R) / d*A2AM A% T, @) |xs (5.40)

Thus we see that the incidence relation X we discussed earlier (5.2) appears naturally in
(5.35). To bring this to the form of the Penrose transform (5.16), we require one final
projective integral identity. As we show in appendix,

&Umm=/uaﬁ@m.
(5.41)

I (PO !
fadri =S40 = Vol(GL(l,R))/

9We also use the fact that Jgp, ..., (1, 1) is symmetric under A < 1 as it is a function of momentum
(5.24). The first (second) term in (5.34) is a positive (negative) helicity component which are the two
independent components of the current. However, since the spinors A, A are integrated over, these two
components are equal inside a Penrose transform. Also, quite importantly, as is easy to check, the
other terms we have thrown away are proportional to the divergence of the current. If one attempts
to construct time-ordered correlators, the divergence of the current leads to contact terms in the form
of Ward-Takahashi identities. However, our focus is on Wightman functions which always have zero
Ward-Takahashi identity, see [237]. Therefore, we are free to set the divergence of the current to zero.
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We see that the integrand in (5.40) satisfies this property by virtue of (5.39) resulting in,

1 .
/ (AdYAY - A2 (A, D) x, (5.42)

J;ll...azs (X) — 225271.

which is exactly the Penrose transform (5.16) up to an overall numerical normalization!
This concludes our proof of the equivalence of the Penrose and Witten transforms.

5.4 The Conformal generators and Ward identities

Having obtained formulae that connect twistor space currents to their position space
(5.16) and momentum space (5.26) counterparts with their equivalence proved, let us
now see how the conformal generators act on twistor space currents. The space RP?
carries a natural action of the conformal group Sp(4). Acting on conserved currents we
have,

0

(T8, J5(2)] = 214 ——J3(2). (5.43)
B)
In component language, we find,
By P Y SO
po [ Hess o THean U ( iKepy =M, +%52,D)
AB = =\_:agb o 25b - pab’ )
a7+ AL +A(“—a/§2,) —iM,, +56,D —iP¢
(5.44)
with,
: 0 0
Pap = M(QW, Kap = l#(am,
-~ 0 _ 0 i, 0 4 0
My, =i /1(“6/11’) +/1(aaﬁb)), D = 5(/1 EYE; Y (9,(1“) (5.45)

For the dual twistor currents f;—*(W) we find using (5.28) that the generators (5.43)
translate into,

N 0 .
AB 7+ _ (A +
(T2, J;(W)] =W —8WB) JS (W), (5.46)

with component expansions analogous to (5.44). Thus the conformal n— point Wightman
functions satisfy,

D01+ [Tag, JE]---10) = 0 (5.47)
i=1

Another important operator that we must consider is the helicity operator. It reads the
helicity of a symmetric traceless conserved current which can be +s. Explicitly we have,
1 0

. R - __(7A_ R = +g: R £
hid01 - J5(Z) -+ 10) = =5 ( 7 +2))(0] -+ I (Zi) -+ |0) = £5:0] - - T (Zy) -+ 0),

N 0 N N
O]+ F2 W) +++10) = 5 (WA= 4 20001 JE W) -+ [0) = 5,01 - JE W) -+ 0.

1

(5.48)
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Imposing (5.48) is equivalent to imposing the projective properties such as (5.20). Now,
with the stage being set, we move towards the construction of conformally invariant
objects in twistor space that shall feature in correlators of conserved currents and scalars
with A = 1. More general classes of invariants involving the infinity twistor will
be considered in section 5.6. Given the conformal generators (5.43),(5.46), one can
construct invariants out of different twistors Z; and dual twistors W that are annihilated
by them. In [236,237], the authors construct conformally invariant solutions by taking
them to depend only on twistor dot products which belong to the set,

{Zi-2; = -Z/QupZ} . W; - W; = WuQ P W,p, Wi - Z; = WiaZl'}.  (5.49)

However, there also exist another class of natural invariants: Projective delta functions.
The object,

M1 Zi+ -+ cna1 Znot + Zy), (5.50)

is obviously an invariant of Sp(4). To show this, consider an Sp(4) transformation
Zi —> MZ;,M € Sp(4). We have,

SMe1Zi+ -+ ena1Zn1 + Zy) = SHeIMZy+ -+ cpo\MZy_y + MZ),)
M1 Zy+ -+ ene1Znor + Zy) = 8 (1 Zy + -+ ene1 Znmt + Zn),

(5.51)

" |Det(M)]

where we used the fact that symplectic transformations preserve the volume element and
hence Det(M) = 1. To erase the arbitrariness in the parameters c;, we integrate them
on the support of a function f(cy,ca, - cp-1),

F(Zy, - Zy) = / dei---den_y fct,-+ en)6*(C1Zy + -+ Zy), (5.52)

where the function f can also depend on symplectic dot products of twistors (5.49).
Since we are working in the real projective space RP?, we need to ensure that this
quantity has good projective properties. More precisely, we demand,

1

- r20k+2

F(Zy,- iy Zy) F(Zy,-  Zky - Zn), (5.53)
for some a; € R. When constructing Wightman functions of conserved currents this
amounts to imposing the helicity counting identity (5.48) where a; will be identified
with the helicity of the current with argument Z.

With three twistors, the unique invariant using the projective delta function that we
can form is,

6 (Z1, Za, Zys arp, ans, @3)) = (—i) 2o angloen-an-anl(z, . 7,) / deyzdesicy? e 64 (esZy + c31Z2 + Z3

i(Z1%, 223 237

L +
= / andngdCﬂC?zlzc%Bcgfl54(C23Z1 + 3172 + C12Z3)e3( €12 €23 31 ) (5.54)

The first line is assymmetric with respect to the three twistors and in going to the second
line, we restored it by introducing an integral over ¢, on support of the four dimensional
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delta function. Note that the final result is very reminiscent of the SL(4) invariant delta
function that occurs in four dimensional scattering amplitudes . (5.54) defines the three
argument Sp(4) invariant projective delta function which is also three dimensional as
is appropriate for a delta function in RP?. The important point to note about (5.54) is
the projective property,

1

rl—((¥12+a31)+2r—(l112+w23)+2r—(0123+d31)+2

3 . _ 3 .
6 (1”121, r2Z27 r3Z3, 012’ sz3, 03]) - 6 (Zla ZZa Z3’ alZ7 0’23, 031)

(5.55)

For the derivation of (5.54), please see appendix. This projective delta function will
allow us to construct correlation functions involving operators with definite helicity
using (5.48).

At the level of four points, there exist infinitely many solutions as it should be since
conformal invariance does not suffice to fix the functional form of the correlator. One
example of a four point correlator involving a possible f(cy, c2, 3, c4) is'”,

5[012](Z1 .22)5[0134](23 - Z4)
Vol(GL(1,R))

4
(1_[/ dci)cf'_(mcgz_‘mc;”_034cff4_a3464(6121 + 27 + 373 + c4Zy),
i=1
(5.56)

with the constraint a; + a» + @3 + a4 = 2(a@1 + a34). Note that (5.56) satisfies the
projective property (5.53) for each twistor. Moreover, we see that it is satisfied for
any value of the free parameter a; in (5.56). We have also divided by the volume of
GL(1,R) (please see (B.1) for the definition) since one of the integrals in (5.56) just
provides an overall infinite factor that is canceled out by Vol(GL(1,R)). It would be
very interesting to study the class of CFT correlators that enjoy more symmetry such as
dual conformal and Yangian invariance. In such cases, one might be able to solve for the
function f in (5.52) such that it is Yangian invariant. However, we shall not attempt the
same in this work. We now turn to the study of two and three point Wightman functions
and how they are built using the invariants (5.49) and (5.54).

5.5 Wightman functions of conserved currents and A =
1 scalars

In this section, we shall present the general forms of parity even two and three point
Wightman functions of conserved currents. In contrast to previous works [236, ]
which employ an ambidextrous approach, we shall only use twistors and not dual-twistors
in this work. As we shall see, this will necessitate the introduction of the projective
delta function (5.54) in addition to the dot product invariants (5.49). As a bonus, this
description will also allow us to accommodate A = 1 scalar operators in twistor space.

10We introduced an additional auxiliary integral over ¢4 compared to (5.52) in order to represent the
expression in a more symmetric manner.
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5.5.1 Two point functions

At the level of two point functions of currents, only the twistor dot products (5.49)
feature in the expressions [236,237]. Moreover, it is only non-zero when both currents
are identical and have the same helicity [237]. We have,

Cs

(0J5(Z1)J5(22)|0) = (Z, - Zz)z(is+l)'

(5.57)

This is the unique result.

5.5.2 Three point functions

Moving onto three points, we shall see that the projective delta function (5.54) plays
an important role in contrast to previous ambidextrous works [236, ]. Let us first
review the same. At the level of three points with all three operators having non-zero
spin, there exist two distinct parity even solutions: homogeneous and non-homogeneous.
More explanation on the reasoning behind the terminology can be found in [237]. The
expressions in the eight possible helicity configurations take the form,

O (1) J12 (T2) J2 (T3) |0y, = 1,y glsrtsmssl(y L py)glarss=sil(qy . py)slstsimsal(1y . 1),
O (UY) I (U2) 1 (U3) 0)r, = sl slosimsnl(yy L gy sl - us)slos sl vy - uy),
(5.58)

where,

T; = Z,'ifh,' = +s; andTi =W; ifh,‘ = =S,
U =W, if hl‘ =+s;and U; = Z; if h; = —s;. (559)

Note in particular that (5.58) makes use of both twistors Z and dual twistors W to
capture all eight helicity configurations. Again, we emphasize the point that (5.58) is
purely made up of elements of the set (5.49). For example, consider the (+ + +) helicity
configuration. Using (5.58), we see that the homogeneous correlator is a function
of twistor variables whereas the non-homogeneous correlator depends on dual-twistor
variables. However, what we are going to show now is that by using the projective delta
function (5.54), we can bring both solutions on equal footing and represented in just
twistor variables. Solving the helicity identities (5.48) for (+ + +) helicity for (5.54)
fixes,

a'ij:_si_sj_i_sk’i;éjik’ (560)
and yields the result,
O3 (Z1) 3 (Z2) T3, (Z3)10)n

n LSSy 4Sn Sy —SaS|  —Si—sits (10 Zy - 2ot Zo - Zadcns Zn-
:C§:lsz)s3/dcl2dc23d031c 1T ST (P TIER2 68 (0037 +C3122+Clzz3)e3(”22' ZyrenZy ZyrenZy i),

12 23 31
(5.61)
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The reason for the subscript nk is because this solution is the Fourier transform of the
non-homogeneous (WWW), (+ + +) helicity solution (5.58) as can easily be shown;

(O35 (Z)J5,(22) 3, (Z3) 10y =

(20)8 / dWd Wad* Wi 2 Wz Wtz WA QLTS (W) T3 (Wa) I3, (W) [0)

oc / d4W1d4W2d4w3eiZI-W1+iZZ-W2+iZ3-VV36[—S1—S2+S3] (Wl . Wz)é[—SQ—S3+S1](WZ . Wl)é[—53—S]+S2] (W3 . Wl)
(5.62)

Both the delta function product dual twistor space result (5.58) and the projective delta

function twistor space result (5.61) go over to the same spinor helicity variables result

after Witten’s half-Fourier transform (5.26), (5.27). Thus, we can represent the most

general parity even solution for the (+ + +) helicity correlator purely in the (ZZZ)

variables as a sum of the homogeneous solution in (5.58) (which is already given in Z

variables) and the non-homogeneous solution (5.61) which we can now represent in Z

variables thanks to the projective delta function (5.54).

(W3 (Z0) T35 (Z2)J5(Z3)10) = e,y O3 (Z0) T3 (22) T3, (Z3)[0) + €51k 0L, (Z0) T3, (Z2) T3 (Z3) |0

3

(5.63)
Putting in the explicit expressions for these quantities we get,
(01§ (Z0)J5,(22) 5, (23)10)
— Cgfls)zs3i51+52+535[(112](Zl ,22)5[023](22 . 23)5[@31](23 - Z1)
iZ)-Z
+ ey, / ders dexydesy ¢3¢y M6 enZi + enZa + enZa)e n,  (5.64)

Wherea/,-j =8+ — Sk, i =] # k.

Let us once again emphasize that this expression is purely in terms of twistor variables
without using dual twistors in contrast to the earlier results (5.58). The remaining helicity
expressions purely in the Z twistor variables without employing dual twistors W and
vice versa can be found similarly. Before moving on to correlators involving A = 1
scalars, let us comment about the CPT properties of these solutions. For a review of
CPT in twistor space please see [237].

5.5.3 Extension to A = 1 Scalars

Let us reconsider the Penrose transform (5.16). Setting s = 0 it reads,

01(x) = / (1401 (2)x. (5.65)

The reason for the subscript 1 is due to the fact that this procedure results ina A = 1
scalar operator. Given the representation of the conformal algebra (5.43), it is clear
that the twistor space currents (which for us now includes the s = 0 scalar case) are
dimensionless. Therefore, in (5.65), we see by dimensional analysis that the integrand
has dimension 1 due to the RP! measure and thus it outputs a scalar operator with A = 1.
Let us now analyze two and three point twistor space Wightman functions involving
these operators.
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Two point functions

The two point result is simply obtained by setting s = 0 in (5.57) thus yielding,

€0

(0101(Z1)01(Z)10) = AR

(5.66)

It is easy to check that (5.66) goes to the correct position space two point function by
performing the Penrose transform.

Three point functions

Moving on to three points, let us consider the case with two currents and one scalar first.

<O|js1jszél |0>

Let us write down the most general ansatz involving the two classes of solutions such as
those in (5.64).
(O, (Z0)J5,(Z2)01(23)10) = @ i726172)(Z, - 2)51"2V(2, - Z3)51") (25 - 7))
+ B8°(Z1, Za, Z3; P12, B23. B31). (5.67)

The helicity identity (5.48) with s = O constrains the coefficients to take the following
values:

@12 =81+ 52,23 = §2 — 8§1,@31 = §1 — 52,

P12 = =81 = 52,823 = =52+ 51,831 = =52 + 51. (5.68)
The result is thus,

Oy, (Z1)J,(Z22)01(Z3)|0) = @ iS1+25151%2) (7, - Z,)6127511 (7, - Z3) 611752 (75 - 7y)
+ B8 (Z1,Za, Z3;—s1 — 52, =52 + 51, =52 + 51).  (5.69)

The coefficients @ and 8 are independent at this point and not fixed by conformal
invariance and the helicity counting identity. However, after converting (5.69) to spinor
helicity variables, we see that the value of = a reproduces the correct Wightman
functions as we can check with examples. Therefore, the functional form of a three
point function involving two spinning operators is given by,

Oy, (Z1)J5,(Z2)01(Z3)|0) o (i1+2511%52) (7, - Z5) 6127511 ( 7, - Z3) 1517520 (75 - 7y)
+8(Z1, 22, Z3;—s1 — 52, =52 + 51, =52 + 51)). (5.70)

At this point, it is important to note that the authors of [236] did not consider the 53
type solution in (5.70) and considered only the first term. However, they showed that
just that term suffices to reproduce the correct position space result. The resolution to
this apparent paradox is that both terms in (5.70) are required to reproduce the correct
spinor helicity expression for the Wightman function as we have taken. However, both
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Figure 5.1: The interplay between the Penrose transform and Witten transform

solutions in (5.70) are equal inside the Penrose transform (5.16) and therefore lead to
the same position space result.

The following diagram encapsulates this interplay between these transformations
and also their corresponding Wick rotations to Euclidean signature.

Starting from the linear combination of the two solutions in twistor space one can
perform a Penrose transform to obtain the position space Wightman function!! (top-left
in figure 5.1) which is insensitive to the twistor representative used. However, Witten’s
half-Fourier distinguishes these solutions and only for @ = 8 does it produce the correct
Wightman function. However, analytically continuing to Euclidean momentum space
using the methods of [236,237] yields a result that is yet again insensitive to the two
solutions. This is also consistent with the Fourier transform of the Wick rotated position
space Euclidean correlator (bottom left of figure 5.1). We suspect that the above
features are likely due to the fact that one must restrict to space-like momentum when
performing the half-Fourier transform and then analytically continue the final results to
generic momenta [236, ].

A similar analysis can be performed for Wightman functions involving two A =1
scalar operators and one conserved current. The result is given by,

(0145(Z1)01(Z2)01(Z3)|0) o (*611(Zy - 22)617 N (2, - Z3)615) (25 - Z1)
+07(Z1, 25, Z3; -5, 5, 5)). (5.71)

Yet again, we verified this formula by converting to spinor helicity variables and checking
that it reproduces the correct Wightman function.
Finally, the case where all three operators are A = 1 is given by,

(0101(Z1)01(22)01(Z3)|0) « (8(Z1 - Z2)6(Z - Z3)6(Z53 - Z1) + 6°(Z1, Za, Z330,0,0)).
(5.72)

Both of these after a half-Fourier transform give rise to the same result and thus we may
choose to work with either of these solutions. We also note that an explicit half-Fourier
transform from spinor helicity variables to Twistor space would result in the second term
as the reader can easily verify.

This concludes our discussion about parity even Wightman functions involving
conserved currents and also A = 1 scalars. In the next section, we shall enlarge our

HThe explicit expressions for the correlator (JJO|) can be found for instance in [78]. Also recall that
the Wightman function and Euclidean correlator in position space differ only by an ie prescription.
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space of invariants to include the infinity twistor (5.11) and as we shall see, this is
required for correlators involving scalars with arbitrary scaling dimension, parity odd
Wightman functions as well as general non-conserved spinning operators.

5.6 Conformal invariants involving the Infinity Twistor

In section 5.1, we introduced the infinity twistor as the bi-twistor that breaks the natural
conformal invariance of twistor space down to its Poincare’ subgroup that preserves
the Minkowski metric. So far, in our discussion of parity even Wightman functions
of conserved currents and A = 1 scalars, the infinity twistor did not appear. However,
we shall see in this section that whenever there are scalars with A # 1 present in
the correlator or for parity odd Wightman functions, the infinity twistor is a required
ingredient. Although it breaks conformal invariance by itself, we shall see that it occurs
in correlators in such a way that the whole expression is rendered conformally invariant.
The first part of this section focuses on general scalars whereas the second part deals with
parity odd Wightman functions. In the third part of this section, we derive the Penrose
transform for generic primary operators with arbitrary scaling dimension and spin. We
also briefly discuss some preliminary results regarding their correlation functions in
twistor space.

5.6.1 Wightman functions of general scalar operators

As we saw in the previous section, A = 1 scalars are naturally described in twistor space.
Before discussing the construction of correlators of generic scalar operators, we start
with the A = 2 case. This case is special since a A = 2 scalar is related toa A = 1
scalar via a Legendre transform, which is a conformally covariant transformation that
preserves the eigenvalues of the quadratic and quartic conformal Casimirs.

The Legendre transform

Given a scalar operator O, in three dimensions, its Legendre or shadow transform is
defined as [85],

O3-a(x) _/l |2(3 5 0a0). (5.73)

Taking A = 1 results in,

d3
02(x) = / Y010y (5.74)
lx =l

Using the Penrose transform (5.65) for A = 1 scalars, let us now implement this
transformation in twistor space. We have,

d> A
02(x) = / |X—))}’ 0 / )i 6% (@ =y )01 p),  (5.75)
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where we have implemented the incidence relations (5.2) using a delta function. Expo-
nentiating the two dimensional delta function and switching the order of integrals results
in,

_ 2- d*p d’y
o = [uands [ 55 [ 555

—l _yab ,€ lPaY'”h/lb A B
/ (AdAYd* i / (2 ek Pa (1= Ap) / d>y T 01(, f1)
. -a ab /l' A
:/(/ld/wdzﬂ/ (2—)26_1[)“(“ _x[/lb)|2—p|01(/l’/1)

/ (AdA)d*z / (zﬂ)ze—iPaW“—X“”b—“”OI(a, n)

= / (AdAyd* as® (a® — x*® ) / Wo}(a, A+ cA). (5.76)

e Pa (ﬁ“—Y“b/lb)(jl (A, )

Therefore, up to a normalization factor, we find that the twistor space Legendre
transform is given by,

(o]

n n dc
0>, 1) = 02(Z) = / Lo a+en), (5.77)

—0o0

with the Penrose transform for O, given by,

05(x) = / (YO (A, @) x. (5.78)

Note the important difference between this Penrose transform and the one for A = 1
scalars and conserved currents (5.16). There, the twistor space operators were dimen-
sionless as can be seen by dimensional analysis or the action of the dilatation generator
in (5.44). On the other hand, we see that in (5.78), the twistor space operator O» (A, i)
has dimension 1 and therefore carries a representation of the conformal algebra different
than (5.44). We will discuss this more when we generalize to arbitrary scaling dimen-
sions. Now, we shall discuss two and three point correlators involving the O, operator
obtained via the Legendre transform.

A contact term and the two point function

Consider the two point function of the O, operator with an O operator. Generically,
the two point function of an operator and its shadow is non-zero and is in fact equal
to the d—dimensional spacetime delta function in position space [17]. Our aim now is
to reproduce this in twistor space using the twistor space Legendre transform (5.77).
The (0|01 (Z)01(Z»)|0) two point function is given by (5.66). Performing a Legendre
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transform of the first operator results in,

N o dc 1
(0102(Z1)01(Z»)|0) = / — — —
2 (A - fia— A2+ fir +cAy - Ap)?

dc i S T i dc _..
— / ? deialcrale icia(A1-fla—Az-fli+cdi-A2) _ deia|ciale icinZy-Zy ?e ic1pc(12)

:/ deip|cin||ern(12) e 1242 = |(12))| / deypel e n?r 2 = [(12)161%(Z; - ).
(5.79)

Recasting the result in terms of the infinity twistor (5.11) and using the fact that (12) =
(Z11Z,) = Z{143Z8 with I4p the infinity twistor (5.11) and Z# given by (5.1) yields,

(0102(Z1)01(Z2)10) = (Z112)|62(Z; - Z) (5.80)

Notice that the infinity twistor has entered the fray for this correlator. Note also that
(derivatives) of delta functions enforcing Z; - Z, = 0 were discarded in earlier analysis
for correlators of conserved currents [236, ]. However, we see here that it naturally
occurs in this two point contact term. One can also verify that upon a Penrose transform,
(5.80) results in the correct position space contact term.

Let us now consider the two point function of the O, operator. Performing the
Legendre transform (5.77) for both operators on the (0|0;(Z,)01(Z>)|0) correlator
(5.66) results in,

(Z11Z,)?

(0102(Z1)02(2,)|0) = Z 2t

(5.81)
Yet again, the infinity twistor is present in the result (5.81).

Three point functions

The Legendre transform formula (5.77) makes it very easy to obtain three point functions
with an arbitrary number of O insertions given the corresponding correlator with O.
For example, the three point function of this operator using (5.72) is given by,

(0102(Z1)02(22)02(Z5)|0) =

’%

- dk;
n(/ V(Z1 - Zy + (ki + ko) Z11Z2)5(Zs - Z3 + (ko + k3)Z21Z3)5(Z3 - Zy + (k3 + k1) Z31Zy).
i=1

k?
l (5.82)
This result can also be written as,
KZ112,)(Z2173)(Z31Z,)]
2 2
(8% - 3% - &) - B+ B8 - 8% (- % - 8% + 8%

(5.83)
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Similarly, one can obtain the expressions for cases where the O operator appears once
or twice with conserved currents. We note that the below answers are valid only inside
a Penrose transform as we ignore the second contribution in equations (5.70) and (5.71)
although its easy enough to include them if required.

For two A = 2 scalars and one conserved current we have,
(015 (21)01(22)0(Z3)|0)
[ dky dks

= Tk )26[5](21 -7y + klZlIZZ)(S[_s](ZZ Za+ (ki + kz)ZQIZ3)5[s](Z3 71+ kaZ31Z),
172

(5.84)
whereas the one A = 2 insertion yields,
(O1J} (21)J}(22)02(Z3)10)
dk
= / pa[“”ﬂ(z] - Z2)81(Zy - Zy + k221 Z3) 61 5N ( 25 - 7y + kZ312y).
(5.85)
Let us now move on to the generalization of the Penrose transform to scalars with
arbitrary scaling dimension.
The Penrose transform for arbitrary A

Consider a scalar operator Oa(x). Our aim is to derive a Penrose transform for this
operator. We look for an expression of the form,

Oa(x) = / (1) O(2)lx. (5.86)

where X denotes the usual incidence relations (5.2).

By dimensional analysis, we see that O (Z) must have scaling dimension A — 1.
The projectiveness of the integrand (5.86) also implies that O »(Z) has homogeneity —2.
Given the fact that twistor space is connected to spinor helicity variables by a Witten
transform (5.26), let us obtain 0 A(Z) via the same. Consider,

OA(Z) = Op(A, f3) =

d*1 A-1
'T . (5.87)

ONOW!
2 a(4,4)

Note that we have rescaled the operator by | % | since only then does the twistor space
operator O (A, ) have dimension A — 1 (The operator O A (4, 1) has scaling dimension
A — 3 due to the Fourier transform and the measure contributes +1 which along with
the rescaling factor makes the total A — 1). One can now follow steps very similar to
our Penrose transform derivation for the conserved currents and A = 1 scalars to see
that it leads to the Penrose transform (5.86). The Witten transform (5.87) enables us
to derive the action of the conformal generators on the twistor space operator O (A, /7).
Translations and Lorentz transformations act exactly like in (5.44) whereas dilatations
are modified to,
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8
PN

—d

-

N i 0
[D,OA(/L:H)] = =|A°

T £2(1-8)|0a(10),  (588)

which is expected since the dimensionality of the twistor space current is A — 1
as we saw after establishing the Penrose transform (5.86). The special conformal
transformations, on the other hand, act in a very interesting non-local manner. We find

[Kap, Oa(A, )]

S P _ S0 o 9 0 5 A _
=20\ gy + (A= D{(A aﬁ) (/l(aa/lb) ﬂ(aaﬂb)) 2(a 6ﬂ) /l(a_aﬂb))}OA(/L/l)-
(5.89)
We define the inverse derivatives appearing in (5.89) viz,
0 _ _ ® -
g == [ dsfaes. (590)

For the inverse derivatives to make sense we require that f(4, i) ¢ Ker(A - a%)' For

the twistor space operators O (A, 1) which satisfy the unitary bound (A > %), this
requirement is indeed satisfied and therefore this operator is invertible on the subspace
spanned by the twistor space operators. One can easily check using the definition (5.90)
that it satisfies,

0 0
(4 ==) (- —) ) = £, ), (5.91)
a of

provided f (A4, 1) vanishes when g — oo which is true of the examples we consider in
this chapter such as the two point function to be derived soon. We also note that the
quantity A- aip is the same as Z414 B% as can be seen from (5.11) and (5.1) thus showing
that the infinity twistor explicitly appears in the special conformal generator (5.89). Let
us remark at this point that such a non-local representation has been considered in the
context of conformal quantum mechanics [98] where the authors show that the conformal
s[(2,R) algebra admits a representation where the special conformal transformation
contains a non-local term quantified by a parameter p. We see that in our case (5.89),
the analogous parameter is A — 1. When A = 1, both the dilatation and SCT generator
collapse down to the local generators (5.44) and for A # 1, we need to deal with the
non-local transformations in (5.89)'?. The O, operator discussed in the first part of this
section is a special case of the general A case and one can check that the results (5.80),
(5.81),(5.82),(5.84) and (5.85) satisfy the conformal Ward identities dictated by (5.88),
(5.89) for A = 2.
Let us now investigate two point functions involving O .

121n [98], the dilatation operator is unaffected by the non-local term in the SCT operator. However, in
our construction one can see that the second term in the RHS of (5.89) precisely produces the additional
term in (5.88) by taking the commutator of P with K which shows that the conformal algebra is obeyed.
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Two point functions

Consider a two point function of OA(Z;). A general ansatz allowing for the infinity
twistor (due to its presence in the generator (5.89)) takes the form,

(010A(Z1)0A(22)10) = (Z1 - Z2)*KZ\ I Zo) P (5.92)

Covariance under dilatations (5.88) fixes 8 = 2(A — 1) and invariance under projective
rescaling in (5.86) fixes @ = —2A. Thus our candidate two point function reads,

(Z11Z3))>AD
(Z, - Z)*A

One can show that (5.93) is invariant under special conformal transformations (5.89).
Further, one can show that it goes over to the correct position space result. We do not
pursue the construction of three point functions of arbitrary scalars in this chapter. One
way to proceed is to solve the conformal Ward identity (5.89) which in this case is an
integro-differential equation and thus is quite involved. Another inviting possibility is
to use weight-shifting operators [36,239] and the results for the correlators involving O
and O, to bootstrap higher A correlators. We leave such an exercise to the future. Now,
we move on to another situation where the infinity twistor is an essential ingredient in
the analysis: The case of parity odd correlators.

(010A(Z1)0A(Z2)|0) =

(5.93)

5.6.2 Parity odd Wightman functions

In three dimensional CFT, conformal invariance allows for the existence of parity odd
contributions to two and three point functions of conserved currents. These were
obtained in twistor space in [237]. For instance, at the level of three points they
obtained,

7hy 7ho 2h3
S1 2
(O (T2 (T2) ) (T3)[0)oa
3
h:
= +i Sgn( ) L)l st (g stz - pysle (3 1),
=1
(5.94)

where,
T, = Z;if h; = +s; and T; = W; if h; = —s;. (5.95)

The result (5.94) is consistent with the correct spinor helicity results after a half-Fourier
transform [237]. However, one must take caution before using it in a Penrose transform
(5.16), the reason for which we shall discuss now. The point that we want to make
here is that starting with (5.94) (lets say choosing the (+ + +) helicity) and setting
up the traditional Penrose transform (5.16), we get the same expression as the parity
even homogeneous correlator in (5.58) up to an overall coefficient! As it stands (5.94)
is a suitable twistor space representation for the parity odd correlator when viewed in
the guise of the half-Fourier transform to spinor helicity variables for all space-like
momenta. However, it is also desirable to have an expression whose Penrose transform
to position space yields the parity odd correlator. That is the aim of this subsection.
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The Epsilon transform

Let us start with a discussion of the epsilon transform. It is a conformally invariant
(preserves eigenvalues of quadratic and quartic Casimirs) transformation in three di-

mensional CFTs [44, 156]. However, its novelty is that it flips the discrete parity label
of a representation. Given a current J#1""#s(x), its epsilon transform is defined as,
dy 9
(-t () = @7 [ a2 (), (5.96)
ly —x2dy”

Similar to the Legendre transform, we desire to cast this transformation in twistor space.
To illustrate the point, we consider a spin-1 current. We shall also employ spinor notation
by contracting any vector indices with the Pauli matrices, since it is more natural in this
framework. After some simple sigma matrix manipulation we get for the spin-1 case,

d? 0 .
(- )" (x) = i / S () (5.97)
ly —x[>9y{,,

Using the Penrose transform (5.16) for the spin-1 current in the RHS of (5.97) we
obtain,

eha = [avnay [ @ae -xtan e [z
(5.98)

This identifies the twistor space epsilon transform as,
(e-N*(2)=—i / dj ZA g aaBﬁu, D) o gayyab - (5.99)

We note that the infinity twistor (5.11) is part of the very definition of the epsilon
transform (5.99)! As we will see now, it will thus feature in parity odd Wightman
functions. Before we proceed, we present the generalization to arbitrary spin which is a
simple generalization of (5.99).

The epsilon transform in twistor space for a spin-s current is given by,

T\+ . d3y A d +
(e-J)"(Z)=—i — 2" ap——J; (4, @) (5.100)
Y 0Zg 19— 1% +yeb 4y,
The “parity odd” Penrose transform is thus given by,
(€ )" (x) :/</1d/1>/1“1---ﬂaz‘(e-fe)+(z)|x, (5.101)

where (€ - J,)*(Z) is given in (5.100) and X are the usual incidence relations (5.2).
For convenience, we also present the epsilon transformed version of the Witten
transform (5.26) that can be obtained using the Fourier transform of (5.96). The result
is,
. d’A s _JHa,
(e-Js)(A, ) = +i/ —ze’ﬂ'“Sign(/l cA)= ( — ), (5.102)
(27) Ipl*

where as usual p = -3 .
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Two point functions

In three dimensions, conserved currents can have a parity odd contribution to the two
point function that is a contact term. In twistor space, one can perform using (5.100)
an epsilon transform with respect to the first operator of the parity even positive helicity
two point function (5.57). This results in

O} (Z1) T (Z2)10Y0dd = —ics0aaSEN({Z11 226>+ (Z, - Z,). (5.103)

Note that delta functions of twistor dot products were discarded in earlier works
[236,237] since they do not have the correct rescaling properties under rescaling by
negative numbers and do not give rise to the correct spinor helicity correlators. Here,
on the other hand, the Sign factor involving the infinity twistor in (5.103) takes care of
both of these issues simultaneously. Under rescalings by an amount » we have,

Sgn(r)

Sen({Z,1Z,))6' N (z, - Z A
gn({Z1122)) (Z1-22) — 528 gn(r)

1
Sen((Z112:))8* (2, - ) = ——=Sen((Z112,))6'> (2, - 2,)
r S
(5.104)

One can verify that (5.103) is conformally invariant with respect to the generators (5.43)
as a distribution (that is, on the support of the delta function that it multiplies) despite
the presence of the sign factor whose argument breaks conformal invariance.

Similarly, when converted to spinor helicity variables, Sgn(Z;/Z,) cancels out
the Sgn((12)) that appears in the Witten transform (5.26) as was discussed in [237].
Moreover, it goes over to the correct conformally invariant parity odd contact term after
performing the Penrose transform in (5.103) thereby validating the result.

Three point functions

Performing an epsilon transform of the parity even homogeneous Wightman function
(5.64) with respect to the first current, we obtain

(01 (Z1)J,(Z2) 5, (Z3)10)oda

= %/ deyadeysdesicyy ™ B e TN e T2 Sgn (c12(Z11 2oy + e31(Z31Zy))

X (e—iclzz] Zy—icy3Zy-Z3—ic31 232y ) . (5 105)

The infinity twistor similar to in the two point function (5.103) appears via sign
factors. One can show similar to the two point case that (5.105) satisfies the conformal
Ward identities (5.43) as a distribution.

Let us now compare our new result (5.105) with the parity odd three point function
of [237] given in (5.94), in Schwinger parametrization:

(015, (Z1)J;,(£2)J,(Z3)|0)0dd from [237]
[ - - sy —i Zo—i Za—i .
— E / dC]de23dC31C§12+S2 S3C§§+S3 SIC;31+SI 526 ic12Z1-Zy—ic3Zy-Z3—ic31 232y . (5106)
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Note in particular that (5.106) differs from (5.105) by a factor of Sgn(c12(12) +c¢31(3 1))
in the Schwinger parameter integrals. When converted to spinor-helicity variables via
Witten’s half-Fourier transform (5.26), (5.106) and (5.105) respectively yield,

o ~ n . 12)51+52-53 23 S2+53—5] 31 $3+51—52
<O|J;1(pl)‘];;(pz)‘]:s(p3)|0>oddfrom[ ]:l< > < > < >

ES1+SQ+S3
N N n ) <i§>s1+s2—s3 <Q§>sz+s3—s1 <f§i>s3+S1—sa
<O|Js+1 (pl)J;; (pZ)J;; (p3)|0>0dd = ngn( Vp%) ESi+s2+s3 :

(5.107)

Since the half-Fourier transform is performed for space-like momenta the sign factor is
equal to 1 in such cases and thus both results agree. However, it is (5.105) that also gives
rise to the correct position space result after a Penrose transform (5.16). Therefore, as
the authors themselves commented, the results of [237] for parity-odd correlators are
in the context of the half-Fourier transform for space-like momenta. Our new result
(5.105) is valid in the context of both the Witten and Penrose transforms. The sign
factors appearing in our formulae (5.103) and (5.105) are responsible for resulting in
a parity odd expression which can be seen by using these expressions in the Penrose
transform (5.16)'3. The main result of this subsection was the twistor space epsilon
transform (5.100). It allows us to define a new Penrose transform like (5.101) that
involves the infinity twistor in contrast to (5.16). The generalization to other helicities
is straightforward so we do not present the details here.

5.6.3 Non conserved currents in twistor space

In the third and final part of this section, we shall generalize the Penrose transform (5.16)
to accommodate general symmetric traceless integer spin primary representations of the
conformal group. We then investigate two point Wightman functions involving such
operators. Let us concentrate on the spin-1 case for technical simplicity and then
generalize to arbitrary spin. Consider a spin-1 operator with dimension A. We propose
the following Penrose transform for this operator:

0% (x) = / (AdA) (zmbég‘ (A, Q) - mw%ég(z, ) |lx. (5.108)
b)
where X denotes the usual incidence relations (5.2).

Some words about (5.108) are in order. First of all, unlike the Penrose transforms
for currents (5.16) or O, scalars (5.86) which output the position space operator given
a single twistor space operator, the formula (5.108) requires two twistor space operators
for the same process. Both these operators o+, a), 0°(a, ) have scaling dimension
A -2 as we can read of from (5.108). However, they have different projective properties.

13Recall that the parity operator in 2 + 1 dimensions takes the coordinate 7 — —z. One can check by
plugging in (5.103) and (5.105) into the Penrose transform and using the incidence relations that they pick
up a sign under a parity operation, affirming that the expression is parity odd. Similarly, one can check
that they are also odd under time-reversal 1 — —t,i — —i. This also ensures that they are invariant under
PT.
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For the integrand in (5.108) to be invariant under projective rescalings (4, @) — (rA, r)
we require,

A 1 4 A 1 A
O rdrfp) = 2O (4 @), Ox(rd,rfi) = O (4 ). (5.109)

These operators are obtained via the Witten transform (5.26) as follows:

A+1 - d*a il-fi A+l 3 A0 - d*a id-fi /0 3
OA (/l,,U) = W@ OA (/1,/1), OA(/L,U) = W@ OA(/l,/l) (5110)

The spinor helicity operators appearing in the integrals in the above equation are
given by (see (5.24) for the definitions of the polarizations),

O A A) = (¢ 0ray (A, D), OR(A, ) = {41 EOnayar (4, ) (5.111)

Note that the second term in (5.111) is identically zero for conserved currents as it is
simply equal to p“1%20a4,4,(4, 1) which is the divergence of the current. Let us now
derive the formula (5.108) following similar steps to section 5.3. Till (5.33), the steps
remain the same. The difference appears in the next step (5.34) where we threw away
terms proportional to the divergence of the current. For a spin-1 non conserved current
the analog of (5.33) after some simple variable-relabeling in some of the terms reads,

-2 - = - _ _ -
0y (x) = d21d21|7|(/1“14“2&’?1/1’720%,,2 (A, 0) = A9 DP1 3020, (A, D) ).

(5.112)

1
Vol(GL(IL,R)) /

The second term in the above equation is the zero helicity component of the current
which we defined in (5.111). Combining this formula with the Witten transform (5.110)
then results in the Penrose transform (5.108). The generalization to higher spin is similar.
For a spin s symmetric traceless operator with scaling dimension A, we find a Penrose
transform involving s + 1 terms which include the ‘helicities” +s,s — 1,5 —2,--- 1, 0.
This is due to the fact that such an operator has 2s + 1 different independent components
(which is the also the same as the number of degrees of freedom of a massive spin-s
gauge boson in four dimensions) and inside the Penrose transform, the components with
equal and opposite “helicities” are equivalent similar to what we saw in going from
(5.34) to (5.35) . It is much simpler to write this expression after contracting with
arbitrary polarization spinors {,. The result is,

Ons(x.0) = / (AdAy ) ex(Z - > - %)kéz"‘u, Alx, (5.113)
k=0

where X denotes the incidence relation (5.2) and cj are coefficients that can easily
be calculated like in (5.108) and performing the Witten transform (5.115) for each
component.
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14Speaking of which, the Witten transform for each component is given by,

1
e =

2 1o

(27m) |%|s 1

Ok, ) = (5.115)
where O**(1, 1) contains s + k positive helicity polarization spinors and s — k nega-
tive helicity polarization spinors (5.24) contracted with the momentum space operator
Ora,-an, -

We can obtain the two point functions for each component of the spin-s operator
using dimensional analysis and invariance under projective rescalings. For example, the
component O has the scaling dimension A — (s + 1) and scales with a factor of m

ZlIZ2>|2(A_(S+1))
(Z1 - Zp)*A0)

cy; are coefficients that are all related and are multiples of the two point function
coefficient cp, ;. One can check that this formula leads to the correct non-conserved
current two point function by performing the Penrose transform (5.108)!°. Similarly,
it would be interesting to solve for three point functions involving at least one non-
conserved current which will greatly help in setting up the conformal bootstrap in twistor
space. One way is to solve the integro-differential conformal Ward identities (which is
equal to (5.89)+ a contribution that depends on the spin. Alternatively, using weight
shifting and spin raising operators [36,239] also seems like an interesting and viable way
to proceed. In contrast to conserved currents where twistor space makes conservation
and conformal invariance manifest, the above discussion indicates that the analysis of
non-conserved currents in twistor space would be quite challenging. However, there are
some advantages such as the fact that the helicity basis still trades a symmetric traceless
tensor OF!""#s for 2s + 1 scalar-like objects whose correlators we can independently
consider. As mentioned above, correlators involving one non-conserved operator are
extremely important to compute since a four point function even of conserved currents in
general receives contributions from the exchange of non-conserved operators. However
perhaps, a hybrid twistor-position space framework where we express only conserved
currents in twistor space and the remaining operators in position space like remarked
in [236] might also be a way forward. Perhaps an approach similar to massive spinor
helicity variables for four dimensional scattering amplitudes [240] could also be a way
forward to obtaining the best description of generic operators in twistor space.

We hope to return to this in the future. We now proceed to switch gears, turn on
supersymmetry, and head towards super-Twistor space.

010 (2) 01 (22)10) = et

(5.116)

4Explicitly, we have the following formula for the coefficients in (5.113):

ka2
(-1) Z(k

(—1)~“(2;),k =

I5For instance, we explicitly matched the spin-1 case with the result in [47] by converting the result
of the Penrose transform (5.108) to momentum space. We hope to return to a systematic analysis of this
very important problem in the future.

),kis

= (5.114)
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5.7 The Geometry of Super-Twistor Space

In this section, we first introduce the basics of the super-twistor space developed in
[241].  We then derive the corresponding super-incidence relations and the super-
Penrose transform by using the super-field expansion and the Penrose transform (5.16)
for each component current. We compare this with the Super-Witten transform and show
that when combined with the ordinary Fourier transform and using the Faddeev-Popov
method, the super-Penrose transform can also be derived. We then discuss the form
of the super-conformal generators and derive the OSp(N,4) invariants that serve as
building blocks for super-twistor space Wightman functions.

5.7.1 A Brief review of super-twistor space

Let us begin with a brief review of the super-twistor space constructed in [241] for
theories N —extended supersymmetry in 2 + 1 dimensions. Super twistor space is an
open subset of the projective space RPNV, Tt is spanned by bosonic coordinates Z4
and fermionic coordinates ¥ where A = 1,2,3,4 is the Sp(4) fundamental index
and N = 1,---, N is the O(N) fundamental index. Together, they form the super
twistor space coordinates Z7 = (Z4,y") = (1%, iy, ") which is in the fundamental
representation of the super-conformal group OSp(N|4;R). The coordinates Z* are
real and ¢V satisfy (yV)* = iy™. Similar to the non-supersymmetric case, there
exist dual twistor space coordinates Wa = (Wa,n) = (e, A%, ¥y) with WA being
real and (YV)* = iyN. Indices of super-twistors are raised and lowered using the
OSp(N4;R) invariant graded symplectic form Q5. With these ingredients and the
Penrose transform (5.16), we are now in a position to make a connection to the position
super-space. We focus on the N = 1 case, but the methods and results should be easily
generalizable to extended supersymmetry.

5.7.2 The Super-Penrose Transform

A conserved super-current in position super-space takes the following form [242]:

0% a1 are-
JE (1, 6) = T )+ 0,070 () = L. (s.1)
2
The statement of conservation reads,

Dy J8 > =0, (5.118)

where the super-covariant derivative is given by,

0 i
Dy = =z = 504, (5.119)
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Given the super-field expansion (5.117) and the fact that we know the Penrose transform
of each component current appearing there (5.16), we can re-write (5.117) as,

e . . 62 .
Jarras (x g) = /(ﬂd/l)/lm A LR (-]:(/1, Q) + Qa/laf;.%(/l, ﬂ)) _ IT(};ZI /(ﬂd/l)ﬂ“z .. '/laz“'/la./:(/l, @)lx

X

62 o> o
- IT/ (AdA)A% - A2 T o T (1 D)
X

= [ {QAdDA™ - 2% [ JHA, @) + 0,240 (A, a
[aan (3< )+ 0a1°, ,u)) e

. . 62 o .
= / (AdA) A% - - % (J;(/l, ﬂ)+6’a/l“J:+;(/l,ﬂ)) —ZT / <Adﬂwz---A“zma(—u“l(sg+Abagl)ﬁﬁu, ) x

X
0

aaa

: (5.120)

. R 62
= / (AdAYA% .. 1% (J;(/l, Q)+ eaA“J;%(A,p) + ’Taa
X

T, ﬂ))

where X as usual denote that the incidence relation (5.2) should be imposed. We now
want to rewrite this covariantly as an integral over the super-twistor space currents
J1(2) = Jr (A, a,y) first introduced in [241]. First of all J¥(Z) similar to its non-
supersymmetric counterpart (5.20) satisfies [24 1],

1
r25+2

ING S . (5.121)

This leads us to the following well defined projective integral involving this current:

in
esy

J5' " (x,0) = / (AdAT - 2 JF (4 @)l = / (AdYA™ - A% (JF (A, 1) + %
(5.122)

We have also expanded the super-twistor space super-current into its two components
in (5.122) using the formula in [241]. The subscript X indicates the superincidence
relations that we need to derive. Let us write down an ansatz for the same using
dimension analysis and the projectiveness:

X ={fia = —xapd” + ab?A , ¥ = 6“2} (5.123)

Substituting (5.123) in (5.122) and performing the Grassmann expansion yields,

2

. ¥ R d .
J§T (x,0) = /(/1071)/1&1 R (J:(/l,ﬂ) - i,6’9a/1a J:+1 (4, @) + (192/1”(9_-]:(/1,#7))
2 2 [ X

V2
(5.124)

where X now denotes the usual component level usual incidence relations (5.2). Com-
paring the component expansion (5.120) to our ansatz (5.124) yields the values,

@= i,ﬁ = —V2e 7. (5.125)
Putting everything together, we obtain the Super-Penrose transformation:

JOs(x,0) = [ (Ad)YAY - A FH A, @) (5.126)
X
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where the super-incidence relations are given by,
X = {g = —xgpA’ + iezaa v = —V2e T}, (5.127)

As a consistency check, it is easy to see that (5.126) along with (5.127) satisfies the
super-conservation (5.118).

Let us reflect on (5.127) briefly. Given a point in position superspace (x,p,6.) we
see that (5.127) defines a projective line RP'!' € RP?I'. The generalization to extended
supersymmetry should be straightforward. The only difference is that the Grassmann
coordinate ¢ becomes a vector of SO (N') which is the R-symmetry group and thus one
needs to impose incidence relations for each component. Further, for N' > 2, one can
form contractions in different ways using the invariants of the R—symmetry group. We
leave such an exercise for the future.

5.7.3 Fourier+ Super-Witten transform — Super-Penrose trans-
form

In subsection 5.7.2, we have derived the Super-Penrose transform using the component
level Penrose tranform (5.16) and the super-twistor currents of [241]. Similar to the
non-supersymmetric exercise, we shall now derive the Super-Penrose transform starting
from the Fourier transform and using the super-Witten transform developed in [24 1] thus
proving their equivalence. A word on notation before we proceed: Our conventions for
the Fourier transform (5.29) differ from those in [24 1] by a factor of —2 in the exponent
of the plane wave. This is done for convenience but will result in intermediate formulae
including those involving Grassmann coordinates to differ compared to [241].

Our starting point is the ordinary Fourier transform which is simply obtained by
replacing the current by the super-current in (5.29):

g 9):/ d’p 2P JU s (i (5.128)
a , (2_7r)3 S : .

Performing exactly the same steps as in our non-supersymmetric analysis, we land up
with the analog of the expression (5.35),

1 d*Ad*Q
25Vol(GL(1,R)) (27)3

I (. 9) = A9 Q92 abx® 5 () T 0y (5.129)
The integrand of the above expression is only in spinor helicity variables. However, for
the supersymmetric scenario, it is preferable to use super-spinor helicity variables [4]
by expressing 6 in the basis of A and 1. We do this using the Faddeev-Popov method as
follows:

Claim:

=1 (5.130)

- 7% + na¢
(/l-/l)/ dn d7 6 (9“ + u)
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Proof:

. _ /l“+n/l“ 2SS 7% +nA?
A0 [ dnais|ee + 107 2 /l/dd( g2 4 12T
( )/ ndn ( T ) ) | dndq T T
- L_/dndﬁﬁn (/l 12—21/12) - ﬁ(a 12—21/12)/dndﬁ77n
= — ﬂ(z - 21/12)-1:1 0 (5.131)

Inserting (5.130) in (5.129) results in,

21427 -
J?l"'ah (x’g) — 1 d /ld /lei/la/lbxub/lal .. ./lazs (/l A /i)

225Vol(GL(1,R)) (2m)3
X / dndij 6° (0“ %) Jra, a9,
(5.132)

where we replaced J* (4, 4, 0) by J*(1, 1,7, 7) on the support of the delta function we
have inserted. We now express the latter by writing it as a half-Fourier transform of its
super-twistor space counterpart [241]:

The relation between the current in super-spinor helicity variables and super-twistor
space is as follows:

X1
2

JH A, 7) =2/d)(e‘ Fra,4n.x) =2/dxe‘)(7ﬁ(x—n)j§(/l,ix+n)

= 2/ A’ e / dye™ % (x - I (A fix + ). (5.133)
We now substitute (5.133) back into (5.132) and change variables from (7, y) —
(£4.€2) = (x + 1. x —n)'°.This yields,

1 dz/ldz/ie_i (@ —px

ab -
I . Q%5 (-1
225Vol(GL(1,R)) (2m)3 @1

J(;]...azs (X, 0) - —

19 + g+—€- 29 ) X
[ acae-ang o B )‘f TR E)
— dz/ldzljd€:+/la1 /la2sJ+ /1 — J- 5 134
~ 225Vol(GL(1,R) ()3 AT, @, 60T, (5.134)
where,
b) 7 _/la + §_+/ia +7 Y (~a_.,a
I = / dz/l(/l ./l)dﬁ(SZ (Qa + n/l—/iz) €_¥e_’ﬂa(“ x b/lh)_ (5.135)

Let us now express the Grassmannian delta function in the basis of A and A. This yields,
5 A%+ S2¢ 1
516 + = = =
-1 (- Q)
16We will also later make a simple variable change from &, to ¢ where ¢ o &, which is the variable
we prefer to work with for the most part.

5(7 = (1-6)6(£4 +2(2-6)). (5.136)
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Using (5.136) in (5.134) and performing the 77 integral results in,

2 - (/1 9)(/1 )

1=s(e+20-0) [ &1
(5.137)
Plugging this back in (5.134), changing variables from &, — ¢ = —%@, and perform-

ing the integrals over i and ¢ and using the projective integral formula (5.41) results
in,

J?l"'ab‘ (x’ 9) = /(ﬂd/l)/lal o /102sj:(/l’ /1’ lr//)lz\” (5138)

where X are precisely the super-incidence relations we derived earlier (5.127). There-
fore, (5.138) is indeed the super-Penrose transform. To summarize, we have shown
that the ordinary Fourier transform that takes us from position space to momentum
space (5.128) coupled with the supersymmetric Witten transform (5.133) yields the
super-Penrose transform (5.126)!

5.7.4 The super-conformal generators and invariants

So far we have discussed the super-Penrose and super-Witten transforms that respectively
connect position super-space and super-spinor helicity variables to super-twistor space
and discussed the relation between them. We now proceed to setup the super-conformal
Ward identities in super-twistor space that we shall use to solve for Wightman functions.

Our supertwistor space carries a natural action of the super conformal group
OSp(N|4; R) with generators acting on super-currents as follows [24 1],

0

A8 § @a_ 9
(773020 = 2%

0 4
5‘13 (A +
#2), [7T,JE(wW)] =W —awB]Js(‘W),
(5.139)

where the indices are symmetrized taking grading into account, please see [241] for
more details. The n— point super-conformal Ward identities take the form,

n

D0 [T, 5210y = 0 (5.140)

i=1

Another important operator that we must consider is the super helicity operator. This
operator ensures the correct behaviour of the super-currents under projective rescaling
in the super-Penrose transform (5.126). For a n—point super-Wightman function, we
require that for each current,

zlﬂﬁm 34(Z0) ++10) = =2(si+ DYO] -+ J2(Z) -+ 10),
0

. _ =N gz
aZm(O|...JSi(Z,~)-~|0)_—2(—sl+1 )01 JL(Z) -+ [0),  (5.141)

Zia
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with similar formulae for the super-dual twistor space currents that can be obtained via
the super-twistor Fourier transform that connects them viz,

N 4N A
Jsi((W):/ue‘Z'(WJf(Z). (5.142)

(2m)* 7

With the aid of the above equations, one can fully fix the full functional form of two and
three point correlators as was done in [241]. Given a number of Dual/twistors('W /),
natural invariants one can form are the super-symplectic dot products of Z /W that lead
to the set,

(Zi-Zj = -Z"QusZ7 Wi - Z; = WiaZ]", Wi - W) = Win Q™ P W}
(5.143)

where i and j are indices labelling the (dual)super-twistors.

However, apart from these invariants, there is another invariant of OSp(N|4;R)
which is the super-symmetrization of the projective delta function analyzed in the non-
supersymmetric case in (5.50). As an illustrative example, let us obtain this additional
solution by considering three twistors Z1, Z» and Z3. Then,

SW(Zs + enZi + ¢31Z2) = 61(Zs + c3Zy + ¢3122)6" (3 + co3h1 + c3142)
(5.144)

where ¢3, 31 are arbitrary real parameters”, is clearly also an invariant of the super-
group.

In order to remove the dependence on these ¢;; parameters, we integrate it with
weights cf.;."j to obtain,

2 , _ 4
O*W(Z1, 20, Zss s, a31) = / deyzdescy? 53 0 (Zs + c3Zy + €3120),

(5.145)
where «;; are arbitrary parameters that will be fixed by demanding the correct projective
rescaling (i.e. superhelicity) (5.141). Similar to the non-supersymmetric case (5.54),
one cannot obtain a function with nice homogeneity with respect to each twistor just by

using 62V, We need to multiply this by another OSp(4|N; R) invariant viz a dot product
of super-twistors. Thus, we define'®,

3N .
W(Z1, Zo. Zas anz, a3, a31)

= (-i)*6l°N(Z, - Z) / deyzdesics? ey W (Zs + enZi + ¢312Z2),  (5.146)

The super-helicity equation (5.141) can then be used to fix the values of a2, @23 and
@31 in a super-Wightman function.

17We could have started with three parameters and with the weights integrated over, we can show that
one can reduce down to two parameters with a volume factor similar to the non-supersymmetric case.
18Using one of the products Z; - Z ; is sufficient at the support of the 54N,
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We can also generalize the above invariant to n— points via,

?(Zl,---Zn):/dcl---dcn_l flet, - en)SWN (1 Zi+ -+ Zy).  (5.147)

To erase arbitrariness in the parameters c¢;, we have integrated them on the support of a
function f(cy, c2, - - - cy—1). For the projectiveness of this quantity and to be well defined
in the super-Penrose transform, this function will be constrained by the super-helicity
identity at each point viz (5.141).

Now, armed with these invariants, we shall discuss the construction of super-
correlators in the next section.

5.8 Supersymmetric Wightman functions in Twistor space

We first discuss Wightman functions of super-currents and how the projective super-delta
function (5.146) figures in the results. Just as in the non-supersymmetric case, where
the 5> solutions are necessary, we shall find that that their supersymmetric counterparts
that we have constructed (5.146) play an analogous role. We then extend the formalism
to include super-scalars. Further, we shall see the requirement of introducing one more
Grassmann coordinate for super-correlators involving scalars. However, we shall see
that the super-Penrose transform for super-scalars instructs us to integrate out this extra
parameter, resulting in drastic simplifications. We restrict our attention to N = 1
theories although it should not be too difficult to generalize to arbitrary N.

5.8.1 Two and three point functions involving only conserved cur-
rents

Starting with two point functions of super-currents we have the unique results [24 1],

1

(Z - 22)2(—s+%)+2 )
(5.148)

O133(Z1)I(Z2)10) = 0135 (Z1)J5 (Z2)10) =

1
(Zl ,Z2)2s+2’

At the level of three points, the authors of [241] show that one obtains homogeneous
super-correlators for net-integer spin and non-homogeneous super-correlators for net
half-integer spin. Lets consider three integer spin supercurrents with all + helicity.
Then, the correlator made out of super symplectic twistor dot products (5.143) is given
by [241],

<O|j;-1 (Zl)j;; (ZZ)j;-S (Z3)|O>h — (_l-)STé[S1+S2—S3] (Zl . Z2)6[52+S3—Sl] (ZZ . Z3)5[S3+S1—s2] (Z3 . Zl)
(5.149)

For three half-integer super-currents, the natural answer is given in dual super twistor
variables. We have,

(O3 (WO (WS (W) [0)n = (=) 7615 2 (W - Wy)sloorss s 2wy wy)slos = 3wy - W),
(5.150)
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However, it is desirable to also have the expression for this correlator in super-twistor
variables. To this end, one can use (5.146) to construct this three point function. The
three point function in terms of the projective super-delta function ' is given by,

(013 (ZDI3(Z2)I5,(Z3) |00

_ ( )ST(S s1+sz+53](.z1 22) / dC23dC3lc 52— SSHIC;fS S1+S264|N(Z3ﬂ + 63125( + C23.Zlﬂ)
(5.151)

Therefore, (5.149) and (5.151) are the homogeneous and non-homogeneous solution
respectively valid for net-integer and net-half integer super-current three point correla-
tors. Thus, similar to the non-supersymmetric case of section 5.5, we conclude from
here that if we want to express the supercorrelator using only Z variables, one has to
use 6>V invariants.

5.8.2 Parity odd super-conformal Wightman functions

Consider the supersymmetric generalization of the epsilon transform (5.97)*°. For
super-currents, the epsilon transform is a simple generalization of the same and reads,

By 0 4
(€ Ty, ) = — [ 2T jeranby g (5.152)
ly=xI*oy/,

The super-twistor space epsilon transform can then therefore be derived from (5.152)
and the super-Penrose transform (5.126).
The Super-epsilon transform in twistor space for a spin-s current is given by,

, (5.153)

A= +yab A,

3
(€-3)*(Z) = —i / dy zAfAB7J (i d)

where Z4p is the super-infinity twistor (5.155) to be defined shortly . The parity odd
super-Penrose transform is thus given by,

(€ - Jo)“ (x, 6) = / QA -2 (e 5 (Dl (5.154)

where X denote the super-incidence relations (5.127).
We have also defined the super-infinity twistor that is equal to,

Tag = Iap ® Onxn- (5.155)

Similarly, the parity odd super-Witten transform (5.102) is the exact analog of its non-
supersymmetric counterpart (5.102) obtained using (5.133) and the momentum space
version of the super-epsilon transform (5.152).

190ne can also obtain this solution using the super Fourier transform (5.142) of (5.150).
20The result in (5.97)is given for spin-1 but the result is a simple generalization to arbitrary integer
spin. One just needs to add extra indices to the formula and symmetrize them.
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iSign(Vp2) (e - 3 (L L) = 2 / P e / dye™ % (¢~ )3y + 1),
(5.156)

where the relation between the Grassmann variables 7, y to the ones we use more
frequently is given below (5.133).
Using (5.153) and the two point even expression (5.148) we obtain,

(013 (Z1)IE(Z22)10) = Sgn(Z1 7 Z)6=(Zy - Z0). (5.157)

Similarly, using the expression of the parity even super three point function (5.149) and
the super-epsilon transform (5.153) results in,

O13F (Z0)IE (2238, (Z5)10)
_ % / anchdCSlci‘|2+sz—s3cgz3+33—sl C§31+sl—szsgn(cl2<Z1IZ2> +C31 <Z3IZ2))e*icl2Z1'ZZ*iczszz'ZsficslzTZl

(5.158)

Very nicely, we see that these results are obtained from something as simple as replacing
twistors by super-twistors in the non-supersymmetric results (5.103), (5.105). Moreover,
we bring attention to the fact that these expressions also involve the super-infinity
twistor (5.155). One can check that these expressions are solved by the super-conformal
generators (5.139) as a distribution and moreover give rise to the correct position space
and spinor helicity results.

5.8.3 Extensions to super scalars

The subject of the final part of this section shall be super-scalar operators with scaling
dimension one. In position space, the scalar super-field is given by [242],

Jo(x,60) = 01(x) + 0,01 ,(x) + 6702(x). (5.159)

We have seen previously that super-twistor space for conserved super-currents was
spanned by a single super-twistor coordinates Z7 = (Z4, ). However, for scalars, an
additional Grassmann coordinate called ¢ _ is required to describe them. This can be
understood from the structure of the scalar multiplet (which one can obtain by a Witten
transform of the expression in [48] and some simple variable changes):

A % A 1 A [ A in A
I(Zowo) = S W +9001(2) + 507,(2) + 50-407,(2) = 26 F (0 =y 02(2)
(5.160)

For conserved super-currents, the Penrose transform was given by (5.126). For the
super-scalar (5.159), we propose that it is related to (5.160) as follows:

Jo(x,0) = / () / e Fdy_ Jo(Z v ) s (5.161)
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where X are the super-incidence relations (5.127). A few words are in order. From
(5.160), we can see that i, y_ both have helicity —%. Therefore, Jo(Z) behaves like a

s = —% current (and not like a scalar with s = 0!) and satisfies,

~ 1A
Jo(rZ,ry_) = ;JO(Z, o). (5.162)

Then under 4 — rA, - — ry_, (5.161), the measure transforms as (AdA)dy_ —
r2AdA)d(rg”) = r? </ld/1>%d(l//_) = r{AdA)d(y-). This is precisely canceled out
by the transformation of Jy (5.162) and thus the integral is invariant under projective
rescalings.

Another point is that the super-field (5.159) has a scaling dimension equal to one,
which implies that the super-twistor space scalar is dimensionless. Note that although
the super-twistor component expansion (5.160) contains both positive and negative he-
licity components of the spin-1/2 operator, in the context of the super-Penrose transform
(5.161) only the positive helicity operator contributes. This is yet again a manifestation
of the fact that equal in magnitude and opposite in sign helicities in a Penrose transform
contribute equally like we discussed in the paragraph above (5.113). Next, the super-
Witten transform for scalars is identical to the spinning case (5.133) with s = 0. We have,

Jo(4, 2,1, 7) =2/d)(€_%jo(/1,l77,)() =2/dxe‘¥jg(ﬂ,ix+n,x—n)
_ il _X7 A _
:Z/dzpe /““/‘d/\/e YIS g x +n,x —1). (5.163)

The main difference from the spinning case (5.133) is that the scalar super-field (5.160)
depends on the difference y — 7 ~ ¥_ in a non-trivial way unlike the spinning case
(5.133) where it appears as an overall multiplicative quantity.

Two point functions

Lets start with two point functions. An ansatz consistent with projective rescaling and
dimensional analysis is given by,

€1 CA=1Y1-Y2-

(Z1-22)  (Zi-2)?

However, the supersymmetric Penrose transform (5.161) for scalars instructs us to
integrate over the _ coordinates thus yielding the simpler result,

(0130(Z1, ¥1-)J0(Z2, ¥2-|0) =

(5.164)

Cl1 _ W
(Oo(x1. 61)Jo(x2, 62)|0) =/(ﬂld/h)(/lzd/lz)/d¢1—d¢2—((zl -2Z2) C(Azw.lzf)zz
Ca=1
= Ad){AdAr)——F—. 5.165
/( 1dA1){12 2>(Z1'Z2)2 (5.165)
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which is simply obtained from the spinning result (5.148) by setting s = 0. Using the
super incidence relations (5.127) and performing a Grassmann expansion results in,

(OlJo(x1,61)Jo(x2, 62)|0)

/ l-2s+2 i2 611/1127
= (/1161/11)(/1261/12)——4i91a92b/(ﬂld/h)(/lzd/lz)—
(Zi - Za); (Z1 - )}
i (12) 3, (12)?
- —(6%+ 02 /(/lld/ll)(/lzd/lz)— -20% /(ﬂld/h)(/lzd/lz)—.
202 (Z1-2)F 8 1"z (Z1- Zv),
(5.166)

The first integral is the (0|0 (x1)O1(x2)|0), the second one is (Of/z(xl)Oll’/z(xz))
whereas the fourth integral is (0|0,0,|0). Remarkably, the Supersymmetric Penrose
transform has reproduced for us twistor space expression for (0> (x1)02(x2)) which we
earlier had to obtain via a Legendre transform (5.82). Thus, we see that the infinity
twistor is naturally accommodated by the super-incidence relations (5.127). The third
integral in (5.166) is zero since it is odd under the exchange of 4| and A,. Thus, we
have obtained a result that is perfectly consistent with the superfield expansion (5.159).
However, we are neglecting the potential contact term contributions that arise from
(0]010,|0) as well as the parity odd contribution to (0|0;,201/2|0). Let us now show
how to obtain the supersymmetric version of the same.

Contact terms

It is of interest to study and classify superconformal contact terms as pointed out in [17].
We already analyzed non-supersymmetric two point contact terms that occur in the
(0,0) two point function (5.80) and the parity odd two point functions (5.103). Given
the fact that the scalar multiplet (5.160) contains O, O, as well as a spin-1/2 operator,
let us see if supersymmetry allows for these contact term contributions. An ansatz that
we can write down taking inspiration from (5.80) and (5.103) is as follows:

0130 (Z1,¥1-)J0(Z2, ¥2-10) = 1-2-Sen({Z1 I Z2))6"(Z1 - Zo).  (5.167)

The above ansatz has correct projective properties (5.162) and dimensionality. Plug-
ging this into the super-scalar super-Penrose transform (5.161) results in,

(O1Jo (x1, 1)J0 (x2, 02) [0)contact = / (A1dA1){(A2dA2)Sgn({Z1 T Zo)s"(Zy - Zo)Ix.
(5.168)

Using the super-incidence relations (5.127), expanding (5.168) into components like
in (5.166) and matching with the position space super-field expansion obtained using
(5.159) shows that the correct two point contact terms (5.80) and (5.103) are reproduced
correctly. In fact, they combine very nicely thanks to supersymmetry to become the
following supersymmetric contact term,

(01Jo(x1, 01)J0(x2, 02)|0)contact = 62 (01 — 62)8° (x1 — x2). (5.169)

We leave to the future, a more complete and systematic analysis of super-symmetric
contact terms and their applications.
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Three point functions

Let us now move onto three point functions involving scalar super-fields. First, consider
a supercorrelator consisting of one scalar superfield and two conserved currents with
positive helicity: The most general ansatz consistent with (5.126) and (5.161) is,

013 (Z031(Z22)30(Z5.930)10) = eryz_sl121(Z, - )65+ 1(Z, - Za)st 1 21(Z5 - Zy)

+a’2/d612d023d631C§12+s26313_szcglsl+szeiclzzl'Z254I(Z,f{+6‘23Z1ﬂ+631Z2ﬂ), (5.170)

where a1 and a, are coeflicients that contain information about the OPE coefficients
and can be read off from the super-field expansions of the scalar and currents. The
important point to note is that the we get a linear combination the 556 and §* solutions
which are individually super-conformal invariant. However, in the context of the super-
Penrose transform (5.161), one should integrate out /3_ and therefore only the first term
in (5.170) suffices in that context.

The result for two scalars and one conserved super-current with positive helicity is
given by,

O1FF (Z1)Io(Z2)30(Z3)10) = 16U Zy - 262y - Z3)o(Z5 - Z0)
+ agr- Y3 N(Zy - Z0)61 N Zs - Z3)61(Zs - Z0)

—_ ; . 4
+0/3¢’2—/d612d623dc31C§12€;13€3151elclzzl 2264enZM + e Zf + Z0Y
—1=s1 51 =81 i . 4 A A A
+a4lﬂ3—/d612d023d031€12 ket @Bt (- ZM + cpZf - en Z9,
(5.171)

where the a; are related to the OPE coeflicients. However, the scalar super-Penrose
transform (5.161) tells us that only the coefficient of a; suffices to recover the super-
position space result. Similarly, the result with three scalars can be obtained and reads,

(0130(Z1)J0(Z2)Jo(Z3)10) = oy / derpdezdes €22 225 (e3 ZR — e51. 27+ ZFY

+a21-6(Z1 - Z2)6" N2 - Z3)6(Z5 - Z0)
+a3P2-6(Z1 - Z2)8(Z2 - Z3)6N(Zs - Z0)
+a3-6(Z1 - 26" N2 - Z3)6(Z5 - Z0)

+Olsl//1—¢’2—/d612d623d631eiclzz"zz54|l(023Z1Jq+031Z2ﬂ+23ﬂ)
+a’6lﬁ1_lﬁ3_/dclde23dC31eichZl'chgllym(C23.Zlﬂ+C31Z§7l+~Z§7{

; Zy —1 41
+a’7lﬁ2_l//3_/dC12d6‘23dC31€wlzZl ch235| (C23-Z1ﬂ+C3I-Z2ﬂ+Z§7{

+agy Yo Y3-6(Zy - Z2)6(Zn - Z3)0(L5 - Z1). (5.172)
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The eight @; (which can be reduced by imposing permutation symmetry to 4) encode
the information of the OPE coefficients. Similar to the previous cases, the only term
that contributes to the super-Penrose transform is the coefficient of ag. However, one
must keep in mind that the super-Witten transform (5.163) requires all eight terms to
reproduce the correct Grassmann spinor helicity expression.

This ends our discussion on super-scalars. The main message we want to con-
vey is that although the expressions for three point functions involves many terms
like in (5.172), only one term contributes to the super-Penrose transform (5.161). It
would however be interesting to see if any other use can be found for the other terms,
perhaps to obtain different position space super-correlators. Finally, similar to the non-
supersymmetric case of subsection 5.6.1 and 5.6.3, one can derive and develop the
super-Penrose transform for general A super-fields as well as non-conserved operators.
We leave such an exercise to the future.

5.9 Summary of this Chapter

In this chapter, we have discussed and constructed Sp(4) invariants in twistor space
for 3d CFT. We find two main classes of invariants: (1) Those that are made out of
symplectic dot products of twistors and projective delta functions enforcing collinearity
of twistors, (2) Those that also involve the infinity twistor of R>!. We discussed how
they occur in conformal two and three point Wightman functions of conserved currents
and scalars and in particular, how the latter invariants allow us to extend the twistor
space construction for arbitrary A scalars, generic spinning primaries as well as parity
odd Wightman functions. We then derived the supersymmetric Penrose transform and
discussed its relation to the supersymmetric Witten transform via the Fourier transform
and employing the Faddeev Popov method. Finally, we constructed the OSp(N4)
invariants and some prototypical examples of Wightman functions involving scalar
super-fields for N = 1 theories. One of the main messages of this chapter is that to
accommodate generic primary operators in (super)Twistor space, the infinity twistor of
R>! must be incorporated into the analysis. Although this may seem paradoxical as
the infinity twistor breaks conformal invariance down to its Poincare subgroup, we have
shown that the representation in which generic operators transform in twistor space is
non-local and naturally involves the infinity twistor and with these generators, conformal
invariance is indeed present. We have presented and derived many different versions
of the Penrose and Witten transforms in this chapter. They are summarized for the
convenience of the reader in table 5.1.

In contrast to the position space analysis for conserved current and super-current
correlators [78, ], the expressions we have found in twistor space are extremely
simple highlighting their utility as a natural language to describe these quantities.

There are a number of interesting future directions, some of which we discuss below.

Future directions

One immediate problem is to use the formalism of this chapter to bootstrap twistor space
three point correlators of involving at least one generic primary operator. This should
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Operator Penrose Transform | Witten Transform
Conserved Currents (5.16) (5.26)

Dimension A Scalars (5.86) (5.87)

Epsilon transformed Current (5.101) (5.102)

Non Conserved Current (5.113) (5.115)

Conserved Super-Current (5.126) (5.133)

Epsilon transformed Super-current | (5.153) (5.156)

A =1 Super-Scalar (5.161) (5.163)

Table 5.1: The Penrose and Witten transforms for various (super)operators

also help setting up the higher point conformal bootstrap, particularly for spinning cor-
relators since twistor space seems like an appropriate stage to study spinning correlators
as they are as simple as their scalar counterparts®!. It would be interesting to perform
the twistor space version of the analysis of [244,245] as a starting point. Developing
the machinery of Weight shifting and spin raising operators [36,239] in twistor space
also presents an interesting avenue to explore. Further, as discussed earlier, it would
be interesting to impose the constraints of dual conformal and Yangian symmetry given
the Sp(4) and OSp(N|4) projective delta functions and study their implications. In the
context of four dimensional (supersymmetric) scattering amplitudes in N' = 4 super
Yang-Mills theory, it turns out that there is a unique Yangian invariant quantity that one
can construct [246—-249]. We hope to return in the future to perform an analogous anal-
ysis in the context of CF73 and study the implications of Yangian invariance. It is also
desirable to extend our formalism to extended supersymmetry and also accommodate
non conserved currents. The latter would also be interesting from the point of view of
studying BPS states in CFT. Finally, the recent paper [250] discusses the presence of
sign functions in twistor space and how they are artifacts of working in Klein space.
The author shows that these factors are absent in the complexified twistor space and
thus it begs the question whether the ubiquitous sign functions that occur in the results
of this chapter such as in the parity odd correlators of subsection 5.6.2 are also artifacts
of working in the real twistor space associated to R>!. Finally, it would be interesting
to pursue the computation of higher point functions in a holographic setting and see if
twistor space yields insight into their structure. This will form the subject of the next
chapter.

211 anything, conserved current correlators seem simpler than their scalar counterparts in twistor
space!
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Chapter 6

AdS,; Boundary Wightman Functions in Spinor and Twistor
space

The modern amplitudes program has revolutionized our understanding of quantum field
theory by focusing on fundamental principles and consistency conditions to directly
bootstrap observables. On-shell methods using techniques such as spinor helicity have
led to the development of recursion relations at both tree level and loop, unveiled
double copy structures that relate gauge theory and gravity amplitudes and much more,
see [249, ] for a review. The related twistor [20,22,23] and geometric perspective
has also revealed remarkable features of amplitudes such as their interpretation as
volumes of positive geometries such as the amplituhedron [252]. These perspectives
also help expose previously hidden or obscure symmetries like dual conformal and
Yangian symmetry [246-248,253,254] and shed light on interesting facts such as the
Wilson-loop scattering amplitude correspondence [255].

Given these achievements, it is tempting to investigate whether these developments
of the modern on-shell ideas underlying scattering amplitudes, have natural analogues
for CFT correlators, particularly in Lorentzian signature. Traditionally, these quantities
have been analyzed in position space [ | 3—16]. Although this has the advantage of making
manifest locality and the operator product expansion, it becomes cumbersome to deal
with when we consider correlators of conserved currents due to the proliferation of tensor
structures. Further, this language is also in contrast to the Fourier space description that
is used for scattering amplitudes. In recent years, conformal field theory has been
formulated in momentum space as we discussed in chapter 2. In the case of interest to
us which is 3d CFT, spinor helicity variables lead to an advantage since they trade a
spin-s symmetric traceless conserved current, (dual to a massless gauge boson in AdS,),
for two objects viz positive and negative helicity components [24,4 1,42, 44,45 48 57].
Although this leads to simplifications at the level of three point functions, progress
at four points and beyond has been limited as we saw in chapter 2. This is partly
because spinor helicity variables still give rise to complicated expressions due to large
degeneracies in the allowed structures, see [256] for instance.

A recent impetus came in the form of a spacetime twistor approach which focuses
on Lorentzian CFTj3 rather than its Euclidean counterpart [57, , , , -260]
which formed the subject of chapter 5. Twistor space has a long history starting with the
seminal work by Penrose [21]. In the context of its application to scattering amplitudes,
we refer the reader to the wonderful lecture notes [238, ]. In Lorentzian signature,
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there are many types of correlators such as time-ordered, retarded etc.. The ones that
we shall be interested in particular are the real-time Wightman functions which form the
building blocks for all other correlators. As we shall make more concrete, Wightman
functions (or their suitable analytic continuations) enjoy a simple description in twistor
space. One reason for this fact for current correlators is that in contrast to time-
ordered or retarded correlators which satisfy non trivial conservation Ward-Takahashi
identities with contact terms, Wightman functions are identically conserved [237]. See
however, [260], where the authors work in complex twistor space, allowing for rational
and logarithmic expressions, and show that these reproduce the correct Ward-Takahashi
identities for three point current correlators. In this paper, we work in the real twistor
space corresponding to a Lorentzian CFT3 but it would be interesting to perform an
analogous analysis in the complex setting in the future. Conformal invariance fixes two
and three point functions and were found in earlier works [236, , ]. One of the
challenging problems is to understand higher point CFT correlators in twistor space.

To obtain higher point Wightman functions, we are faced with two options. we can
take an intrinsically CFT approach as we did in chapter 5 or use AdS/CFT [7, 162, 163]
to perturbatively compute CFT correlators. The latter is also of independent interest as it
extends the flat space amplitudes program to AdS. We take this holographic approach in
this chapter. We can either Wick rotate known Euclidean results or directly compute the
real time correlators. The former option although tempting is quite difficult in practice
even for three point functions [34] . Thus we will focus on the latter approach for
the most part to intrinsically calculate boundary Wightman functions in AdS4. There
are various ways to compute real time correlators in the context of AdS/CFT, mostly
using the Schwinger-Keldysh formalism or its holographic dual, see [262-273] and
references therein. In this chapter, we exploit the fact that Wightman functions of
fundamental fields identically obey the equation of motion [274]. We start with a bulk
action and equation of motion which we perturbatively solve to calculate momentum
space Wightman functions of interest to us order by order in the coupling constants.
This method is algebraic in nature and the calculations are straightforward.

We compute three and four point Wightman functions in theories with general
scalars, photons, gluons, gravitons with a variety of interactions between them which
reveal a striking simplicity compared to their time ordered counterparts. For example,
we show that in special kinematics where the momentum of the middle two operators are
space-like in a four point function, it factorizes and turns into a conformal partial wave
associated to the operator dual to the exchanged particle in the bulk!. This is reminiscent
of the observation previously made for time-ordered correlators when we cut the bulk
to bulk propagator [275](see also [276]). We also demonstrate how our factorized
Wightman functions can be analytically continued to Euclidean space recovering the
correlator up to contact diagram contributions. This sidesteps the nested bulk integrals
that one would usually perform in Witten diagram calculations.

Finally, returning to our main motivation for pursuing these computations, we head
towards twistor space using spinor helicity variables and the half-Fourier/Witten trans-
form [20]. In the special kinematics, we find a strikingly simple form for the four and five

'Conformal partial waves are related to conformal blocks by a monodromy projection, see [85].
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points scalar Wightman functions with a potential generalization to the n-point case’.

Corresponding to the same kinematics for the gluon and graviton case, we establish
a simple double copy relation which is easiest to see when the twistor space corre-
lators are expressed in Schwinger parametrization: The graviton correlator is simply
the square of its gluon counterpart in these variables. This double copy relation also
exists in spinor helicity and momentum space but twistor space is much more efficient
in establishing this result due to its effective way of dealing with degeneracies. This
double copy relation allows us to systematically compute the full graviton correlator in
any kinematics.
Succinctly, the main messages of this chapter are,

1. We provide a simple and systematic method to compute Wightman functions using
the bulk equations of motion.

2. Four point Wightman functions factorize in the special kinematics when the
middle operators have space-like momenta resulting in a Wightman conformal
partial wave.

3. This conformal partial wave can be used to construct the time-ordered or Euclidean
correlator corresponding to the bulk process up to contact diagrams.

4. Wightman functions in particular enjoy a simple description in twistor space and
we obtain four point functions corresponding to these special kinematics.

5. We discovered a simple double copy relation between gluon and graviton four
point functions in twistor space and spinor helicity variables.

Overall, our results indicate that twistor space is a promising avenue to pursue for
the study of higher point functions.
The reference for this chapter is,

* xAdS4 Boundary Wightman functions in Twistor Space: Factorization, Con-
formal blocks and a Double Copy, Arhum Ansari, Sachin Jain, Dhruva K.S.,
[2512.04172]

6.1 The Anatomy of Wightman Functions in AdS/CFT

The aim of this section is to set the stage for the calculation of Wightman functions
in the context of the AdS/CFT correspondence. There are a few possible approaches

21t is tempting to directly convert the results of [275] (for the time-ordered correlator with the bulk to
bulk propagator cut) into twistor space as it is a factorized expression. However, this quantity obeys the
current conservation Ward-Takahashi identities with contact terms thus preventing them from enjoying a
simple representation in twistors space. One might consider performing a cut on all external legs. As one
can check this would actually lead to zero! The Wightman function in the special kinematics precisely
tells us what is the simplest (and non-trivial) object to consider at four points in twistor space. It is
a Wightman function in the special kinematics which is obtained from the time-ordered correlator by
performing three cuts: one for the exchanged momentum and two corresponding to the first and fourth
operator in the Wightman function.
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to compute these real-time correlators such as, (i) Solving the bulk equation of motion
generalizing the methods of [274] to AdS, (ii) Through analytic continuation from
Euclidean AdS such as in [34] and (iii) Via the Skenderis-van Rees construction [264,

]. For the vacuum Wightman functions we are interested in, we choose the first
option as it is straightforward, algebraic and simple to implement even when dealing with
spinning particles. The second option of Wick rotation is tempting but in momentum
space is actually quite involved for generic momentum configurations as we discussed
in chapter 2. We shall however, use it as a check of our results whenever possible.

Our focus is on AdS4/CFTj; for the most part but the methods outlined below extend
to arbitrary dimensions. In subsection 6.1.1, we discuss the AdS/CFT extrapolate
dictionary which we shall use to compute tree level Wightman functions in the Poincare
patch. We then present the three possible approaches discussed above to perform these
calculations in subsection 6.1.2.

6.1.1 The AdS/CFT extrapolate dictionary

With the above Wightman axioms in mind, we proceed to discuss our objects of interest
which are tree level boundary R>! conformal Wightman functions of scalars, photons,
gluons and gravitons in the Poincaré patch of AdS4. The metric is given by,

dz? + NuydxHdx

ds? ) ,

6.1

4

with n,,, = diag(—1, 1, 1), is the three dimensional Minkowski metric on RZ!, The z
coordinate lies in the range 0 < z < co with the conformal boundary located at z = 0.
We obtain boundary Wightman functions via the AdS/CFT extrapolate dictionary

(151,
0101 (p1) - Ou(pI0) ~ lim 27 -2, (01 (21, p1) -~ D2, P10 (6.2)

®;(z, p) is the bulk dual of the CFT operator O;(z, p) which has scaling dimension A;
and spin s;*. These boundary correlators obey the properties discussed in chapter 2 as
will also be clear from explicit calculations in the later sections. Before we proceed to
the computations, let us discuss the different types of propagators that we shall require.
First of all, since we are interested in boundary correlators we require both bulk to bulk
propagators representing particle exchanges in the bulk as well as bulk to boundary
propagators. In Lorentzian signature AdS, there are many possibilities for propagators
such as Feynman, anti-Feynman, retarded, advanced and the two Wightman propagators.
The Wightman two point functions in terms of the bulk field two point function are given

3This equation contains an overall factor that we suppress. This is easy to compute at tree level. At
loop level, this factor renormalizes non-trivially and thus (6.2) would have to be modified [277]. We
thank Kostas Skenderis for this comment.

“The dictionary (6.2) also generalizes naturally for spinning cases. In our normalizations, we scale
by z~! for photons and gluons and z~3 for gravitons, when taking the boundary limit of bulk correlators
involving the fields corresponding to these operators.
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Wi(z,7',x —x') = (0|®(z,x)@(Z', x")|0),
W_(z,7,x —x") = (0|®(Z, x")D(z, x)|0). (6.3)

These quantities as a consequence of the ie prescription (which is the same as in (2.88)
since it has to do only with the time coordinates which the presence of the extra bulk
spatial coordinate does not affect) are also complex conjugates of each other,

Wi(z, 72, x =x")* = W_(z,7,x = x'). (6.4)

The remaining propagators such as Feynman (G r), anti-Feynman (G ), retarded (Gg)
and advanced (G 4) are determined in terms of these fundamental quantities.

Gr(z,7,x —x") = OIT{®(z,x)®(z',x)}|0) = 0(t =t YW,(z,Z, x —x") +0(t' —)W_(2, 7/, x = x'),

Gp(z,7,x = x") = (O|T{®(z,x)®(z', x)}|0) = 0(t' = t)Wy(z, 2/, x =x') + 0(t =t YW_(2, 7, x = x),

Gr(z,Z/,x = x") = =if(t — 1"){0|[®(z,x), (', x")]|0) = =i0(t — ') (Wi(z, 2/, x —x") = W_(2, 2, x —x")),

Ga(z, 7', x=x") =i0(t" — 1)(0|[@(z,x), D(z',x")]|0) = i6(¢" — 1) (Wi(z, 2/, x = x") = W_(z,2/,x = x")).
(6.5)

The bulk to boundary propagators are obtained by taking either z or 7’ to the boundary
and rescaling to obtain a finite non-zero result. Not all these propagators are linearly
independent. They satisfy what is known as the largest time equation viz,

Gp(z,7,x=x)V+Gp(z, 7, x=xX) =Wi(z, 7, x = x') + W_(z, 7, x = X'),
I(Gr(z,7,x=x") =Gz, 7, x=x") =Wy(z,Z,x—x") = W_(z,7,x = x"). (6.6)

Finally, let us note that once we calculate all the n! different n—point Wightman functions,
all other correlators of interest can be obtained. For instance the time-ordered correlator
is given in terms of Wightman functions as follows,

(O|T{O1(x1) - - - On(x,) }|0) = Z O(tr(1) > tr2) >+ ta(n)) 010z (1) (Xr(1)) - * - On(n) (Xz(m))10),

eSS,

(6.7)

where S, is the symmetric group on n elements which is the group whose elements are
all possible permutations of n objects, which are n! in total. Each object on the RHS
of this equation are Wightman functions with different orderings. Similarly, one can
derive formulae that relate other types of correlators to Wightman functions.

6.1.2 Wightman functions and How to Compute Them

With all the above facts in mind, let us discuss three different ways to calculate holo-
graphic Wightman functions.
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Boundary Wightman functions via Bulk EOM

The first and most straightforward way to calculate tree level holographic correlators is
to perturbatively solve the non-linear bulk equation of motion. To illustrate this method,
let us consider a conformally coupled scalar field in AdS4 with a cubic self-interaction.
The action is given by>,

_ dz 2 2 2 8 dz ;3 .3
S = —5/ Z—4d x((@ZCI)) + (aﬂq)) - 207 - ? Z—4d x®”, (6.8)
Let us perform a Weyl rescaling,
D(z,x) = z¢(z,x). (6.9)

This converts (6.8) into an action in half of flat space with a z dependent interaction:
S = —% / dz dx ((0.0)* + (0,0)%) - %/ %d% . (6.10)
The equation of motion reads,
(82 + D)9(2.) = 5-0°(2.). (6.11)

We perturbatively expand the field in g as,
$(z.x) = ) g"¢"(z,x). (6.12)
n=0

Substituting this expansion into the equation of motion (6.11) results in a set of equations
organized by the powers of g.

N (n) NN S (m)
nZ:Og (02 + )9 (z,x)—;);) S (206" (2 x)
— @+ 060 (x) =0, (@ + )¢V (z.x) = 21—2(¢<°><z,x>>2, (@ + )¢ (2.x) = §¢<°><z,x>¢“><z,x>, -

(6.13)

The first equation is the free equation of motion whereas the higher order equations
determine the field corrections in terms of the free field ¢o. We can solve (6.13) using
the technique of Green’s functions as follows:

. 7 33,7
¢V (z.x) = %/ o G(z.7 . x - x)(¢V(7. %)%

Z/

dz' d*x’
¢(2)(Z,X) _ l/ Z / X Q(Z, Z/,x _x/)¢(0)(zl’x/)¢(1)(Z//’x// e (614)
Z

where G(z,7’,x — x’) solves,

(02 +0)G (2,7, x —x') = —id(z = )8 (x = X'). (6.15)

Note that all integrals over z run from 0 to co even when not explicitly mentioned.
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At this point a natural choice could be to take G (z, z’, x —x’) as the Feynman propagator.
However, note that we can also freely add Wightman functions to these solutions since

they are homogeneous quantities®,

(07 + D)Wa(z, 7, x —x) = 0. (6.16)

These ambiguities can be fixed by demanding appropriate boundary conditions as well as
reality conditions. We impose Dirichlet boundary conditions for the field so G(z, 7/, x —
x") must go to zero as we take either z or 7’ to zero. Further, since our scalar field is real,
#V, ¢ etc.. all have to be real. Due to the overall factors of i in (6.14), this implies
that the propagator has to be purely imaginary to ensure that the field corrections are
real. Thus, the propagator relevant for our computation of Wightman functions is the
following combination of the Feynman and Wightman propagators:

1
G(z,7 . x—x")=Gp(z,7,x—x") - §(W+(z, Zox=x)+W_(z,7,x—x))
=iIm{GFr(z,7',x —x")}. (6.17)
Note that this propagator is purely imaginary, satisfying,
Q(Z, Z,,X —X,)* = —Q(Z, Z’,X —.X/). (618)

We call this propagator the EOM (equation of motion) inverter propagator. It will also
ensure that the Wightman functions we construct respect the conjugation property (2.89)
ensuring that our construction is correct. In the next section, we will be more explicit
about the form of these propagators. Thus, (6.14) with (6.17) can be used to calculate
Wightman functions perturbatively. For example, consider the O(g) correction to the
three point Wightman function. This receives contributions from three terms,

(Ol (z1,x1) b (22, ¥2)$(23,x3) 000 gy = &| 016" (21, 1)V (22, x2)$'” (23, x3)|0)
+ (016 (21, x1) ' (22,%2) 9 (23, x3)10) + (01" (21, x1)9* (22, x2) ' (23,3)[0) ).
(6.19)
After solving for ¢! in terms of (¢(?)? as in (6.14), we obtain,
Olp(z1, x1) (22, x2)P(23, X3)[0)0(g)

' dzd?
=%( / ZZ Y 6(z, 21, x = x1){0](6© (2,3))26© (22, %2) 6 (23, x3)|0)

3
+ / Bl G2, 22,5 = 12010 (21,51 (60 (2,520 (23,53)10)

<

3
+ / dzj 26z, z3,x = x3) (016 (21,210 (22.22) (6 (z.0)|0) . (6.20)

One can easily show that the definition (6.5) implies that any of the propagators there obey (6.15)
using the fact that Wightman functions identically solve the equation of motion.
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As the correlators in the RHS of the above expressions are free theory Wightman
functions, we can perform Wick contractions using Wightman propagators’. It is also
important to note that when we encounter composite operators, we follow the standard
practice of normal ordering them to avoid self contractions. Thus, we obtain,

0l (z1,x1) (22, x2) 9 (23, X3)|0)0 (o)

) dzd?x
=lg(/ . G(z,21,x —x1)Wi(z, 22, x —x0)W4i (2, 23, X — Xx3)

dzd3x
+/ Zz G(z,22,x —x2)W_(z,21,x = x1)W4 (2, 23, X — x3)

dzd?
+/ ZZ xg(z,Z3,x—X3)W_(z,z1,x—xl)W_(z,ZZ,x—xz) . (6.21)

Note that the choice of using the propagator (6.17) and its reality condition (6.18), the
Wightman propagator conjugation property (6.4), ensures the Wightman conjugation
property (2.89). Given this expression, one can then obtain the dual boundary conformal
correlator via the extrapolate dictionary,

(0]0a(x1)Oa(x2)Oa(x3)|0)0(g) = Zl_i%(Z1zzZ3)l_A<0|¢(Z1,X1)¢(Zz,x2)¢(23,X3)|0>0(g),
(6.22)

where A = 1,2 depending on whether we impose Neumann or Dirichlet boundary
conditions for ¢o(z,x) at z = 0 which will also determine the exact forms of the
propagators in the above expression. The extra 1 in the rescaling exponents is due to
the fact that we are working with Weyl rescaled fields (6.9). The analysis for higher
point functions and those involving operators with arbitrary scaling dimension and spin
is analogous. Also, as mentioned earlier, we will compute these objects in momentum
space. This is obtained via a Fourier transform of the above equations but it is more
convenient to directly calculate momentum space Wightman functions as we shall
illustrate in the subsequent sections. Now, we proceed to another method to obtain
Wightman functions: by Wick rotating their Euclidean AdS counterparts.

From Euclidean correlators to Wightman functions via Wick rotation

The conformal boundary of Euclidean AdSy is R?. Conformal correlators in Euclidean
space are single-valued and thus there exists only one kind of correlator which is
unsurprisingly called the Euclidean correlator. We have already discussed how one can
Wick rotate these quantities appropriately to obtain Wightman functions in an earlier
section.

As we discussed then, the analytic continuation procedure at the level of momentum
space higher point functions is not known in general. However, the direct computation
using the equation of motion discussed earlier allows us to still obtain these results in
a straightforward manner. In the special (but as we shall see, important!) case when

"Note that this is in contrast to what we usually do in standard QFT for time-ordered correlators, which
involve Feynman, rather than Wightman propagators in Wick’s theorem.
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all the middle operators all have space-like momenta, we will show that the procedure
is identical to (2.101). We simply take discontinuities with respect to the squares of all
the momenta we want to take to be time-like (including the exchanged momenta such
as s# = ph' + p4) and then Wick rotate following the ie prescription (2.99). We will
discuss this in much more detail in section 6.3.3 as well as other cases where we have
more operators in the Wightman function with time-like momenta.

The Skenderis-Van Rees prescription

The standard way to calculate non time-ordered correlators such as Wightman func-
tions in QFT is using the Schwinger-Keldysh formalism. In the context of AdS/CFT,
Skenderis and Van Rees developed a formalism to compute these real time quanti-
ties holographically [264,265]. Essentially, their idea is to map every segment of the
Schwinger Keldysh contour to a bulk geometry. For instance, let us consider the pro-
cess required to calculate a two point Wightman function in the vacuum state. In the
Schwinger Keldysh formalism, we need a contour with two segments, one going forward
in time and the other backwards, with one operator insertion in each. First we prepare
the vacuum state by a Euclidean path integral. At some reference time, we join it to the
first Lorentzian segment and insert one operator at time 7. We then move till = oo
and then fold and evolve back to t = —co inserting the second operator at some time
t, on the way. We then connect this segment to another Euclidean one to get back
the vacuum state. The holographic prescription is to identify the Euclidean segments
with (half of) Euclidean AdS where we prepare the vacuum state and the Lorentzian
segments with the Lorentzian AdS. First, we solve the field equations in each of these
segments. We then apply matching conditions wherever these geometries join and ob-
tain a solution with sources inserted at the conformal boundary of both Lorentzian AdS
spacetimes. Plugging these solutions into the on-shell action and taking one functional
derivative with respect to each source results in the Wightman function. For three and
four point Wightman functions, we need to use multi-fold contours which entails joining
four Lorentzian AdS spacetimes with two Euclidean caps to prepare the vacuum state.
Although we shall not take this approach in this work, it is essentially equivalent to our
approach of using the equation motion. We choose the latter as it is completely algebraic
and sufficient for our purposes.

Armed with all these tools and techniques, let us set the stage for the theories of
interest to us in this work.

6.2 Setting the Stage: Propagators in the Theories of
Interest

Having outlined a formalism for the computation of AdS boundary Wightman functions
and their relation via analytic continuation to EAdS correlators, we turn our attention
towards specific theories. These include theories with scalars, photons, gluons and
gravitons with a variety of interactions between them as we shall discuss case by case
in the sections to follow. Here, our aim is to calculate the Wightman, Feynman, and the
propagators we use to invert the free equations of motion (6.17).
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6.2.1 Scalars

The free action for a massive scalar field in the Poincare patch of AdS4 is given by,

dzd? 1
Ske = / S ABaAq>aB<1>——q>2 (6.23)
74 2 2

in units where the AdS,4 radius is set to unity. Let us perform the following Weyl
transformation:

D(z,x) = z2¢(z,x). (6.24)

The resulting action for ¢ is simply,

1 m-+2
SKG,rnassive = / dZd3x ( - EUAB6A¢0B¢ - (2—2) (6.25)
The free equation of motion is,
+2
(62 +o- (m ))¢(z x) = (6.26)

The above equation is solved by ¢(z,x) = @ 2+ 2) - with m? = A(A—3) which is the usual

AdS/CFT relation. We impose Dirichlet boundary conditions for the general scalar field
at the z = 0 conformal boundary.

The Feynman propagator is a Green’s function of the operator (812 +0- @)
which appears above. In particular, it satisfies, ‘
(07 + Z—)GF Az, x = x') = =i6(z = 2/)67 (x = X'). (6.27)

The Wightman propagators on the other hand are homogeneous solution to (6.27).

2
) (m=+2)
(0; +|:|—Z—2

YWas(z,7,x—x") =0, (6.28)
Converting these equations to momentum space, imposing Dirichlet boundary condi-
tions, the spectral conditions for the Wightman functions and matching the normalization
via Fourier transforming the position space results yields the expressions in table 6.1.
Apart from the bulk to bulk propagators, we have also listed the bulk to boundary
propagators obtained by taking one of the bulk points to the boundary and rescaling to
obtain a finite result. Further, we have presented the expressions for the propagator used
to invert the equation of motion obtained via its definition viz (6.17). For conformally
coupled scalars which have m? = —2, we provide the explicit details of computation in

our paper [278].
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1
/ (z2)20(A-3 / /
Gra(z 2, p) = Vo) [9<—p2>(H5“<|p|z)fv<|p|z )0(z-2)+
Feynman BtB
(z Z/)) - %9(172)(Kv(lplz)lv(lplz’)H(z -+ (ze z’))]
237 VEpl 2y, (1) o
Feynman Btb Gra(z,p) = W(Q(—P ynH,”(|plz) — 2i0(p )Kv(|P|Z))
1
) , 2yr(z2))2T(A-% , —
Wightman BB | Wa. (2.2 p) = 05 1 (1pl2) 1, (1p12)0(-p2)0(Fp?)
5.4 ,
Wightman Btb | Wa.(z, p) = =¥, (1p|2)0(-p?)0(Fp)
1
, V()2 T(A-1) , ,
Ga(z.7.p) = H/;(ZZF)Tz[H(_pZ)(Yv(lpk)Jv(lpk )0(z = 2) +
EOM Inverter BtB
(z z/)) - %9(1?2)(Kv(lplz)lv(lplz’)H(z -+ (ze z’))]
H3-A v
EOM Inverter Btb | Ga(z, p) = %(W—pzhﬂﬂpk) - 29(p2)KV(IPIZ))

Table 6.1: Momentum space Scalar BtB (Bulk to Bulk) and Btb (Bulk to boundary)

propagators for generic A = v + % scalars. We use the notation |p| = \/|p_2| . Hil) is the
Hankel function of the first kind, K, J, and Y, are the BesselK, Bessell and BesselY
functions. Gauge and gravity Wightman propagators (6.36),(6.46) can be obtained by
multiplying A = 2 and A = 3 propagators by appropriate projectors respectively (with an
extra zz’ rescaling for the latter case) and adding the longitudinal parts for the Feynman
and EOM Inverter propagators (6.38), (6.50).

6.2.2 Photons and Gluons

The next two theories of interest to use are those involving Photons and gluons. The
free Maxwell action is given by,

1 [d
Sem =7 / Z_j d3xz4((FWFW + 2F, F*|. (6.29)

where the field strength is given in terms of the gauge field A, as follows:
Fy=0,A, —0,A, Fup = 0,A; — 0,A,. (6.30)
The Maxwell action has the gauge redundancy,
(A, A)) = (A, - 0.a,A, - 0,). (6.31)

Thanks to the fact that Maxwell theory in four dimensions enjoys conformal invariance,
the action is the same as in half of flat space:

Sew = / ded’s (@A»Z ~ (AN @A) + (A - AN | (632)
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To fix the gauge redundancy (6.31) we work in the gauge A, = 0. In the action, this
corresponds to adding a gauge fixing term ¢ A% and then taking { — —oo thus effectively
freezing the value A, = 0. This still leaves behind residual gauge transformations with
z—independent gauge parameters a. To fix this, we then set ,A* = 0, thus fully fixing
the gauge. Thus, the action in axial gauge up to boundary terms is given by,

SEM.axial = —% / dzd’x ((@A#)z + (0yAL)* = 8,A,0" A . (6.33)
The equation of motion with the constraint equation are respectively given by,
(82 + D) Au(z,x) =0, (6.34)
and,
0;(0,A"(z,x)) = 0. (6.35)

First, note that the constraint equation (6.35) which arises due to the equation of motion
of A; is automatically satisfied in our choice d,A* = 0. The equation of motion (6.34)
is simply that of a free conformally coupled scalar obtained by setting m?> = -2 in
(6.26). The Wightman propagators and the EOM inverter propagators are thus obtained
by dressing A = 2 scalar propagators obtained from table 6.1 by projectors that take into
account the tensor structures and gauge constraint.

Wiy s (2,2, p) = 1 (P)Wa=2(2, 2/, p)s Wiy (2,2, p) = 4 (p)Wa=2(2, p),  (6.36)
with the transverse projector in the given by,

Pub
v (D) = My — # (6.37)

The EOM inverter propagator found using its definition (6.17) on the other hand is given
by,

G (2,2, p) = 1 (p)Ga=2(2, 7', p) = ip;fv 0(z-2)7 +0(zZ - 2)z|,
Gyur(2:P) = M (P)Gaa (2, p) — i ;’; . 638)

The expression for the Feynman propagator can be found in [74]. Note in particular
that although the Wightman propagators are identically transverse whereas the EOM
inverter propagators have a longitudinal contribution®.

Finally, for the gluon case, we just need to dress the gauge fields with colour indices
which we take as the adjoint indices of SU(N). This is because the free SU(N) Yang-
Mills theory is simply N?> — 1 copies of the Maxwell action. Thus, the gauge fixing
remains identical to the above discussion. The propagators are also the same as in
Maxwell’s theory with a simple additional contribution taking account of the colour
indices.

Wﬁfi(z’ Z/, p) = 5ABW;1V,¢(Z, Z/, p)’ W/fvl?i(z’ p) = 5ABW,uv,i(Za p)
GiE (2.2 p) = "8G (2.2, p). G2 (2. p) = 65 G (2. p). (6.39)

8These are terms that arise due to the Feynman propagator in G via (6.17). This fact can be traced
back to the Heaviside theta functions that enforce time-ordering in a Feynman propagator (6.5).
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6.2.3 Gravity

Finally, we turn towards gravity. The Einstein Hilbert action is given by,

1
S =
167G

/ d*x\=g(R - 2A), (6.40)

with k = 87G defined for future use and with the metric expanded about the AdSy
Poincare patch metric as follows,

+h +h +h
v = Oy + ) > ‘”),gﬂZ _ Utz + ) > “Z),gZZ _ (2 + hzg) - ) (6.41)

We follow exactly the conventions of [62]. We work in the axial gauge,
hyuz = 0. (6.42)

The equations of motion are,

2 . i 3 i
02 (hyy — 1uvhl) — ~0:(hy - Nuvhl) + Ol = 0,0, — 8,01, + 1,080,057 | = 0,
(6.43)

with 71/” = hyy — %quhg- The constraint equations due to the /., and h,, equations of
motion are,

2
(B, 1), — 8, h) = 0,~3,0,h* + Ol — Eazhg = 0. (6.44)

If we use the residual gauge transformations to set d,7*" = 0 and hﬁ = 0, the constraint
equations are automatically satisfied and the equation of motion becomes extremely
simple viz,

2 2
02hyy — Eazh,,v +0hyy =0 = 32hy,, - Eazhw — p*hyy = 0. (6.45)

The Wightman propagators solve the equation of motion and satisfy all the gauge
constraints identically and are given in terms of A = 3 scalar propagators found in table
6.1 as follows:

W,uva',i(Za 7, p) = Hyva' (p)ZZ,WA=3,i(Za Z, P Wyvpa'(z, p) = H,uva' (p)ZWA=3,i(Z’ P
(6.46)

The transverse traceless projector is given by,

Wivoo (P) = uy (P) 7o (P) = 7pp (P) Ty (P) = Tpuer (P)70p (), (6.47)
with the transverse projector itself given in (6.37). The Feynman propagator on the other
hand is given by [ 17°,

—idk? (22')32J3)2(k2)J3 2 (kZ')
2 pr+k?—ie

G (2,7, p) = / THYPT (6.48)

9Note that our normalization differs from [63] by a factor of ﬁ
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with,

THYPT —(RHOFYT 4 RO RIP G RPTY Y = 4 B Zf - (6.49)

The Feynman propagator contains both transverse and longitudinal contributions which
are picked up by enclosing the different poles in the above integral. This fact can again
be traced back to the relation that relates Feynman propagators to Wightman functions
(6.5). Finally, the EOM inverter propagator can be found using its definition (6.17),

1
g;wpcr(z Z p) = GF,uv,DO'(Z Z p) ~— 5 ,uva' +(Z Z p) + vap(r (Z Z p) (6.50)

The bulk to boundary propagators can be found by rescaling by ﬁ and taking the limit
7 — 0.

6.3 Wightman functions in momentum space

Having discussed the theories of interest to us, we calculate several examples of two,
three and four point Wightman functions in this section to illustrate our formalism.

6.3.1 Two point functions

Let us begin with the simplest case of two point Wightman functions. These quantities
can be obtained by extrapolating the bulk point in the bulk to boundary propagators
to the boundary. First for scalars, consider the Wightman plus propagator in table 6.1.
Taking z — 0 along with rescaling results in,

(0I0A(p1)Os (p2) 0)) = i — L Wai(ep)

= lim ZA—_lwmnA"JA_gupnz)e( PDO-pY)
4 -
= mmﬂm 39(—19%)9(—17?), (6.51)

which is indeed the correct scalar two point Wightman plus function, spectral theta
functions and all. Similarly, we can do the same for the Wightman minus propagator
which can also be found in table 6.1.

(0108 (p2)0a(p1)I0)) = lim ——Wa—(z.p1)

5
1 22wz, .
= lim ZA—_IWWA Ia-3(Up112)0(=p)E(pY)
4 -
= mhﬁﬂm 39(—17%)9(17(1))- (6.52)
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Similarly, for the spin-1 case we find using (6.36),
.1 .
(O (p1)J"(p2)10)) = lim Eﬂ‘”(pl)Z sin(|p112)6(=p1)O(=pY) = 2|p1|7*” (p1)O(-pT)6(-p}),

(O (p2) " (p1)10)) = lim %ﬂ“v(pl)%in(lp]IZ)G’(—pf)G’(p?) = 2lpile™ (p)O(=pDO(pY),
(6.53)

which are the correct results. For gluons the result is the above with an extra factor of
648, demanding orthogonality in colour space.

Finally, let us consider gravitons. We find using the bulk to boundary propagator
(6.46),

<<0|Tw(p1)Tpa(pz)|0>>=li_r>r(l)zl3ﬂwpa(p1)(sin(|p1|Z) p1lzcos(Ipi12))6(=p})6(-p!

H VYoo
= %@l)lpllﬁ(—p%w(—p?%
H Voo
(O 02Ty (p110)) = "2 Py ), (654

as desired.

6.3.2 Three point functions

Moving on to three points, we begin with three illustrative examples in detail. Generic
scalars, scalar QED and Yang-Mills. We then provide the results for more examples
including Wightman functions involving gravitons. To evaluate some of the integrals,
the following nice integral is useful (see 6.578.2 in [279]),

/ " dz 227" Ja(az)J (2K, (cz)
0

3 P 2qApH P A 4 Aty — v
T T+ DO(u+1) 2

p+A+u+v
2

p+A+u—v p+l+u+v a
, A+ Lu+Li——,——),
2 2 K 22

(6.55)

)Fa(

)

which also requires p + A + u—v > 0,c > 0. Fy(a,B;y,y’;x,y) is the generalized
hypergeometric Appell F, function. For /|x| +4/|y| < 1, it admits the series expansion,

Fy(a,B;y,Y5x,y) = Z ((:))"Ei()ﬁ)m":':'xmy”, (6.56)

m,n=0

where (@), denotes the rising Pochhammer symbol.

We perform all computations using the equation of motion as well as analytic
continuation when the middle operator has spacelike momenta which also serves to
verify our results.

Scalars

Let us calculate the three point function of arbitrary scalar operators dual to bulk fields
with any mass. We do so in the two ways we discussed previously. First, via the bulk
equation of motion and second, via analytic continuation.
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Via the Equation of Motion

The relevant action reads,

+2
S = Z/dzd3 (——(a ¢,>2—— * Ouidy ¢l—g¢2) A/%cﬁx $19295.

272 7
(6.57)
with ml2 = A;(A; — 3). The equations of motion are given by,
_(mi+2) Pl
(07 +0- —5—)¢1(z,x) = E¢2(Z,x)¢3(z,x),
(m2 +2) P!
(02 + 0~ —25—)¢2(2.%) = ~¢1(z,x)¢3(2.%),
2 4
) (m% +2) 1
(0; +O- Z—2)¢3(Z,X) = Z¢1(Z’x)¢2(z’x)- (6.58)
We solve these equations perturbatively in the coupling A via the expansions,
6i(z,x) = D "6 (2,%). (6.59)
n=0

For the tree level three point function only the zeroth order and O(A) corrections
contribute. Solving the equations of motion (6.58) at this order we get,

0

= ¢i(zi,pi) = i/o —Q(an pz)(¢(0)¢(0))(2,pi), (6.60)

wherei # j # k € {1,2,3} and G is the EOM inverter propagator defined in (6.17) with
its explicit expression given in table 6.1. Further, the free theory composite operators
are defined by (with an implicit normal ordering),

d3l
(6" ¢\ (2. pi) = / G 4 @09 Gpi =D, (6.61)

Thus, we obtain for the boundary three point function the following expression:

(0[04,(P1)0a, (P2)Oa, (P3)10)0 (1) = 11Hl 2, M2y 2011 (21, P B2 (22, P2)$3(23. P3)|0Yo ()

z3—0

=4 lim Mgl A3(<0|¢ ”(zl,m)asz><zZ,p2>¢§°><z3,p3)|0>+<0|¢§°>(zl,p1>¢;”<zz,pz>¢§°>(Z3,p3>|0>

21,22,23—0

+ 016" (21, B (22, p2) 81" (25, p3>|0>)

=id_lim g g /0 (gmz 21 P)01(85” 85 (2. p1)85” (22, p2) 85" (23 p3)10)
1,225,237

+ G, (2. 22, p2) 016" (21, 1) (87 85”) (2. p2) 8 (2. 3)10)

+ Gy (2,23, p3) 01" (21, p1) Y (22, pz><¢(°>¢§°>)<z,p3>|0>), (6.62)
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Performing the Wick contractions we obtain (stripping off the momentum conserving
delta function),

_ _ _ dz
. 1-Ay _1-Ay _1-A
i lim oz, %Mz Mz, 3/7(QA1(Z,Zl,pl)WA2,+(Z,Z2,—pz)WA3,+(Z,Z3,—P3)

21,22,23—0

+ Wa, - (2,21, =P1) G, (2, 22, P2)Was +(2, 23, =p3) + Wa, - (2, 21, =p1)Wa,, - (2, 22, —=P2) G, (2, 23, P3)
. ©dz
=id ~ GA (2, P1)Way,+ (2, =p2)Way + (2, =p3) + Wa, (2, —P1) G, (2, P2)Was,+ (2, —P3)
0
+ Wa,,—(2,—=p1)Wa,,— (2, —P2) Ga, (Z,P3))- (6.63)

Before plugging in the explicit forms of the propagators, let us note a few important
points. In the first term of the above equation, we have Wightman plus propagators
with momentum —p% and —p% which imply that p3 < 0, p3 < 0,p9 > 0,p} > 0. By
momentum conservation this implies that p(l) < 0 as well as p% < 0. This implies that
only the time-like part of Ga, (z, p1) with negative energy contributes to this correlator.
Similarly, in the third term, we find that p% <0, p% <0, p(l) < 0, pg < 0 implies that
p% <0, pg > 0 which tells us that only the time-like part of Ga,(z, p3) with positive
energy contributes. For the second term, which involves Ga,(z, p2), we can make
no such kinematic statement and thus both its time-like (positive and negative energy
components) and space-like contributions are present. Using these facts we obtain,

(€0]0A, (P1)OA,(P2)O0as(p3)|0))

_ ANrm BoA—M—As g 200 — 220 (— 10 0
- F(AI)F(AZ)F(A3)2 0( p])e( p3)0( pl)e(p3)ﬂA1,A2,A3, (664)

with,
An pops = |1??1|V‘|1?92|V2|l?3|y3/O dZ\/E(Z 0(p3)Jy, (zIp1D) Ky, (zIp2) vy (zlp3l)
— 6(-p3)0(—-p3)Jy, (Z|p1I)(JVZ(ZIP2|)YV3(ZIP3|) + sz(Z|p2|)JV3(Z|P3|))

— 70(~p3)8(pY) (Jv1 (zlp1DYy, (zlp2l) + Yy, (zlp1 |)JV2(Z|p2|))JV3(Z|p3|)’ (6.65)

andv; = A; — % These integrals can be evaluated in terms of Appell functions using the
formulae found in GR such as (6.55) if desired.

Via analytic continuation

Let us now compare our answer (6.65) with the results of [34] where the authors obtained
the CFT three point function of generic scalar operators via analytic continuation from
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Euclidean space. The Euclidean correlator is given by,

2 Y~ (Ar+8+A3) 13
({0, (P1)OA,(P2)Oa,(p3))) = c12

3 A +A-A A—Ag+A —Aj+Ax+A Al+Ar+A3—3
F( 1+22 3)1-( 1 22+ 3)1-( 1+22+ 3)F( 1+ 22+ 3 )

><p?p§2p§3/a’zx/ZKvl(zpl)KvQ(zpz)Kyg(zm)-
(6.66)

One then translates the Wightman ie prescription in position space (2.87) to momentum
space using the Fourier transform and carefully analytically continue the result taking
care of the branch cuts in the momentum space correlator. Their result matches exactly
with ours (6.64) with our coeflicient g being determined in terms of theirs through the
relation,

I(ADT(A2)T(A3)
F(A1+A22—A3 )F( A]—A22+A3 )1—1( —A1+§2+A3 )F(A1+A22+A3—3) '

g = 2cip3m (6.67)

This comparision serves as a rigorous check on our method as well as highlight its
utility. In contrast to performing involved analytic continuations from the Euclidean
CFT correlator to obtain the Wightman function, we are able to directly calculate the
real-time correlator and arrive at the correct answer quite easily.

Photon-Scalar-Scalar

We move on to an example involving a photon in the scalar QED theory. Again, we
perform the computation in the two distinct ways.

Via the Equation of Motion

We consider the scalar QED action in the axial gauge A, = 0.

3 * v * (m2 + 2) * 1 2 1 v 1 v
Sscalar-QED = — dzd’x((9,¢)(9.¢") +n* 0ud0,¢™ + 2 oo+ E(azAu) + EauAvaﬂA - EaﬂAvC{) AH

+ / dzd3x( —ieA,($"0"p — g P") + 2 A AF o |. (6.68)

The first line of the above equation represents the quadratic portion of the action while
the second line encodes the interactions. Note that there is no z dependence in the
interaction terms which is a consequence of massless scalar QED being classically
conformally invariant. The equations of motion are,

2
((9Z2 +0-— mz—:2))¢ =ieA"0,¢ - eZAMA'“¢,
2
(812 +0- w)qb* = —ieAM0,¢" — ezAﬂA“qS*,
Z
(02 +D)A, = ie(¢*0ud — $0,d") — 2e* A" . (6.69)
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We expand all the fields perturbatively in e as follows:

(o) (o)

= Z M §* = Z "¢, A, = Z A (6.70)
n=0

n=0 n=0

We are interested in the O(e) tree level contribution to the boundary three point function,

1-A
(O (p1)OA(P2) O (P3)0)o(e) = _ lim (ezs) 0]A*D (21, p1)d D (22, p2) ™V (23, p3)|0)

1,22,23—0 71

0140 (21, p1) ¢V (22, p2) 9"V (23, p3)[0) + (01A* D (21, p1) ¢V (22, p2) ™V (23, p3) 10} |.
(6.71)

For concreteness, we focus on the case where p% > 0 although one can do the analysis
for timelike p;,, similarly. Following the steps we did for the scalar three point function,
we solve the equations of motion at first order to obtain the analog of (6.60) ultimately
leading to (6.63). From there we see the only contributions with p, space-like, occur
due to the EOM inverter propagator G. Any term without it will vanish since it contains
only Wightman propagators which have support only for time-like momenta. Both these
facts can be seen from table 6.1. The same is true for this spinning three point function
or any other one for that matter. Thus, only one term contributes to this correlator which
is where the middle operator ¢ receives the O(e) correction and thus results in Ga(z, p2)
in the expression. Thus we have,

(O1J# (p1)0a(p2) 04 (p310Y6(p3)

) 2 . (z2z3)'™2 [ d’l v ,
= ie0(p3) _lim 1 /0 dz / SO PO a1 p1) (A7 2.2 = DI )8 o )0

22,230 Z

=ief(p3) ™ (p1)(p1 +p2)v/0 dz Ga(z, p2)Wa=s,— (2, —p1)Wa +(2, —p3)
OO pDO—p)O (P A s 6.72)
T T2 P1)o\p; P3 P1)O\P3) Aypas,> :

where,

_3 I .
Aysass, = ™ (p1)p2vlpal* 2 |p3* 2/0 dz zsin(|p1|2)Ky_3 (Ip212) 53 (Ip3l2)

(A -3 3 3 1 2 2
VAL(A) il p 3 )3 ) LIl el o

‘T(A-1)  Ip2lP 27772 27 pa paT

=" (p1)p2

For example , let us take A = 1 and A = 2. Explicitly evaluating the Appell F; for these
arguments using (6.56) yields,

_ [l (p1l® + Ipal® — Ip3l?)
Ip211p3l(Ip1l* + 21p1 2 (Ip21? = |p3l?) + (Ip2]? + |p3l?)?)’
2|p1llp2llps|
Ip11* + 2Ip1 2 (Ip2? = |p3l?) + (Ip2)? + |p3l®)?

Aygai Hacy

Ayparti, = 6.74)

Let us write the results in terms of p = +/p? rather than |p| = +/|p|?>. First of all,
since p% > 0, |p2] = p2. However, since p% < 0 and p% < 0 we need to be a bit more
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careful taking into account the Wightman ie prescription (2.99). Using the facts that
pY <0,p] >0, wehave |pi| = ipi, |p3| = —ips. This results in,

1 1 1 1 1
A . = . + + :
YOr=19)_ 4p2p3 (E E — 2p1 E — 2p2 E - 2p3)

1(1 1 ! !
o1 B _ ’ 6.75
Aypaati, = 7 (E E-2p; E-2p, E- 2p3) ©7)

where E = py + p + p3.

Via analytic continuation

Let us start with the Euclidean correlator. Computing the Witten diagram for this
interaction results in,

3

(T*(P1)OA(P2)OA(P3))) o 7 (p1)pavpy 2Py 2 /0 dzz e K, 3 (pr2)Ky 3 (p3z).
(6.76)

We want to Wick rotate this result to a Wightman function with p? < 0, p? < 0, p3 <

0, pg > (0and p% > (. For such a configuration, we need to take first take discontinuities
with respect to the squares of the momenta we want to be time-like.

3

DiscplzDiSC?n((Jy(pl)OA(PZ)OA(I%))) o 7TW(P1)172VP§7%P§72 A dz z (=2 sinh(p12))K _g(mZ)((—l)A*lﬂIA_g(PaZ))
6.77)

Wick rotating following the Wightman ie prescription (2.99) results in,

S3 Al ©
277" (p1) palp2|® 2 |pal® 20(—pf)9(—19?)6’(19%)9(—19%)9(172)/0 zsin(|p112)Ky_3 (Ip212)J5_3 (Ip3l2),
(6.78)

which is the same result as we obtained earlier via the EOM viz (6.72), (6.73).

Yang-Mills theory

We now move on to the gluon three point function in Yang-Mills theory with the gauge
group SU(N).

Via the Equation of Motion

The Yang-Mills action in the axial gauge is given by,
1
§=-3 / dzd%((azA;j)z +(6,A0)° = 8,AL 0" A + g fABC(0,A) - 0,A) AFP AYC

+ ngABCfADEAﬁAS‘A,UDAVE . (6.79)

161



The equation of motion for A% is,

(azz + D)AaA - —ngBC(ZAVBaVAaC + AVCaa/Ag) + ngABCfCDEAgAMBAaD.
(6.80)

we expand the gauge field in g as follows:
ARA = Z g AHAM). (6.81)
n=0

Let us compute the three point function of the non-abelian conserved currents dual to
this gauge field. Again, we focus on the case where the middle operator has space-like
momenta. The result of the calculation after contracting with transverse polarization
vectors is,

€1€2v€3p({01T*4 (1) T8 (p2) 7€ (p3)10))6(p3)

ig ® . _ :
= S0(p)O(=pDO(=pDO(-PNOP ¥ Vayu /0 dz sin(|pilz)e™1" sin(|ps|2)

g 2 2 2 Oyp( 1 0) FABC 1 1 1 1
= =0 0(—p7)0(—p3)6(—p7)0 V. — - - -
Y T
. pP1P2pP3
= 4igb(p3)6(-p}O(=p3)6(-PNO(P3) fA 7 Vayu :
e E(E —2p)(E - 2p2)(E ~ 2p3)
(6.82)
where the Yang-Mills three point factor is,
Viym = |(€1-&)(& - p1) + (- &)(e - p2) + (& €)(e- P3)), (6.83)
which is also the flat space scattering amplitude for three gluons in YM theory.
Via Analytic Continuation
Consider the Euclidean AdS Yang-Mills three point correlator. It is given by,
i 1
e (I (p1)IP (p2)I (p3))) = SV FAPC . (6.84)

To obtain the Wightman function with p1 and p3 timelike and past and future pointing
and p2 spacelike, we take discontinuities with respect to pg and p%. This yields,

yYM pABC p1pP2b3 . (6.85)
3 BB = 2p)(E - 2p3)(E = 2p0)

Inserting the 6 functions and taking care of the Wightman i€ prescription, we obtain the
same answer as above (6.82).

4ig

Examples involving gravitons

To conclude our section on three point functions, we present some results for Wightman
functions involving gravitons. We also focus on the case p% > 0 for simplicity.
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Minimal coupling of scalars to gravitons: (TOAOx)

Consider the minimal coupling of scalar fields to gravity via their kinetic term. Calcu-
lating the resulting Wightman function with p% > 0 yields,

((OIT(p1, €1)0a(p2)Oa(p3)|0))8(p3) = k(e 'P2)29(P%)/0 diWa=3,-(2,—p1)Ga(2, p2)Wa + (2, —p3)

42—A

= k0(=p1)6(=p)B(p2)O(=p3)O(p3) (€1 - p2)? Ipzlvlmlv/0 (sin(z|p1]) = zlpilcos(zlpi) Ky (zlp2) Ty (Ip3l2)dz,

[(A)>
2V2IpiPlps? . 55 5 Apsl* Ipil?
= k0(=pD)O(=pDO(P3)O(-pDO(P (€1 - pr)* —————Fy(5, S + Vi1 + v, o= — :
P S P T+ ) 722 2 1paP T 1paP
(6.86)

where v = A — % For example, the A = 1 result is given by,

,8p7(pt+ p5 +6p3p3 + p3 —2p1(p3 + p3))

pap3E?(E = 2p1)2(E = 2p2)*(E - 2p3)?
(6.87)

k0(—p1)O(—p))O(p3)0(-p3)0(p3) (€1 - p2)

One can also easily confirm that this expression matches with the Wick rotation of the
Euclidean correlator following the discontinuity procedure (2.101).

Minimal coupling of photons to gravity: (7.JJ)

We now consider the minimal coupling of photons to gravity. Following similar steps
to the previous examples we obtain,

OIT (p1, €)J (p2, €)J (p3, €3)|0)8(p3) = 8(=pD)O(=p)O(P3)O(—p3)O(P) A3 hyys
(6.88)

where,
16p3 p2p3

— (e1- &) (€1 - &) (p] + (p3 — p3)* = 2p1(p3 + p3))
(] + (p3 = P3)? = 2p1(p3 + P3))> S R

A3 hyy =

+4(p7 = p5 = p3)((e1 - p2)* (€2 €) + (&1 - pa) (€1 - €)(€& - p1) — (€1 - p2) (e - &)(€e2 - p1)) |-
(6.89)

Einstein Gravity three point function: (T77T)

We consider the O (k) contribution to the three point function where the middle operator
is spacelike. Following the same steps as in the previous examples and performing some
algebra results in,

(OIT (p1, €)T (p2, €)T (3, €)0))8(p3) = k8(—=p1)O(p3)0(—p3)0(~p)O(p) A3 R,
T 303 3 7 s
Az Gr = \/;V3,GR(EI,€2,€3)|p1|2|P2|2|p3|2 ./o dz 22 J3(zlp1DK; (zlp2[)J3 (z]psl)
16p1p3P3 ’
— . . + . . + . . ,
E2E = 2p )2 (E = 2p) (E = 2pa)? ((61 p2)(&- &) + (&2- p3)(&s - €1) + (&3 - p1)(e1 - &)
(6.90)
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where we identified the Einstein gravity three point vertex as the square of its Yang-Mills
counterpart (Double copy!). Wick rotation from the Euclidean result yields the same
answer confirming the result.

6.3.3 Four point functions

In this subsection and the next, we proceed to the more complicated case of four point
Wightman functions. We calculate explicitly examples of scalar, photon, gluon and
graviton Wightman functions involving a variety of contact and exchange interactions.
The general expression for the Wightman functions are quite complicated since the
spectral condition (2.91) allows for a lot more possibilities of momenta configurations.
However, we shall find that when we take the middle two operators to have space-like
momenta, it leads to dramatic simplifications. For scalars, we will do the general
kinematics computation to illustrate this in this subsection and then for the spinning
case in the next subsection, we present only the results in these special (but as we shall
see, interesting!) kinematics.

Quartic contact interactions

We begin with the simple example of four distinct scalar fields interacting with a quartic
contact interaction. As usual, we shall obtain this result both by the EOM as well as
Wick rotation from Euclidean space for various kinematic regimes when possible.

Via Equation of Motion

The action we work with is,

1 & 242
S=-3 Z / dzd®x((8,¢:)* + (0ui)* + (mlz—z)qﬁlz) - /l/ dzd’x¢1 ¢34,
i=1

(6.91)
with ml2 = A;(A; — 3). The equations of motion read,
(92 +0- (mi—:2))¢i =g i #j # k #1e€{1,2,3,4}. (6.92)
Let us expand every field in 4 as follows:
gi(z.x) = > "¢ (z,x). (6.93)
n=0

For the four point contact Wightman function we need the O (1) corrections to the fields.
Inverting the above equation of motion at O (1) yields,

6D (zinx) = i / dz / $xGa, (2125 - )60 x>¢<°)<z,x>¢§0>(z,x>

3
(6.94)
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withi # j # k # 1 € {1,2,3,4} and G is the EOM inverter propagator that can be found
in table 6.1. We use this to compute,

4
(0104, (P1)04, (p2)0n, (P3O, (P2)1D01) = z( [ Zl_igloz}‘Af)(<¢§”(zl,p1)¢§°)(zz,pz>¢§°) (23 P3)8;” (24, p4)10)
i=1 "

+ (0 (21, 218" (22, )8 (23, p3) 8" (24, p)10) + (8\” (21, P1) B (22, p2) DLV (23, p3) L") (24, P4)10)

* <¢§°>(z],p1)¢§°)(m,pz>¢§°>(Z3,p3)¢§”<z4,p4)|0>)

= /1( /000 dz Ga, (2, p1)Wa,,+ (2, —p2)Wa, +(2, —p3)Wa, + (2, —p4)
+ /0de Wa,,-(2,=p1)Ga, (2, p2)Wa, .+ (2, —p3)Wa, + (2, —P4)
+ /0de Wa,,- (2, =p1)Wa,,- (2, —p2) G (2, p3)Wa,,- (2, —p4)

+/ dz Wa,,— (2, —p1)Wa,,— (2, =p2)Wa,, - (2, —P3)Ga, (2, P4) |- (6.95)
0

Using the explicit forms of the propagators from table 6.1 results in,

7.[/124—1/1 —-Vy—Vv3—wy

H?:] F(Vi + %)

({010, (P1)Oa, (P2)Ons (p3) O, (P)10Y)0(2) = 0(=pDO(=pN)O(—pO(P) AN, 22,0505

(6.96)

where!?,

Anrdossns = (P17 P2 3] | pal™ (9(p§)9(—p§)9(p2) /0de 220y, 2P 1)Ky, (2l pal) vy (21 p3]) v, (2l pa)
+0(p3)0(—p3)0(—p3) /OOO dz 21, (z|p1 1)y, (2l p2) Ky, (21 p3) v, (2l pal)

- g0(—p§)0(—p§)9(—p3)9(—p2) /Om dz 220y, (z|p1 1)y, (2l p2l) (Jus (2] p3)) Yy, (zlpal) + Yo, (2] p3)) v, (2l pal)
- 59(—19%)9(—1?%)9(—1?3)9(19(3)) /000 dz 220y, (2l p11) v, (2l pal) (J, (22D Yy, (zlp3l) + Yo, (2lp2]) oy (2lp3l)
- 30(—17%)6’(—17%)9(173)9(192) /000 dz 21, (2| p3) v, (2l pal) (Jy, (zIP1 DYy, (2l p2l) + Yo, (zlp1 1)y, (2lp2l) |-

(6.97)

Note that in (6.96), p’lt and pﬁ: are time-like and have negative and positive energies
respectively respecting the spectral condition (2.91) whereas we see from (6.97) that p’zl
and pg‘ can be either space-like or time-like!!. Let us evaluate this expression for the

19Comparing this result with its three point counterpart (6.65) shows that it is a natural generalization
and gives an interesting pattern as to how this result could potentially generalize to higher point contact
interactions.

Hlnterestingly, there is no term with support when both p’; and pf: are space-like. Although this is
clear mathematically, it would be interesting to see if there is a physical reason for this fact.
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simple case of A| = Ay = Az = A4 = 1 with p% > (. The result is,

1 |p2| |p2|
A11.1.10(p3) = ( +
2 pillp2llpsllpal \Ip2l2 + (Ip1l + Ipsl = [pah?  Ip2l? + (Ipil = |p3l + [pal)?
|2l N |p2|

P2l + (=Ip1l + |3l + Ipal) ~ Ip2l* + (Ip1l + |3l + |p4l)?

1 (1 1 1 1 1 1 1 1

= —+ - + + + + + ,

2p\pap3ps\E E-2py E-2p, E-2p3 E-2py E-2pi-2p3 E-2p1—2psy E-2p3-2p4
(6.98)

where we have re-expressed the results in terms of the p; following the Wightman ie
prescription (2.99). We have also defined the four point total energy E = p1+p2+p3+pa.
For another case, let us consider the same scaling dimensions but take all the momenta
to be time-like with p, and p3 also having negative energy.

in 1 1 1 1

+ + - ,
2p1p2p3pa\E —2p2—2ps  E-2p1—2ps E-2ps E-2p;3
(6.99)

Ay 1,1,10(=p3)0(=p3)0(=p)O(-pI) = -

One can similarly obtain the other cases by evaluating the integrals in (6.97).

Via Analytic Continuation

To obtain the entire expression (6.97) via Wick rotation from Euclidean space would
entail extending the careful analysis of [34] to four points and we do not attempt it here
although it should be straightforward, but tedious to check. What we do is focus on the
analytic continuation required to obtain the Wightman function in the two kinematic
cases we discussed above. We also look at example when all operators have A = 1 for
simplicity though one can perform a similar analysis for generic A.

In the first case, We want pi, p3 and p4 to be time-like and p, spacelike. The
Euclidean correlator found using standard Witten diagramatics is,

1 o 1
({(OA(p1)OA(P2)OA(P3)OA(P4))) = —/ dz ™ (P1HP2¥PI+PAT -
P1P2p3P4 Jo pi1p2p3pa(p1 + p2 + p3 + p.

(6.100)

In this case, taking its discontinuity with respect to the three time-like momenta results
in,

p

1
.2
pngscm( )

p1p2p3pa(p1 + pa+ p3 + pa)
1 1 1 1 1 1

= |-+ - + +
2pip2p3ps\E  E-2p1 E-2p, E-2p3 E-2py

Disc_»Disc
1

1 1 1
+ + + , (6.101)
E-2p1-2p3 E-2pi—2ps E—2P3—2P4)

which is exactly (6.98) thus confirming our result.
Next, let us Wick rotate to the configuration where all momenta are time-like with
p2 and p3 past pointing. This is already a more complicated Wick rotation. We need to
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perform a combination of discontinuities to obtain the Wightman function:

1
Disc »Disc .| Disc,» — Disc > . (6.102)
i pz( P p4)(1?1p2p3p4(171 + P2+ p3 + p4)
This results in the correct answer (6.99). Thus, we see that there is no obvious pattern on
the required procedure to obtain Wightman functions from Euclidean correlators. This
highlights the utility of the equation of motion method with the result (6.97) directly
giving the full answer avoiding these non obvious Wick rotations.

#> theory exchange

We proceed to the case of exchange interactions now. We consider a scalar field ¢ with
scaling dimension A exchanging a scalar y with scaling dimension A’. The results are
easily generalizable (albeit with a lot more algebra and more coupling constants to deal
with) to the case with non-identical scalars.

Via the Equation of Motion

The action is given by,

S = —% / dzd’x((8,0)* + (0,0)* + (’"1—;’2)&) - % / dzd®x((9,x)* + (Bux)* +
-8 / %cﬁx ¢ x. (6.103)
The relevant equations of motion read,

(02 +0- (’"Zz—jz))as(z,ao = Z ez,

(07 +0- #)X(z,x) = §¢2. (6.104)

We solve the above equations perturbatively by expanding the fields as follows:

b(z,%) = ) 8" (z.x),
n=0

x(zx) = ) 8" (zx). (6.105)
n=0

Substituting these expansions into the EOMs, we solve it perturbatively. For the corre-
lator of interest to us, we require the expression at O(gz). The corrections that we shall
require are,

[ dz d’l
¢V (21, p1) = 2i / = | == Gaz2.p) 0 Dx Oz pr - D,
o zJ (2n)

S 3
Wsp =i [ F [ Gz pe 0o @p -, (6106
0 < (27r)
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and,

6 (21, pr) = 2i / dz / ORI CUNEIEIRY)

dz dZ d3l/ ’ ’ g ’ ’
) _2/ 7 ) @3 / ——3Ga(z. 21, PGy (2.7, p1 = D (2. D¢V (2. 1)V (2 pr 1= 1.
o Z (27T) (27)
(6.107)
The four point function of interest is then given by a sum of ten terms:

(010a(P1)Oa(p2)OA(P3)0a(pa)10)o(42)
]‘[ i, 212) (016 61,0 a2 p2)0 a3 P20 21,0 10)

+ <0|¢(1)(leP1)¢(0)(22’p2)¢(1)(Z3sp3)¢(0)(24’l74) 10) + €016V (21, 1)V (22, P2) 9V (23, p3) 9V (24, pa) 10)
+ (016 (21, p) B (22, p2) ) (23, 3)8'” (24, p4) 10) + 016V (21, p1)B ) (22, p2) (23, 3) " (24. p4) 10)
+ (016 (21, p1) B (22, p2) V) (23, 3)d" (24, p4) 10) + 016 (21, p1)B D (22, p2) 6 (23, 3)¢” (24, p4) 10)
+ (016 (21, p1)6? (22, p2) 6V (23, p3)6 ¥ (24. p4) 10) + 016" (21, p1)$'” (22, p2) 6P (23, 3) 8" (24, p4) |0)

+ 019 (z1, p1)9 V) (22, p2) 8V (23, p3) 8P (24, pa) |0) ) (6.108)

Evaluating these correlators using the field corrections results in the following long
expression for the boundary correlator:

o0 dZ’

_4g26v(—plz)6’(—117?)6’(—174%)‘9(132)9(_52)9(_50)(/ooo %/0
Ga(z, p1)Ga(2, pz)(WA',+(z, ) Was (2, =p) War (2 =pa) + Wi (2,2, O W (2, =p3) Waa (2, —P4))

+Ga(z, p1)Ga(Z, p3)(W (2.2, )Wa (2, —p2)Wa (2, = pa) + Wy 4 (2,2, 1) W — (2, —p2) Wa + (2, _p4))

Y NCNIENES m)(W (22 ) War (2, =p2)Wa (2, =p3) + War (2,2, 1) Wa+ (2, —p3) Wa— (2, "”))

+Ga(2.p2)Ga(Z, m)(W (22 ) Wa (2, =) Wa s (2, =pa) + Wi 1 (2,2, —) Wi (2, —pa) Wa, - (2, ‘p‘))

+Ga(z, p2) Ga(Z, P4)(WA' +(2, 2, )Wa,— (2, =p1)Wa,— (2, =p3) + Wars (2, 2/, =t)Wa 4 (2, = p3) Wa,- (Z/, —p1))

+Ga(z, p3)Ga(2/, p4)(WA’,+(Z, 2 u)Wa—(z, —p1)Wa.— (2, =p2) + War 4 (2,2, =t)Wa,— (2, —p2)Wa.— (2, _pl))

+Gal(z, Pl)(QAf(z,z’,s)WA,+(z, ~P2)Was (2 =p3)Wa i (2, —ps) + Gar (2.2, u) W 4 (2, = p3) Wa - (2, =p2) Wa,— (2/, = p4)

+Gn (2,2, 1)) Wa+ (2, =pa) Wa 4 (2, = p2) Wa,+ (2, —P3)) +Ga(z, PZ)(QA' (2,2, 9)Wa (2, =P Was (2, =p3) W+ (2, =pa)

+ Gy (2.2 =) Was (2 =p3) Wi - (/2 =p1) Wi (2. = pa) + Gar (2.2 =) W (22 = pa) W~ (/2 = p1) Wi e (2, “’3))

+ Gz, p3)(GA’ (2,2 u)Wa,~ (2, =p1)Wa,- (2/, =p2)Wa 4 (2', =pa) + Gn (2.2, =) Wa,- (2, =p2) Wa,- (2/, =p1) Wa+ (2, —p4)

+ G5 (2,2, =)W+ (2, =pa)Wa,— (2, =p1) Wa,- (2, —Pz)) +Ga(z, P4)(§A' (2,2, )Wa- (2, =p1)Wa~ (', =p2) W, (2, =p3)

)

+Gn (2,2, —u)Wa (2, =p2)Wa, - (2, =p1)Wa,- (z/, =p3) + Gar (2,2, =s)Wa (2, =p3) Wa, - (2/, =p1)Wa - (2, —Pz))

(6.109)

where s = p’f + p’; , tH = p’f .+ pg and ut = p’f + p’; .‘Their magnitudes are denoted
[s|, |#] and |u|. The first six lines of the above expression (blue colour) represent the
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contributions due to the first order corrected field occurring at two locations in the
correlator. The remaining six lines (violet colour) of the expression are the contribution
due to the second order correction of a single field in the correlator.

Via analytic continuation

One can try to ask whether (6.109) can be obtained via analytic continuation from
Euclidean space. However, based on the behemoth expression (6.109), an analytic
continuation to obtain it from the corresponding Euclidean correlator is clearly going
to be extremely difficult. Generalizing the methods of [34] to four point exchange
diagrams is certainly possible but would be quite challenging in practice. This shows
the importance of intrinsically computing Wightman functions rather than resorting to
analytic continuation from Euclidean space.

6.3.4 Four point functions in special kinematics

The general expression for the scalar exchange correlator (6.109) is quite complicated.
However, for particular kinematics where we take the middle operators to have space-
like momenta viz p% > 0, p% > 0, the expression dramatically simplifies which causes
all but one of the above terms in (6.109) to vanish This is what we shall refer to as
special kinematics'?>. One can check that this statement is not just true for the scalar
correlator but also for ones involving particles with spin. These kinematics make four
point Wightman functions extremely tractable and simplify them greatly. Further, we
shall find that performing analytic continuation from the Euclidean correlator to the
Wightman functions with these kinematics is a simple extension of the procedure at
three points (2.101). We simply take discontinuities with respect to the momenta we
want time-like.

We now proceed to discuss a variety of examples including the previously discussed
scalar ones in these kinematics.

Scalar contact and exchange

First of all, as we see from (6.97), when we work in the special kinematics with
p% > 0, p% > 0, the contact contribution vanishes as we also discussed in footnote 11.

({0104, (P1)0a, (P2) O ay (P3) O, (P2)10Y)0(1)8(p3)8(p3) = 0. (6.110)

Let us move on to the exchange contribution example (6.109). We obtain in the

12The reason for all but one term in (6.109) to drop out in these kinematics is that the only terms that
contribute with p% > 0, pg > ( are when the G propagator occurs with momentum p, and p3 as we see
from table 6.1. When they occur with a Wightman propagator, they do not contribute since it has support
only for time-like momenta as we one can see from table 6.1 yet again.
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special kinematics,

((010A(P1)OA(P2)Oa(P3)OA(P)I0)) o(42)0(P3)0(P3)

3 4
= [ Towd(] | lim =) €016” (e1. p1)# ™ (2. p2)8 ™M (23, p3)8 (za. pa) = O(=PDO-PDOPDOP3)0(P) Ana s
i=2 i=1 "

i=1

Cdz [7dZ , , ,
Apana = —482[/ 7/ 7 Ga(z,p2)Gal(z :P3)(WA’,+(Z,Z s S)Wa (2, —p1)Wa,+(Z', —pa)
0 0

+ Wa 4 (2,2, —u)Wa 4+ (2, —pa) Wa - (2, —pl)) (6.111)

Although there are two contributions in the above equation, only the first one is non-
zero due to kinematic constraints. For the second term to be non-zero, we require the
conditions,

p1 <0,p3>0,p) <0withu® > 0,-u* < 0. (6.112)

which come from the Wightman propagator with momentum —u* = — p’f - pé’ . This
is kinematically inconsistent as the sum of a backward pointing time-like vector and a
space-like vector cannot result in a forward pointing time-like vector. Thus our result is
only one term viz,

Cdz [*dZ , , ,
FAnrnn = —4g> / = / a2 PG PIWi (& Wi (=1 W s (=)
0 0
6.113)

Further, using the expressions provided in table 6.1 we see that the bulk to bulk Wightman
propagator factorizes into a product of bulk to boundary propagators resulting in,

) 420 (AT(A -3 1 )
Wa+(z,2,p) = N WA’,+(Z’p)|p|2—A—3WA/’+(Z P)- (6.114)
Thus, the above integral factorizes'?:
N [T dz 1 = d7 , ,
Annnn = c(A )/0 ~ Wa-(2=p1)Ga(z, p2) W+ (2, S)W/O — Wa.- (2, =5)Ga(Z, p3)Wa+ (', =pa),
(6.115)

A -1 ’ 1
with c(A’) = e F(A\/);(A 2) g2. This is a great simplification as there are no nested
bulk integrals in contrast to traditional Witten diagrams involving the Feynman bulk to
bulk propagator. This is a general feature of these kinematics and holds for spinning
correlators too. Evaluating the integrals in terms of Appell Fy4 functions using (6.55)
and replacing g with the OPE coeflicient (6.67), we get,

A 4T T (A

[(A=3)T(A = 5T = HI(5)?

Ansna = 6(=s1)8(=s")|p11*2 7 pal = s | ps| ¥ | pal?*7

A A" 3 1, 1 |p* IsP 1 A A3 Lo, 1 pal> s
X Fa( o At & = 20— o A = o=l S F(G A A N -
2 2 2 2 27 pa2” ApaPlsPA S T2 2 2 2 27 |psl*” Ipsl?
(6.116)

13We used the property W 4 (z, p) = Wa,_(z, —p) as can be ascertained from table 6.1.
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For example, consider all the scaling dimensions to be 1. In this case the result is,

1 1
A = 10247°¢7 —0(=52)0(~s"). (6.117)
|p1llp2llpsllpal s

One important point to note is that the general result (6.116) is perfectly finite for any
A, A’ that satisfy the unitarity bound. This is in contrast to the Euclidean case where
one needs to perform renormalization in many cases [29]'* due to the presence of UV
divergences for the CFT correlator which are not present for Wightman functions. This
can even be seen at the level of two points, check out appendix K of [237] for instance.

Via Analytic Continuation

Let us discuss how to obtain this correlator via analytic continuation. Clearly, as we
discussed earlier, there is no obvious pattern to obtain the general result (6.109) except
of course by guessing the pattern via trial and error and taking a sum of products of
discontinuities with respect to the squares of the momenta taking a leaf out of the three
point case (2.101)! For the special kinematics, however, the procedure is simple as we
discussed at the beginning of this section. Let us see this now. Start with the Euclidean
correlator,

{0A(P1)OA(P2)OA(P3)0a(p4)))
= (mpzpzm)vfo dz \/Z/O dzZ/ N7 Ky (p12)Ky (p22) | Ky (s2)1,(s2)0(z = ') + (z © 2) | Ky (p32) Ky (Paz)
+ t-channel + u-channel (6.118)

We want to reach the Wightman function in the kinematics where the middle operators
have spacelike momenta as well as the exchanged momentum s being time-like. For
this, we take a discontinuity with respect to p%, pi and s°.

Disc 2 Disc ,2Disc,2 ((Oa(p1)Oa(p2)0a(p3)Oa(p4))). (6.119)

We then Wick rotate following (2.99). The t and u channels drop out in this process (or
are not kinematically consistent) yielding the correct result (6.115).

Scalar-Photon Bhabha Scattering

Let us move on to an example of scalars exchanging a photon. The action we work with
is the scalar QED action (6.68) with the equations of motion given in (6.69). We require
the O(e?) correction for this correlator.

14These occur when € + (A — £) + (Ay - ) £ (A3 — £) = 2k, k € Zs.
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Via the Equation of Motion

We obtain,

(0104 (P10 (P2)0A(P3)OA (P00 (1) B(PIE(PY)

4

= - [ [(lim = ")0(p3)0(p}) (016 (21, )¢ (22, p2)9" (23, p3)9" ¥ (4. P4)10))
i=1

= —e0(p3)0(p3) /0 dz /0 dz'Ga(z, p2)Ga(2, p3)

d’l &S , , ,
( L, Wa_(z, —p )7 (5)Waza 1 (2, 2/, $)Wa s (2, —pa) 8> (L + p1) 8> (I + pa)

23 J) (@r)3*
= —e?0(p3)0(p3)0(-p1)O(—p)O(—-pY)o(pY) AR, (6.120)

with,

AR = 1Y (5) P 1y pavO(—50)O(—57) / dz / dZ'Wa,(2,-p1)Ga(2, p2)Waz2.4 (2,2 )G (2, p3)Wa.+ (2, —pa)
0 0

P ($)p1aparB(—)0(—s
- 2|s|

2) 00 (o]
/O dZWA,—(L_PI)QA(Z’PZ)WA=2,+(Z’S)[) Az’ Wa=s, (', =5)GA(Z', p3)Wa + (2, —p4).
(6.121)

Therefore the result is simply an s— channel contribution. Evaluating the integrals result
in the extremely simple answer viz,

Bhabha _ 7 ($)p1upavB(=s°)0(—s) 25" n Ip11? |pal®|s|?
ﬂAAAA - - /3 5 3 3
|| I(1+v)’I(5 +v) |p21°|p3l
33 3 2 2 33 3 2 2
><F4(—,—+V;1+v,—;—|p1|2,— il 2)F4(—,—+V;1+v,—;—%,— s 5)s
2°2 2" |pa2* |pal 2°2 2 Ip3l* |psl
(6.122)
where v = A — %

Via Analytic Continuation

Let us start with the Euclidean correlator. Performing the standard Witten diagram
computation results in,

({OA(P1)OL(P2)OA(P3)O(Pa))) = —e* 7" (5) P1upay
X / dz / dZ’Gra(z, p1)Gra(z, p2)Gra=2(2,7,5)GFa(Z, p3)Gra(Z, pa) + t+u channels,
0 0
(6.123)

where since these are Euclidean momenta, only the spacelike contributions to the Feyn-
man propagators in table 6.1 contribute to this expression. Rather than evaluating this
expression and then performing the analytic continuation, we choose to do it at the
integrand level. Simply taking a discontinuity with respect to three momenta we want
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time-like viz p%, pi and s* shows that the associated Euclidean propagators turn into the
corresponding Wightman propagator in table 6.1, which yields the result (6.121).

We now proceed to discuss three more examples: Compton scattering, Yang-Mills
gluon four point function and Einstein gravity four point function. The details of
the calculations are identical to the ones discussed albeit with more tensor structures
involved. Thus, we skip the steps and present the final results when the middle two
operators have spacelike momenta.

Scalar-Photon Compton scattering

Next, we consider the classic Compton scattering process involving two photons and two
scalars. The relevant action and equations of motion are those in scalar QED which are

respectively (6.68) and (6.69). Solving the equation of motion at O (ez) and computing
the Wightman function with p% > 0, p3 > 0 results in,

'€} (014 (P1) 0a(p2) O} (p3) 1y (p4)|0)O(P)0(p3)
1-A_ 1-A
= efel lim (014 (1.0 (22, 2)8" (23, p2) A (2. 1) 0))

zi—0 712
= e*0(p3)0(p3) (e 'pz)(64'p3)/0 dZ/O dz’ Waca,— (2, =p1)Ga(z, p2)Wa + (2,2, )Ga (2, p3)Waza, + (2, —pa)
= *0(=p})0(p3)0(p3)0(=p)O(-p)O(PY) (€1 - pa)(es P1)Aygyp:y- (6.124)

The function Aye,¢:, can be evaluated in terms of a product of Appell F4 functions
resulting in,

440\ 4 3 3 1 2 s?
Apasy = Vrlpillpal 1 F4(_,A;_’A__;_Ip1|2’_ | |2
2P lpsPr(AT(A-5) 2 2 27 |pa*” pal

1 3.3 1 |pa®  Is)?

X—F4(_’A;_’A__;_—’_
[sPP=2A° 727 720 27 |ps*’ |psl?

), (6.125)

For example, consider conformally coupled scalars that have A = 2. In that case, the
result is simply,

ﬂymzz«ﬁz:zy
P1P25Sp3p4

2i .
(Pr+p2t+s)(p1r+p2—s)(p1—p2+s)(—=p1+p2+5)(p3+pas+s)(p3+ps—s)(p3s—pa+ts)(—p3+psts)
(6.126)

Yang-Mills theory

We now proceed to an example involving gluons. The Yang-Mills action was given in
(6.79) with the equation of motion provided in (6.80). Following the usual method, we
find the four point function,

(01T (p1, €1) I (pa, €2)J* (p3, €3)J4 (P4, €4)|0))0(p3)0(p3)
4

= (HZ,-_I)«OlAA'(O)(Zl,Pl, 1) AW (22, pa, ) AB W (23, pa, &) A (24, pa, €4)|0))0(p)O(p3)
i=1

= 0(-p1)0(p3)0(p3)0(—p3)0(-pO(p)O(~5*)0(=s") Ay m, (6.127)
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with,

2 o oo
g A3 A . - z . B - .
Asym = IslfAlAzAfA3 4V3”YM(51’52)"#\'(“')‘/3‘/,)/1\/1(6%54)./0- dzsin(|pilz)e ‘1)2‘”51"(\”2)/0 dz’ sin(|s|2’)e™IP31% sin(| py |2’)

A3 A,
dgi A pB3TAVE (@, @)y (VY y (6, @)1l p2llsl pslpal
(P12 +1p2l?)? +Is1* +2Is2(1p2l? = 1p12) ((Ip3 12 + 1pal®)? + Is1* + 21512 (Ipa |2 - | p312))

(6.128)

Note that the Yang-Mills contact diagram drops out in these kinematics for the same
reasons discussed in footnote 11.

Einstein Gravity

The computation in Einstein gravity for the graviton four point function yields the result,

(OIT(p1, €)T (P2, €)T (p3, €3)T (P4, €)|0))0(p3)0(p3)
= 0(=pD)O(p3)0(p3)8(~p7)0(-p)O(pO(—5)0(=5")AuGr, (6.129)

where,

4PVE L (et e)uypo (9)VE Ep (€3, €)1 palPIsPlps P pal?

A4, GrR =

(((Izml2 + P2l + Is1* + 2Is2(Ip2l? = Ip11)) ((Up3l* + [pal®)* + Is|* + 2152 (Ip4l* = 1p31?)

(6.130)

One can easily check that the discontinuity with respect to p%, pi, 52 of the Euclidean
AdS graviton correlator results in this expression. Note that yet again, the quartic
contact does not contribute in these kinematics. Comparing (6.130) to its Yang-Mills
counterpart (6.128) suggests a double copy relation. We will have much more to say on
this in section 6.6.

6.3.5 Factorization and Wightman Conformal Partial Waves

In the previous subsection, we have observed that every four point function we have
considered factorizes into a product of three point functions when we take the middle
two operators to have spacelike momenta. For example, the Yang-Mills theory four
point function (6.128) can be written as,

(O1J* (p1, €)™ (2, €)J% (p3, €) T (pa, €)|0))ymb(p3)0(p3)
= ({074 (p1, €)™ (pa, 62)J“A(—S)|0>>nﬂlvT(lS)<<0|JI;(S)JA3 (3, €3)J (P4, €)]0))

= W((JS}UW)(PLP2|S|P3,p4), (6.131)

where (W((Js}| ) is a conformal partial wave (CPW). Indeed, all our factorized expres-

sions can be re-interpreted in terms of these quantities. In momentum space, CPWs are
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simply given by a product of three point functions [52, 85,280],

((3)102|JS|0304)(P1,P2|S|p3a P4)

_ Hm...ﬂs,vl...yz(s) 010 O Jﬂl"',us 0 OJVI...VS Io) o) 0
= REE ({0101 (p1)O2(p2) (=p1 = P2)10)){{0] (=p3 = p4)O03(p3)O04(p4)|0)),

(s)
(0102|0A|0304)(p1’ p2|S|p3’ p4)

= W;A_3<<0|01(P1)02(P2)0A(_P1 — )| O0|0A(=p3 — pa)O3(p3)O0a(pa)|0)).
(6.132)

The superscript (s) denotes that this is an s-channel exchange. Il ... ,..,, is the
transverse traceless projector which is the transverse projector for spin-1 and the trans-
verse traceless projector for spin-2. Our factorized Wightman functions written are just
s-channel conformal partial waves.

Let us now compare in more detail to the construction of [275]. The author shows
for a time-ordered correlator with all external momentum space-like,

Disc2(0|T{01(p1)O1(p2)03(p3)O04(p4) }10)s6 (P18 (p3)6(p3)6(p3)

= (T{01(p1)02(PIT{O03(p3)Oa(p)}) + (1.2) & Bu4) = 80 6,10, 00, (P1: P2IsIP3. PA),
(6.133)

where the kinematics enforcing that all momenta are space-like is also implicit in

the right hand side of this equation. Of course, s is assumed to be time-like in

this construction as well and we further make the choice that s° < 0!>. The ob-

ject g(s) (p1, p2lslp3, pa) is the conformal partial wave associated to the
(Ol 02 |Oexchange |O3 04) ’ ’

causal double commutator.

To obtain the Wightman conformal partial wave (6.132), we need to take two more
discontinuities with respect to p%, pi in addition to (6.133). This is because the spectral
conditions (2.91) demand in a Wightman function (with the ordering 1 > 2 > 3 > 4)
that p? < 0, p2 < 0 as well as the fact that p9 < 0, p§ > 0. We also make no assumptions
about s* as since the spectral conditions already render it time-like with s < 0. Taking
a di.s‘continuity of (6.133) with respect to p% and pi assuming they have negative and
positive energy respectively results in,

3
Disc,,»Disc,,Disc, <0|T{0A(p1)0A<p2>0A(p3)0A(p4>}|o>s( [ e(p%))e(—sz)e(—p%)@(—pi)@(—p?)@(pﬁ)
i=2
T . (s)
= D1scpllescng(01 021 Ocxchange | 03 04) (p1, p2lsips, pa)

—_ ()
_(W(OAOAIOA\OAOA)(pl’p2|slp3’p4)' (6.134)

which is precisely our factorized expression equal to the Wightman conformal partial

wave'®. To sum up the discussion, Wightman functions in the special kinematics

15See appendix B of [275] for the details. The author considers the — channel which can easily be
generalized to the s— channel case.

16Note that the Feynman propagators and EOM inverter propagators are equal for space-like momenta,
see table 6.1.
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naturally arise by taking three cuts of the associated time-ordered correlator: One with
respect to the exchanged momenta square and the remaining two with respect to the
momenta squares of the first and fourth operators. This result is naturally the Wightman

conformal partial wave!”.

6.3.6 Higher point correlators

The formalism outline so far can easily be extended to the computation of higher point
Wightman functions. Here, we show this for the five point function of identical scalars
with interacting with a cubic potential. The action and equations of motion are the same
as in (6.103) and (6.104). We shall also focus on special kinematics with the middle
three operators having space-like momenta for concreteness. This receives contribution
iff there is a field correction for all three middle operators. This is because we need a
EOM inverter propagator with their momenta since only it has support for space-like
momenta as we see from table 6.1. This is exactly the same reasoning we gave for four
point functions earlier in subsection 6.3.3. Thus we have,

(010a(P1)OA(P2)OA(P3)0a(P)OA(PS)0)o ()0 (PO(PDO(PD)
5

(lim 27%)<01¢"” (21, p)#' (22, p2)9 " (23, p3)¢ (24, p4) ¢ (25, p5)10))

(6.135)

i=1

Plugging in the field corrections (6.106) and simplifying the resulting expression yields,

<<0\0A<p|>0A<pz>oA<p3>0A<p4>oA<p5>|0>>0(g3)e<p§>e(p§>e<p§>
= (2ig)*0(-p}) 0(-pN 0(p2)0(p3)0(pT) 0(~p2) 0 (p?) Asanaan-

4
dz;
Asannaa = (]—] 7' )G (22, P2) GA (23, P3) GA (24, P4)Wa,— (22, =P1) Wa + (22, 23, 512) WA+ (23, 24, 5123) W4 (24, —P5)
i=2

~ 2% SApa - vz
B r(A)?

5 o ®
(]_[\Pilv)/o dzz\/afv(lpl\Zz)Kv(|pz|zz)1v(|312|Zz)/0 dz3\z3Jy (Is12123) Ky (1p3123) Iy (151231 23)
i=1
o0 2 0 2 0
x [[7 deaEma stz K (palea) Iy (pslz) |0(-53) 005810530710 -sy). ©136)

We have defined s/, = p} + p}y and s}, = pi+ p5 + p4 as well as v = A—3 in the above

equation. Note that in these special kinematics, the five point functions also factorize.
As an example, let us evaluate the above integrals for A = 1 scalars. The result is,

1 1
Ip1llp2llpslipallps| Isizllsias |

As 11111 (6.137)

We leave a more detailed analysis of higher point functions to the future. The purpose
of this section was to illustrate that our formalism provides a simple and systematic way
to compute them.

Tt would be interesting to understand if there is a generalization of the geodesic Witten diagram
construction of conformal partial waves [281] for these real-time Wightman conformal partial wave.
Perhaps a construction using time-like geodesics such as in [282] would be a potential starting point. We
thank Allic Sivaramakrishnan for this comment.
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6.4 From Wightman functions to Euclidean correlators

In this section, we demonstrate how one can recover a Euclidean correlator from the
four point Wightman functions in the special kinematics. The reader might be worried
since it seems like we lose a lot of information restricting to these special kinematics.
However, as we shall in this section, we can actually recover the Euclidean correlator up

to contact diagram contributions. We shall show on the other hand is'®,
OIT{01(p1)02(p2)03(p3)Oa(pa) }|0)s = F(p1, P2, P3. P4s 5)

© d o d © sdwg 4
- /0 wadws /O widw; /0 S (0101 (PO(PO(P)O(p)IOY [ {1 = w1, ps = Wi

2_ 2 2_ 2 2_
wy =Py wy =Py w

(6.138)

where the prime indicates that our Wightman function is in the special kinematics
p% > 0, p% > 0. The contour choice is also decided by the Wightman ie prescription
(2.99). Similarly, one can add the contributions of the other channels by permutations'®.

We consider Yang-Mills theory as a illustrative, yet non trivial example to show this
procedure. Also, note that after performing the dispersive integrals, we implicitly Wick
rotate following the Wightman to obtain the Euclidean correlator from its time-ordered

counterpart. First, to set the stage, let us do so at the level of three point functions.

6.4.1 Three point functions

We have seen earlier (2.101) that in order to obtain a three point Wightman function with
the middle operator having space-like momenta, from a Euclidean correlator, we need
to take discontinuities with respect to the time-like momenta and Wick rotate following
the Wightman ie prescription (2.99). In this subsection, we want to essentially reverse
this process. The Yang-Mills three point function (6.82) repeated here for convenience
is,

18 ) 2 2 2 0y 0y pABCYM [ ] 1 1 1
S o(p2)a(-p2)a(-p2)a(-pY)a viM - - - - :
5 0(p2)0(=p1)0(=p3)0(=p)O(p3) /7 V3 | - E—2p, E-2p, E-2ps

(6.140)

where V3Y M is the Yang-Mills three point vertex (6.83).
Stripping off the theta functions, we get,

(O01JA(p1, €)IB (P2, €2)JC (p3, €3)|0)) = i%f*‘Bcvgy Mtv(p1,p2,p3),  (6.141)

8The subscript s denotes that this is an s-channel contribution.
19This is similar to the statement in [275] for recovering time-ordered correlators from their disconti-
nuities up to contact diagrams.

wsdwyg

- ws}),

OIT{01(p1)02(p2)O03(p3)O4(pa)}10)s = F(p1, p2, p3, Pas s) ~ /0 ———Disc 2 F(p1, p2, p4, p4, wy).

w?—s
(6.139)

This RHS of this equation also has the nice property that it factorizes just like the Wightman functions
in the special kinematics. However, for going to twistor space, we require the Wightman function for
reasons argued in the introduction such as the fact that they satisfy current conservation Ward-Takahashi
identities without contact terms and hence enjoy a simple representation in twistor space.
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with,

1 1 1

1
o, _ |1 _ - . 6.142
Jw(p1, p2, p3) (E E-2p; E-2p, E-2p;3 ( )

To obtain the Euclidean form-factor we need to “invert” the discontinuity procedure.
This can be achieved by performing dispersive integrals over the two time-like momenta
magnitudes as follows":

o0 dwf 00 dw%
fe(p1,p2.p3) = / > > / 7 2fw(0)1,p2,603). (6.143)
0 wWy=pyJo wW3—Pj3

As for the contour choice to avoid the poles at w; = +p;,i = 1,3 there is no ambiguity
thanks to the Wightman ie prescription (2.99) using the fact that p(l) <0, pg > 0 for this
Wightman function. Evaluating the integrals results in,

1

_— (6.144)
p1t+p2+p3

fE(P1,p2,p3) =

which is the correct Euclidean form-factor. The same method holds for all the other
spinning three point functions which one can readily check with the results of subsection
6.3.2 and comparing with the known Euclidean results. For three point correlators
involving generic scalar operators such as (6.65), (6.73), this procedure is much more
complicated due to the fact that they are not simple rational functions of the p? but
rather have a more intricate branch cut structure (that of the Appell F4 functions in the
referenced expressions). Thus, the dispersive integrals have to be performed taking this
into account and will be more involved .

6.4.2 Four point functions

Consider the the Yang-Mills four point function in the special kinematics (6.128).
Stripping off the theta functions and pre-factors we obtain from (6.128),

(Ol (p1, €)% (2, €)J 4 (p3, €) T (pa, €)]0))

pP1p2s YM.,u YM,v P3p4s
= phdad plads Vy o (er, @) (5)V; MY (63, )
P+ (= =20+ ) e (P§+ (P =577 = 2p3(pi + 57))
Sus
= fAlAzAf§3A4V31/M,u(€l, EZ)VSYM,va(pl,pZ, 5,03, P4) (M — %) (6.145)

To obtain the Euclidean correlator, let us take a leaf out of the three point case and
perform dispersive integrals with respect to the squares of the three time-like momenta
viz p1, s and p4. We consider,

©  dw? ©  dw? ©  dw?
A1ArA pA3A4 Y M, u YM,v 1 4 s w P1r2uP12yv
f 1 fA V3 (61362)‘/3 / 2 2 / 2 2 / 2 Zf (wl’pZ,ws,p3,w4)(77uv_—2)-
0 W)—=pyJo wWy—pyJo wWsg—S Wy

(6.146)

20The three point dispersive integrals have previously been performed in [236,237]. The difference
from our analysis here is that they performed dispersive integrals with respect to all three momenta. What
we see here is that it is sufficient to do it with respect to just any two of them.
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To perform the w; integral, we enclose the poles at w; = pj,w; = p2» — ws and
w1 = pa+w; which is the generalization of the prescription used for three point functions
in [236]. Then, to perform the w4 integral we enclose the poles at wq = p4, w4 = p3—wy
and w4 = p3 + wy. Finally, the wy integral is performed by enclosing the poles at
ws = p1 + p2, ws = p3 + ps and w, = 5. The result of this computation is,

1 SusSy
(Pr+p2+ps+p) (1 +p2+)(ps +pa+) " Ty +1’2;1(P3 +p4)s

‘@YM’H(Eva)V;/M’V(Q-EM (p1+p2+p3+ps+s)|, (6.147)

which is precisely the correct answer for the s-channel contribution to the Euclidean
correlator, see for instance [65].

To obtain the 7 and u channels, we simply re-instate colour factors, permute labels
and add them up to obtain the sum of all the exchange diagrams. This gives us,

(TN (p1, €I (p2. €2)J7 (3, €) T (P4, €4)) Vexchange

= DiSprDiS]DpﬁDiSpsz((0|JA1 (P1, €)Y (p2, €)% (p3, €3)T* (P4, €4)10))

+ Disp,2 Disp,2 Disp,2 ((01J ! (p1, €)J % (p3, €)1 (p2, €)% (p4, €)10)Y

+ DiSprDiSPpgDiSPﬂ<<0|JA' (P1, €I (4, €4)I (P2, €2)J" (p3, €3)|0)). (6.148)

Disp is shorthand for the dispersive integrals we performed above. Every term on
the RHS is a stripped Wightman function in special kinematics where the middle two
operators have space-like momenta in each of the terms. This procedure yields the
correct exchange contribution to the four point function as can be checked using our

expressions and comparing with the known results.

This method however, misses the contact diagram contribution. However, this is not
too bad since contact diagrams are in general very simple and can be added to the final
result by hand by demanding that the current conservation Ward-Takahashi identtiy for
the Euclidean correlator has to be obeyed. Thus we get,

(I (1. )T (P2, €) T (p3, )T (pa. €4)))
= ((JA (p1, €I (P2, €)J* (3, €)T™ (Das €2)) Vexchange + (T (P1, €0) T2 (p2, €)% (p3, €)T (4, €4)) )contacts
(6.149)
where the contact diagram expression can be found in the literature.
We summarize this procedure in figure 6.1.
Let us note that we have obtained the result for the Yang-Mills Euclidean four point
function without ever having to perform a nested bulk integral that one would do in
traditional Witten diagram approaches. Just starting from the Wightman function in
these special kinematics allows us to construct the Euclidean correlator, which has
knowledge of all kinematics?'.

6.5 Wightman functions in Twistor space

As indicated in the introduction, the motivation for us to study holographic Wightman
functions is due to the fact that they enjoy a simple representation in the twistor space

210f course, it is a different matter of performing the analytic continuation from the Euclidean correlator
to a Wightman function in arbitrary kinematics in practice. Look at (6.109) for example. The point is,
the Euclidean correlator in principle knows about all kinematic configurations of Wightman functions. It
would be very interesting to carefully analyze why this is the case and find out how general it is. At the
very least, it works for all the spinning four point examples we have considered in this chapter (including
those with A = 1, 2 scalars).
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Momentum space Wightman function (Factorized) =Wightman conformal partial wave

Dispersive
integrals+Wick rotation

Euclidean exchange correlator

l Gauge invariance/Ward Takahashi identity

Full EAdS, correlator

Figure 6.1: Recovering the full correlator from just the special kinematics Wightman
function. Note that there is not a single nested bulk integral in sight in this procedure!
Once we have the EAdS, correlator, one can in principle obtain any Lorentzian correlator
in any desired kinematics.

construction for 3d CFT correlators. In this section, after briefly reviewing the con-
struction of twistor variables from momentum space, we first show that the two and
three point Wightman functions we have explicitly calculated in the earlier section are
precisely the results obtained from twistor space via a half-Fourier transform and a suit-
able “analytic” continuation. We then take first steps in extending the 3d CFT twistor
framework to four point functions.

6.5.1 From momentum space to twistors

Let us first review the construction of spinor helicity variables from momentum space,
see [57] for a more detailed discussion. If p,, is a space-like vector, we can trade it for a
pair of real SL(2,R) spinors A and A as follows:

(2927 + 22 29)

, 6.150
> ( )

pu = p» = pu(ct)? =
where (o#) are the Lorentzian Pauli matrices. This description has the little group
redundancy, A — rd,1 — %, Pab — Pab, ¥ € R/{0}. Lorentz invariant quantities
in this description are obtained by contracting spinors using the SL(2,R) Levi-Civita
symbol:

(ij) = Aiad’, (i]) = il (i]) = A0, (6.151)

where i, j label spinors associated to momenta p;y, pju.
Twistor space is related to spinor helicity variables by a half-Fourier transform first
introduced by Witten [20]. We go from the projective coordinates (4, A1) to projective
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coordinates (4, ). This is a twistor, which is a fundamental representation of the double
cover of the 3d conformal group Sp(4; R).

Z4 = (A9, ), (6.152)

Given a conserved current J5' " (p ) dual to a massless boson, we can trade it for two
quantities viz positive and negative helicity components as follows?*:

JELA) = € - e (), (6.153)

with,

-1 -1 .
€ = ﬁ(%)ggmb €)= ﬁ(gﬂ)ga%. (6.154)

It is also not too difficult to show that [57],

1

Tty oty = (— 5) (6;1 e, JY ey ey o (6.155)

The twistor space counterparts of these currents are obtained via a half Fourier transform:
A’ 5 JE(A, )

il i

, (6.156)

The conformal generators in these variables combine to form a Sp(4;R) covariant
quantity,

(a_0

TAB = 7 )
0Zg

(6.157)

Note that we have lowered one of the indices in the above expression which we can
naturally do using the Sp(4; R) invariant symplectic form € as follows:

0 IM) . (6.158)

ZA=QA8 7, 74 = QpaZB,Q =
—12yx2 0

Thus, one can expect simple results for current correlators due to the simplicity of
(6.157). In particular the, twistor space currents are dimensionless”>. The twistor space
correlators obey the conformal Ward identities,

N

Z<0| - [TAB,J5(Z)] - 0]) = 0. (6.159)
i=1

22The remaining components of the current constructed using (6.154) like in (5.25) are all proportional
to its divergence which is zero for a conserved current.

23The position space operator has A = s + 1 which the Fourier transform and rescaling by # bring
down to —1 with the d>1 in the half-Fourier transform (6.156) contributing scaling dimension +1 thus
yielding a dimensionless twistor space current. Note in particular that this is also true for A = 1 scalars
which can be obtained by setting s = 0. On the other hand, the twistor space description of other operators
are complicated and involve non-local terms [257].
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The solutions to this equation come in two flavors. Symplectic dot products of twistors
and the §* distribution

N N N
Sp(4;R) Invariants : {zi - Zj = -QupZfZP = 2 i - A; - p,-}, {54(2 ckZy) = 52(2 ck/lk)62(z Crfik), Ck € R}.
k=1 k=1 k=1
(6.160)

Our results below shall include both classes of solutions. We will also work with scalar
operators which in twistor space are given by,

A d*1 - ,

OA(2Z) = / e Fp 0a(1, ). (6.161)
(2m)?

For correlators involving A = 1 scalars, the invariants will indeed be of the form (6.160).

Before we proceed to the examples, let us write down the inverse of the half-Fourier

transforms (6.156), (6.161) which will be useful later.

N - JE(A, 4 N
J;‘r(/l,/l) = Ll) = / dzﬁe_m‘”ff(z),
2
0s(p) = 0s(p) = [ e 0,(2). (6162

6.5.2 What are we computing?

The objects of interest to us are twistor space “Wightman functions” of these operators.
Strictly speaking, we have defined twistor space via a half-Fourier transform with
momenta that are space-like (5.24). However, even Wightman two point functions
have support only when the momenta are time-like which is required by the spectral
conditions. As we shall see, what we compute in twistor space are the Wightman
functions with the spectral theta functions stripped off and the momenta analytically
continued to be spacelike, thus clarifying the relation between twistor correlators and
Wightman functions: The former are close spacelike “cousins” of the latter. Let us also
note that we re-instate the momentum conserving delta functions in this section as it is
required when transforming to twistor space.

6.5.3 Two point functions

The general spin-s current two point function in twistor space takes the form?*,

242

~h h _
(O (Z1)J*(Z2)10) = 5h1,hzm'

(6.164)

24One can also work in an ambidextrous basis, choosing to represent positive helicity currents in twistor
space with coordinates Z4 and negative helicity currents in the dual twistor space with coordinates Wy.
One can go form one description to the other using

4
Jhw)y = / (‘;szefw'zfﬁl(zy (6.163)
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Its half-Fourier transform to spinor helicity variables using (6.156) yields,

A\2s
O (p1)J (p2)[0) <i >Z Sign((11)6*(p1 + p2). O (1) (p2)]OY
2s
o %Sign((li))(ﬁ(m + o). (6.165)

Let us relate this result to our two point Wightman functions starting with the spin-1
example (6.53). We first contract it with general transverse null polarization vectors ¢;.

Ol (€1, p1)J (€2, p2)10) = 2Upileren (17 — L-L)0(=p2)0(-p?) (27’6 (p1 + p2)

=2|pil(e1 - €)0(-p})0(—p)) (27) 6> (p1 + pa2). (6.166)

We then define a stripped Wightman function denoted with a prime:

(O1J (€1, p1)J (€2, p2)10) = (O1J (€1, p1)J (€2, p2)|0Y 8 (~p)O(=pY),
(O1J (€1, p1)J (€2, p2)10Y = 2|pil(er - €)(27) 6 (p1 + pa2). (6.167)

Although the full Wightman function has support only for time-like momenta, we can
analytically continue the stripped Wightman function (6.167) to spacelike momenta.
Making use of the spinor helicity construction (5.24) and choosing the polarization
vectors to have positive and negative helicity (6.154) respectively yields,

O (p1)J* (p2)]0Y = 2slgn<<11>)<< >> (21%6%(p1 + po).
O (p1)J ™ (p2)]0Y = 2slgn(<11>)<< >> (215 (p1 + p) (6.168)

Note that the stripped correlators have (1 < 2) permutation symmetry since the spectral
theta functions that distinguish the operator ordering have been stripped off. Thus, we
see that the twistor space two point function found in earlier works is actually the
counterpart of the stripped Wightman function (6.167). This also explains the origin
of the sign factor in the above equations first found in [236]. Similarly, for the stress
tensor two point function, one can follow the same procedure showing that its stripped
Wightman function corresponds to (6.164) with h; = £2.

For the general scalar case (6.51), the twistor space answer is more complicated
as it involves what is known as the infinity twistor of R>! [257]. The half-Fourier
transform for generic scalar operators from momentum space to twistor space is given
in (6.161). The twistor space result corresponding to the scalar two point function was
found in [257],

(Z11Z,)|*A~D
(Z1- 22

(010A(Z1)04(2,)|0) = (6.169)

where,

(Z11Zy) = ZM 155 ZP = (12) with I4p = (Egb (())) (6.170)

183



Going to momentum space using (6.162) yields,

(010A(p1)OA(p2)|0Y o« (27)*8° (p1 + p2)p7*~*Sign(p1), (6.171)

which is precisely the scalar two point Wightman function (6.51) with the spectral theta
functions stripped and the result analytically continued to spacelike momenta.

6.5.4 Three point functions

We now move on to the case of three point functions. We focus on Wightman functions
with p% > 0. Analogous to the two point case, we define the stripped three point
Wightman functions,

(0101 (p1)02(p2)03(p3)10Y8(p3) = 6(—p1)0(—p))8(p3)0(—p3)8(p(0|01(p1)O:2(p2)O3(p3)|0Y,
(6.172)

where O; are arbitrary (spinning) operators. When converting to twistor space, we
analytically continue the momenta in the stripped correlator to be spacelike. When
some of these operators are identical, we shall see that the stripped correlator also
possesses permutation symmetry.

Below, we discuss the twistor counterparts of the various three point Wightman
functions we have computed earlier. Let us also mention that the scalars we shall
focus on henceforth are conformally coupled ones with Neumann boundary conditions
imposed. This implies that the dual conformal operator has A = 1 which as we discussed
in footnote 23, enjoys a simpler description in twistor space compared to its generic A
counterparts. Also, we ignore overall numerical constants as well as the bulk couplings
in the expressions for notational simplicity but it is a simple matter to reinstate them if
desired.

For general spins s, 52 and s3 (including the A = 1 scalar by setting spin to zero),
the general solution at the conformal Ward identities is [ 1%,

11 (21)J(25) 01 (23)10)

= i“+ﬁ+y(ch1h2h35[a](zl - 22)61P1(2y - 23)6(Z3 - 7))
+ kp oy 8 PN(Z, - 25) / dcldczc?gc;y54(clzl + 22y - Z3) |, (6.173)

where the coefficients ¢, p,n5, ki nyn; and @, B,y depend on the helicity. Using the fact
that the conserved currents have helicity #; = +s;, we have,

(h1h2h3) helicity ra=h+hy - h3,ﬁ =hy + h3 - ]’ll,’y = h3 + hy — hs. (6174)

Our notation for the delta function derivatives is as follows:

o
s (x) = / de(—ic)"e ™, (6.175)
—00
250ne can also choose to work in a mixture of twistor and dual twistor variables like in [236, ].

These are related to the solutions in (6.173) by a twistor Fourier transform (6.163).
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We also make sense of this formula by suitably regularizing the cases where n is a
negative integer following earlier works. For example, the anti-derivative of 5% (x) =
o(x) is 6171 (x) = SgnT(x),é[_Z] (x) = % and so on.

The inverse half-Fourier transform to spinor helicity variables (6.162) of the general
solution (6.173) results in,

O (p1)J2(p2) S22 (p3) 10y

(_1)a+ﬁ+y 33 __ __ __ Chihyhs kh[hz/h
- 21)36 + py + 12)¢(23)A(31)” ~ ‘ ,
7 2m)76 (14 p2+ p3)(12)723) GO 2oigyy (E —2p1)*(E = 2p2)(E = 2p3)P
(6.176)

where E = p| + py + p3 as usual. We will now see how (6.176) reproduces all the three
point results we have computed so far.
Conformally coupled scalars

Let us begin with the simplest three point function: That of a A = 1 scalar operator. The
twistor space expression corresponding to this correlator is found by setting k5,5, = 1
and c; 5,5, = 0 in our general solution (6.173), see [257].

0101 (21)01(Z2)01(Z2)10) = (21 - Z») / dey / des §(c\Z0 + c2Zn — Z3).

(6.177)
The inverse half Fourier transform found using (6.176) yields,
A A A 1
0101(p1)01(p2)01(p3)|0) = =(27)*6> (p1 + p2 + p3)
4
. (2n)383(pr+pa+
—s 0101 (p1)O1(p2) 01 (pa)|0y = L > P2t P (6.178)

pP1P2p3

This is indeed the correct stripped Wightman function which can be obtained by evaluat-
ing the integral with 6( p%) in (6.65), setting all the scaling dimensions to 1 and stripping
the theta functions as in (6.172).

Photon-Scalar-Scalar

Similar to the scalar example, one can choose the values of the coefficients in the general
solution (6.176) to match with the stripped Wightman functions corresponding to this
scalar QED example.

(011 (2)01 (22101 Z2)10) = evn 61121 - Z)sen( 22 22) 8123 20y 4 6121 2 [ SEL 42 421 v ean - 220,

(O (20101 (Z2) 01 Z)10) = ie-1o0 se0(21 - 22) 81 22 - Za)sun(Zs - 20) +5e0s - 22) [ derdesercad @12 + a2 = 20)), 6179
with their spinor helicity counterparts found using (6.176). Contracting our Wightman
function result (6.73),(6.75) with the null transverse polarization vector €;, stripping

off the spectral functions as in (6.172)and converting to spinor helicity variables shows
that it matches with (6.179).
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Yang-Mills theory

Let us move on to a case where all three operators have spin. In this case, we have
eight helicity configurations to deal with. In appendix D, we have provided all these
expressions both in spinor helicity and twistor space.

For example, consider the (+ + +) helicity configutation. As the reader can easily
verify using (6.162), the twistor space expression corresponding to our Wightman
function (6.82) is none other than (6.173) with s; = s, = 53 = 1L,c111 = 0, k111 = 1
viz?0.

dcid
‘1 6264(C121 +C222—Z3).
ci1C2

(6.181)

(OLFHA(Z0)J*B(22)3*€ (2:)(0) = f45CSen(Z, - 22) /

More examples also including gravity

Similar analysis can be carried out for the remaining examples. Here, we quote the final
results in twistor space which give rise to the stripped momentum space correlators.
Minimal coupling between scalars and gravitons

For (0|T* 0100}, we obtain the positive helicity stripped Wightman function using our
result (6.87) and the definition (6.172). The twistor space counterpart to it is obtained
by setting @ = 2,8 = -2,y =2, ko = 1, c200 = 1, which results in,

OIT*(21)01(22)01(Z3)|0Y = =621(Z; - 2,)6172(2, - 23)6' (23 - )
+ (5[2] (Z] . Zz) / dC]dCQC%CE%S“(C]Z] + CQZZ - Z3),
(6.182)

as can be verified using (6.162) and the result (6.176). It is easy to obtain the negative
helicity case similarly.

Einstein Gravity

Finally, we move on to the example of Einstein gravity in the (+ + +) helicity which
can be found using (6.90), writing down the stripped correlator (6.172) and choosing
all helicities to be positive using (6.153). The spinor helicity and twistor results are

261t is easy to show using (6.163) that this in dual twistor space equals,
QI A (W) T*E (W) T (W3)[0) = fAECSgn(Wy - Wa)Sgn(W2 - W3)Sgn(Ws - W), (6.180)

matching with the result of [236].
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provided in appendix D.1. For example we find*’,

A A A dciydcysdcesy 212
OIT™(Z)T™(Z2)T(Z3)10) = / — 55— 0% (cnnZs + enZi + caZy)e
1262363
(6.184)

This concludes our discussion of three point functions in twistor space. What we have
established is the fact that the two and three point twistor space correlators considered
in literature so far actually correspond to stripped Wightman functions.

6.5.5 Four point functions

Given the fact that we have obtained factorized formulae for Wightman functions when
the middle two operators have spacelike momenta, it is natural to leverage our knowledge
of the three point functions in twistor space to obtain the results at four points in this
kinematic regime. In this section, we focus exactly on this problem. To begin with, we
define the stripped four point Wightman function,

(0101 (p1)O2(p2)03(p3)O0a(p4)|0)8(p3)0(p3)

= 6(=p1)0(=p)O(p2)8(=5)0(=s")0(p3)6(=p3)6(pg) {0101 (P1)O2(p2)O3(p3)Oa(p4)10)".
(6.185)

As we showed in subsection 6.3.5, this coincides with a Wightman conformal partial
wave which through figure 6.1 has enough information to recover the full correlator.
Thus, it is an extremely important object to construct in twistor space.

Conformally coupled scalars

We begin with the simplest example of A = 1 scalars exchanging A = 1 scalars. In this
case we have the extremely simple expression for the rescaled correlator,

A A A A 1
(0101(p1)01(p2)01(p3)01(pa)|0) = m(Qﬂ)353(P1 +p2+p3+ps).  (6.186)

Introducing an auxiliary integral we can write it as,

3
[ 0101101 (2201 (PI0) Q101 (P01 ()01 (IO (6187
@717l

In this form, conversion to twistor space is straightforward!. For the integrated over
momentum p, we re-express the measure in spinor helicity using the formula [257],

1 )
d’p = d*Ad*A|p|. 6.188
/ P = NOI(GL(1,R)) / Pl (6.188)

27Using the twistor Fourier transform (6.163) we see that the dual twistor space expression equals,

OIT*A(W)TB(Wo)T*E (W3)[0) = [(Wy - Wa)||Wa - Wal|[W3 - Wi, (6.183)

which matches with the result of [236].
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As for the operators with this momenta we use,

01(p) = 01(1,2)
Oi1(-p) =0:(1,-2). (6.189)

Essentially we describe a momenta using (4, 1) and minus of the momenta by flipping

the sign of 1. For the external operators we directly perform the half-Fourier trans-
form (6.161). For the exchanged one, we simply write it in terms of its twistor space
counterpart using (6.162). Putting all these steps together we have,

(0101(Z1)01(Z2)01(Z3)01(Z4)|0)
B 1 / d’Ad* Ad?* id?v
2Vol(GL(1,R)) (27)3
1 d*Ad*ad*v
2Vol(GL(1,R)) / (27)
d*Ad*fi 0101(Z1)02(Z2) 01 (2, )]0)(0]01 (A, 1)01(Z3)01(Z4)|0)

(0101(21)02(22)01 (A, 0)[0){0|01 (A, )01 (Z3) 01 (Z4) [0y V=)

82 (7 = 1)(0101(Z1)02(22) 01 (A, @)10)({0]01 (A, ¥)01(Z3)01(Z4)|0)
1
= 47Vol(GL(1,R)) /

~ 1 b A A s A
= Vol GL(LR) / d"Z (0101(Z1)02(22)0,1(2)]0)€0101(2)01(Z3)01(Z4)10), (6.190)
where to go from the first to the second line, we performed the d°1 integral and in going
to the third from the second, we used the resulting delta function for the d*7 integral
setting ¥* = j1°. Finally, we defined the twistor space RP? measure,

d*z d*Ad*A

= A _ a -
VOl(GL(L.R)) ~ VolGL(LER) '~ = (A, fiar). (6.191)

Note that this four point function is simply a product of three point functions with the

common twistor integrated over all of RP*. Let us now use the expressions for these three

point functions (6.177) in the above expression. We obtain the beautiful expression’3,

(0101(21)01(22)01(Z3)01(Z4)10)
2
€123 4 b 4
= 0(Z1-22)6(Z3 - Z dcidcadesd d'zZo Z1+crZr—2Z)0 73+ caZa+ 7
SVol(GL(I. ) (Zy - 22)6(Z3 4)/ cidcydes 64/ (c1Z1 + 222 = Z)6" (323 + c4Zs + Z)
2
€123 / 4
= 0(Z1-2-2)6(Z3 - Z dcidcrdceszdceqd Z1+ c2Zr + c3Z3 + caZ.
8Vol(G L(1. ) (Z1-22)0(Z3 - Zs) cirdcadesdead™ (c1Zy + c2Zy + €323 + caZy)
2

C123
) o1 220025 2)00v = ), 6.192
SrZ1 Z3l\Zs Za]) 2 Z20(Zs - Za)3 (v = D) 6192

where the conformal cross ratio v is defined as,

y = M (6.193)
VARWAYL WA

28 As we discussed, this correlator is the twistor space counterpart of the Wightman function in the
special kinematics. It would be interesting to explore the twistor correlators corresponding to more general
kinematic configurations. It would also be interesting to explore if there exist twistor space expressions
corresponding to time-ordered or Euclidean correlators. One possible way would be to come up with a
prescription for analytic continuation in twistor space or in Schwinger parameter space to obtain these
other correlators. We thank Guilherme Pimentel for this comment.
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Following our discussion in subsection 6.3.5, we can identify the final expression as
a twistor space Wightman conformal partial wave corresponding to the A = 1 scalar
exchange:

v (21,22, 23, Z4) = 1
(0101]0110,0y) 8n|Z) - Z3||Zy - Z4]

(5(Z1 : Z2)5(Z3 . Z4)(5(V - 1).
(6.194)

Note the remarkable simplicity of this result. The expression is localized at the value of
the cross ratio v = 1.

Yang Mills theory
Let us start with the stripped momentum space correlator viz,
O (p1, €)™ (p2, €2)I 7 (p3, €)J* (pa, €0)|0) = (271)6* (p1 + p2 + p3 + pa)

X <<0|JA'(P1,61)JA2(P2,62)JA“( 5)[0))’ ”|V(| )<<0|JX(—1?3 — pa)J ™ (p3, €)M (pa, €4)|0)

/<0|JA1(Pl,61)JA2(P2,62)JA”(P)|0> v ()01 (=p) ™3 (p3, €)J 4 (pa, €4)|0) .
(6.195)

(27 )3| |

The most convinient way to deal with this expression is the helicity basis. For the
exchanged current, we use the formula,

JH(P)I0) 7, (p){OI 5 (=p) = (JA+(p)|0><0|J/}(—p) +J47(p)10)(O1TX (=p) |-
(6.196)

For the external operators we consider the MHV configuration with €1, €3 being positive
helicity polarizations and e, €4 being negative helicity ones, using their form in (6.154).
This converts the above expression into,

OIJA* (p1)JA2™ (p2) I (p3) T4 (pa)|0Y

/ AP0 (p1)I ™27 (p2)d M (P)I0) (01 3 (=) ¥ (p3)I M7 (p)|0) + (1 5 3,2 & 4).
(6.197)

= 2020)

where we used (6.188) for writing the measure in spinor helicity variables. Also note
that we are using the fact that these stripped Wightman functions have permutation
symmetry so we can perform a (1 < 3,2 < 4) exchange to obtain the contribution
due to the second term in (6.196). Performing a half-Fourier transform (6.162) for the
external operators and expressing the exchanged operator following the scalar case viz
(6.189), (6.190), we obtain,

(OIJAT(Z1) T4 (Z2) 3% (Z3) T4 (Z4)|0)

d*ZO AN (Z1) I (Zo)I A (2) 00T 1 (2)I 5 (Z3) I M7 (Za)]0) + (1 & 3,2 & 4).
(6.198)

1
~ 42Vol(GL(L,R)) /
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Plugging in the explicit forms of these three point functions results in®’,

OIA*(Z1)J A2 (Z0)I 4 (Z3)J M4 (24)10)
fAJAzAfI?SAzt

_ 8i%Sgn(Z; - Z,)Sgn(Zs -
- 47Vol(GL(1,R))

_ 2%Sgn(Z; - Z,)Sgn(Zs -
- aVol(GL(1,R))

4i*Sgn(Z; - Z,)Sgn(Z3 - Z4) c? g

= deydeadesd

AVol(GL(1,R)) / AEREBa e,

3.3

173

C2C4

4i*Sen(Z, - Z,)Sen(Z5 - Z cjc
= ! gl’l( ! 2) gn( 3 4)/dC1dC2dC3dC4
aVol(GL(1,R))

3
7 c
4)/dq/dmé/d4ZSgn(Z2~Z)6[3](Z~Z1)64(Z—C3Zg—C4Z4)+(1 3,264

3
7 c
4) / dcy / dC4—38gn(C3ZZ VAR VAR Z4)5[3](C323 cZi+c4Zy-Z)+ (1 3,2 4)

—lCzC}Zz~Z3—iCzC4Zz-Z4€iC]C3Z|'Z3+i6‘1C4ZrZ4 + (1 > 3 2 > 4)

1L1C4ZI'ZA_ICZC3ZZ'Z3 COS (61C3zl . Z3 - C2€4Zz . Z4)

1

ZoZ (V3SIgn(l - -)) (6.199)

16
= 7Sgn(zl - 22)Sgn(Z; - Z3)Sgn(Zs - Z4)Sgn(Zs - Zy)

which is a simple and pleasing result. v is the conformal cross ratio (6.193). Although
it is not obvious from the above, we note that the (1 < 3,2 < 4) exchange term simply
contributed an extra factor of 2. The fact that the two terms are equal is not obvious in
spinor helicity variables due to the presence of degeneracies and Schouten identities
Given the fact that the two terms are identical in twistor space, we can now go back to
spinor helicity variables to verify it. We have checked numerically that,

ﬁ«)u; (91 + p2)T™* (p3)T™ (pa) 0y

1
= (017 (p1) I (p2)J5 (—p1 — P2)|O>'m<0|JA+(P1 + p2) It (p3)J M (pa) |0,
(6.200)

O1JA* (p1) I (p2)JA* (=p1 = p2)|0Y

Therefore, the answer in spinor helicity variables (6.197) is simply,

O (p1)I™27(p2)I5* (p3)I M (pa) 0)

= (2,1,)3 / d*Ad> O (p1)I 2~ (p2) T (p)10) 01T 5 (=) (p3)T 4 (p4)10)
= |j—|<O|JA1+(p1)JAz_(p2)JA3+(_pl _ p2)|0>/<0|‘];(_p3 _ p4)JA3+(p3)JA4_(p4)|O>,

(6.201)

Twistor space expressions on the other hand, are much more easier to manipulate and
handle at four points.
Finally, we note that the pre-factor in (6.199) is

Sgn(Z, - Z3)Sgn(Z; - Z3)Sgn(Zs - Z4)Sgn(Zy - Z,), (6.202)

2%0ne can obtain the dual twistor space expressions using (6.163) if desired.

3These arise due to the fact that spinor helicity variables deal with two component spinors out of
which only two can be linearly independent. The same could be said for twistor space where the variables
are A, and fi, for each operator out of which only two of them are linearly independent. However, the
results for conserved currents and A = 1 scalars reorganize themselves in terms of Z4 as can be seen by
the structure of the conformal generators (6.157). In these variables, there are no degeneracies at four
points since Z4 is itself a four component object.
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which is identical in form to the flat space gluon MHV amplitude [252]! Similar to the
scalar case, we identify this twistor space expression (6.199) with the Wightman CPW
corresponding to the exchange of a spin-1 current:

3

) 16 1 P 1
Wonnin 22, 25, 24) = ;Sgﬂ(z1 - 2>)Sgn(Z; - Z3)Sgn(Z3 - Z4)Sgn(Zy - Z1)mw(\/ Sign(1 - ;))-

(6.203)

We proceed to the case of Einstein gravity next.

Einstein Gravity

Moving on to Einstein gravity, the stripped four point function in the MHV configuration
is given by,

OIT*(p)T (p)T" (p3)T (p4)10)

3
= —(Zi)ipl<0|T+(p1)T‘(pz)TW(p)|0>’H,w,m(p)<0|TP‘T(—p)T+(p3)T—(p4)|0>4
(6.204)

We then analytically continuing all momenta to be space-like and use the helicity basis
for the exchanged operator (6.155). Performing a half-Fourier transform for the external
operators (6.156) and expressing the exchanged ones using the inverse half-Fourier
transform (6.162) and performing the same sequence of steps as we did for the previous
examples results in,

OIT™(Z\)T (Z)T*(Z3)T™(Z4)]0)
1
= 47Vol(GL(1,

R) / d*ZOIT* (ZN)T(Z)TH(D)OT(Z)TH(Z)T (Za)|0) + (1 & 3,2 & 4).
(6.205)

Using the expressions for the three point functions and performing the d*Z integral
results in,

OIT™(Z)T ™ (Z2)T*(Z3)T™ (Z4)10)
6 .6

4 coct )
= m|21 - || Z5 - Z4] / dC]dC2d03dC4;_63616‘10421'24*1626‘322'23 cos (CICSZI 73— cacaZs - Z4)
’ 2€4
32021 - 2|20 - Z3l|Zs - Zal| Za - 74| ———— 1 d -l 6.206)
= . . . oz 24 L) .
v 2llZe - 23125 ZallZe - 2 s Do :

Very interestingly, the pre-factor |Z| - Z»||Z; - Z3||Z3 - Z4||Z4 - Z,] is exactly of the same
form as the four graviton scattering amplitude in flat space [252] exactly like the gluon
case. Similar to the previous examples, we can interpret this result as the Wightman
CPW corresponding to the exchange of the stress tensor,

6
o sl 2ol 2l L (1
(W(TT|T|TT)(ZI’ Z5,723,24) = 32|21 - Z1||Z> - Z3\|Z5 - Z4||Z4 - Z4] Z1 - Za[F v dvo (V |1 Vl .

(6.207)
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Also note the similarity of (6.206) to the gluon MHV result (6.199). In fact, that
(1 & 3), (2 e 4) term just contributes an extra factor of 2 just like the gluon case. This
implies that even in spinor helicity variables where there appear to be two independent
terms (6.204) as we see using (6.155), they are actually equal! This is not obvious to
show directly in spinor helicity due to the degeneracies but the twistor space analysis
makes it clear! Thus we have in spinor helicity,

OIT* (p)T ™ (p2)T* (p3)T™ (pa)|0))" = &<<OIT+(p1)T_(p2)T+(—p1 — p2)|0)) (OIT™ (=p3 = pa)T* (p3)T~ (p4)|0))’,
(6.208)

which one can verify numerically. It is however more satisfying that twistor space on
the other hand has given us simple analytic proof that they are equal. This indicates a
double copy with the gluon Wightman function which we will make this much more
concrete in section 6.6.

This concludes our discussion of correlators in twistor space. One can similarly
convert our other results such as for Bhabha and Compton scattering to twistor space if
desired. In short, what we have seen in this section is that twistor space yields extremely
simple and elegant expressions for correlators, whose conformal invariance is manifest.
We leave a more comprehensive analysis to the future.

6.5.6 Higher point functions

In this brief subsection, we convert our result for the A = 1 scalar five point function
to twistor space. We have the factorized expression (6.137). After rescaling it for
suitablitiy to twistor space (6.162), we can re-write the stripped five point Wightman
function as,

\ \ A A A ) 1
(0[01(p1)01(p2)01(p3)01(p4)O1(ps5)|0) = W(Zﬂ)353(P1 + p2 + p3 + p4 + ps)

3 3
= [ L2 D16, (p1)61 (p2)61 (9]0 0101 (=p)O1 (p3)01 (9)]0) 0101 (-9)O1 (pa)O1 (p3)10Y'-
@7 1p] 2n)lg]
(6.209)

Performing steps analogous to the above four point examples to convert this into twistor
space, we obtain the simple result,

(0101(Z1)01(22)01(Z3)01(Z1)01(Zs)|0)

1 dCldL'de3dC4dC5
= ——=0(Z1-22)0(Z4- Z
(47)2 (21 22)o(Z 5)/ Vol(GL(1,R))

1L 6(Zy-22)6(Zy - Z5)
= — 0 -1- -1)), 6.210
2121 232 - ZallZs - Zs] (u14,23 uzas(uisp3 — 1)) (6.210)

5(6121 . Z3 + 7y - Z3)64(c121 +cyZo + C3Z3 +cqZy + C5Z5)

where the five-point cross ratios are given by,

(Zi-Zj)(Zk - Zy)
(Zi - Z1)(Zy - Z))

6.211)

Uijkl =

We leave a systematic and comprehensive analysis of higher point functions in twistor
space for a future work.
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6.6 Double Copy

Broadly speaking, the double copy in the context of scattering amplitudes states that
graviton amplitudes can (roughly) be obtained by squaring gauge theory amplitudes.
Since the initial works, a lot of progress has been made including double copy at
loop level, double copy for classical solutions in gauge theory and gravity, double
copy involving many other theories, see [283] and citations thereof for a review of the
developments. Given the fact that gravity is generally much harder to study than gauge
theory, it is desirable to want to further understand and utilize this phenomena.

In this section, we study the double copy in the context of Yang-Mills theory and
Einstein gravity. First, we discuss three point functions and show a double copy between
stripped gluon and graviton Wightman functions in momentum space, spinor helicity
and twistor variables. For four point functions, we stick to twistor variables since
momentum space and spinor helicity approaches become more complicated due to the
presence of too many degenerate tensor structures. We derive an extremely simple
double copy relation between the correlators in Yang-Mills theory and Einstein gravity
obtainaing the latter as a simple square of the former. This correlator corresponds in
momentum space to the stripped factorized Wightman function.

6.6.1 Three point functions

The Einstein gravity three point scattering amplitude is the square of its colour stripped
Yang-Mills counterpart.

P
Asgr=Ay = (a1 @)(& - p1) + (- &)(er-p3) + (& -e)(e-p3)| . (6.212)

For three point AdS/CFT correlators, double copy structures have been found first in
the Euclidean context [32,4 1] and more recently in the Lorentzian setting [236]. Let us
check this property for our Wightman functions. We focus on the case where the middle
operator has spacelike momenta. We begin by removing the colour factor and spectral
theta functions and squaring our result for (JJJ) (6.82) yielding,

2,22

’ piP,P
(((OITTI0))y )2 ~ V2 1P3P3

. (6.213)
M E2(E - 2p1)2(E - 2p2)2(E - 2p3)?

Comparing with the expression for the graviton three point Wightman function (6.90)
shows that,

(OITTT(0))G ~ P1P2p3 ({01 TT10))00)?, (6.214)

As a consequence of this relation, one can also check in spinor helicity variables
that the double copy holds in every helicity configuration. The expressions for these
eight helicity configurations are provided in appendix D.l1. Similarly, one can see
using the twistor space expressions in appendix D.1, the double copy in twistor space
corresponds to squaring the Schwinger parameters when the correlator is written in said
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parametrization. For concreteness, consider the (+ + +) helicity configuration. We
have,

d d
(O1T*A(Z21)JB(22)07€ (23)]0Y = -4 £ABC 5131 (7, - 7)) / o / 25412y + €22 — Z3)

3
= —4ifABC / dc1dczdclzie"'clzz"&é“(qzl + 72y — 73). (6.215)
12

Similarly, for gravity we have,

O (Z) T (Z2)T*(23)[0) = ~461°) (2, - 2,) / dey / d‘:254<clzl+czzz—zs>

3 2
C ,
:4/dc1dczdc12(i) el 2254 e\ 71+ 22y — Z3), (6.216)
Cc1C2

3

thus showing that the squaring the Schwinger parameter function (%2 in the gluon
correlator (6.215) and stripping off the colour factor results in (6.216). Similarly, one
can check in every helicity configuration using the expressions that this is a general

feature.

6.6.2 Four point functions

Consider the expressions for our MHV four point functions in twistor space viz (6.199)
and (6.206). Let us re-write these expressions also expressing the pre-factors in
Schwinger parametrization. For the gluon case we have,

O1JM1*(Z1)J 42 (Z2)J 43 (Z3) A4 (Z24)|0)
fAlAzAf;‘%Az&

elC]C4Z]'Z4—1C2C3ZQ~Z36—ZC|221-Zz—lC34Z3~Z4 cos (C1C321 . Z3 _ C2C4Zz . Z4),

_ / —4dcydeydesdesderadess €0
- HVOI(GL(I,R)) C12€34C2C4

6.217)
We define the Schwinger parameter Yang-Mills correlator viz,
e
Maym(ci,ca,c3,¢4,C12,034) = —————. (6.218)
C12€34C2C4

Let us now do the same for the graviton case. We have,
OIT*(Z1)T ™ (Z2)T*(Z3)T™ (Z4)10)
3

3 2
ddcidcadcesdesdeipdesy 214 ; Tai Za i Zo—i .
_ / 173 gic1caZi-Za—icacsZy-Z3 y—icnZi-Za—icnZs-Zy (g (01C3Z1 - 73— cacaZy - Z4).

ﬂVOl(GL(l, R)) C12C34C2C4
(6.219)
The graviton Schwinger parameter correlator is thus,
33 2
193 2
My Gr(ci,ca,c3,c4,C12,C34) = (—) =Miyu (6.220)
C12€34C2C4 ’
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which is simply the square of its Yang-Mills counterpart! Using the helicity flipping
operator of [236], one can induce the double copy in every other helicity configuration.
For example, consider the (+ + +—) helicity. Our answers for the (+ — +—) helicity are
expressed in the variables (Z;, Z;, Z3, Z4). To (+ + +—), we simply replace Z, by W,
which converts J427(Z,) to J42*(W,). The expressions for gluons (6.217) and gravitons
(6.219) becomes,

(OJ AT (Z))J 42+ (Wa)JA3* (Z3)J 44 (Z4)10)
fAlAzAfA3A4
A

elc'lc'thl'24—162C3W2'Z3e—w1221'Wz—lc'3423'24 cos (CIC3ZI - Z3 — cocaWs - Z4)’

~ /—4dcldczd63d64dclzd034 el
ﬂVOl(GL(l,R)) C12C34C2C4

OIT*(Z)T* (W) T*(Z3)T~ (Z4)10)

_/4d61dC2dC3dC4d6‘12dC34
7Vol(GL(1,R))

3 2

ciC . R . .

173 Za— . - Wo— .

elC]C4Z] Zy—icrcaW, Z3e ic12Z1-Wh—ic3aZz-Zy cos (CICS Z1 . Z3 _ C2C4“72 . Z4),
C12C34C2C4

(6.221)

and similarly for other helicity configurations. Thus, the double copy is present in
general. This analysis really shows us how twistor space can shed light on structures
that are obscured in momentum space and spinor helicity variables. Given the fact that
our twistor analysis unveiled that the spinor helicity expressions correspond to (6.201)
and (6.208), we obtain the following induced double copy in spinor helicity variables:

OIT*(p)T ™ (p)T* (p3)T ™ (pa)|0Y = Is|p1p2p3pa (01T (p1)I A2 (p2)J 3 (p3) I (pa)|0))?,
(6.222)

highlighting the utility of twistor space to derive such formulae?!.

6.6.3 From the twistor double copy to the full graviton correlator

We have see that twistor space provides a pleasing and simple double copy relation.
Given this fact, we can easily obtain a graviton four point Wightman function from its
gluon counterpart using (6.220). These are of course, expressions that correspond to the
factorized results in momentum space (D.12) and (D.13) where the middle two operators
have space-like momenta. However, we have shown that there is a straightforward and
simple way to obtain the Euclidean AdS correlators from this factorized expression in
section 6.4. We emphasize yet again that there is not a single nested bulk integral in
sight in this process and the process is straightforward.

6.7 Summary of this Chapter

In this chapter, we have set the stage for the analysis of higher point Wightman functions
in twistor space. We began our discussion by setting up the computation of holographic
Wightman functions in the context of AdS;. We systematically computed many exam-
ples of two, three and four point Wightman functions involving general scalars, photons,

31Tt would be interesting to compare our results with other double copy constructions, such as for
on-shell correlators [284], or using a differential representation for AdS boundary correlators such as

in [285].
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gluons and gravitons and also five point scalar correlators. Interestingly, we found
that the four point functions factorize into a product of three point functions in special
kinematics when the momenta of the middle operators are taken to be space-like. This
expression is a conformal partial wave associated to the operator dual to the particle
exchanged in the bulk. Converting the resulting expressions into spinor helicity vari-
ables and performing a half-Fourier transform to twistor space yielded results for two
and three point functions consistent with previous works. We then proceeded to the
case of four point functions in twistor space associated to the factorized expressions in
momentum space. Utilizing the helicity basis, we found extremely simple and compact
results. In particular, we discovered a simple double copy relation between gluon and
graviton correlators with the latter simply being a square of the former in Schwinger
parameter space. Along the way, we discussed the analytic continuation from our fac-
torized Lorentzian Wightman functions to Euclidean AdS showing that even the simple
factorized expression, contains enough information to recover the Euclidean correlator
up to contact diagram contributions.

There are a number of interesting future works that this chapter opens the door
towards:

Twistor conformal bootstrap

One of our goals is to set up the conformal bootstrap program in twistor space. Given
our holographic results, it seems promising to pursue this program. General four point
functions receive contributions from intermediate states involving scalars and non-
conserved spinning operators and thus it is important to compute three point functions
involving at least one insertion of these operators. The twistor framework was extended
in [257] to accommodate generic operators. However, it remains an open problem to
bootstrap their three point functions. Once that is done, the stage will be set for the
bootstrap.

Generalization to higher dimensions

The machinery to compute Wightman functions in this chapter cam easily extended
to any spacetime dimension. The twistor space framework on the other hand, is quite
dimension dependent [238]. An AdS; twistor formulation was presented in [286]. It
would be interesting to develop the twistor space machinery for 4d CFT and connect it
to the formalism of [286].

Black hole backgrounds

Given the simplicity of our algebraic approach using the equation of motion to compute
real-time Wightman functions, a natural question is to extend the formalism of this
chapter to AdS black hole and more general backgrounds. From the CFT perspective,
these correspond to real time correlators and as such are an important and interesting
direction to pursue.
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General kinematics and other correlators

In this chapter, we have mostly focused on four point spinning correlators in the special
kinematics where the middle two operators have space-like momenta. Although these
kinematics are quite powerful and even allow us to construct the Euclidean correlator
which has in principle information about all possible Wightman functions and their
kinematics, it is still a different matter to explicitly be able to reach these kinematics via
analytic continuation. That is also of course an important problem to pursue but so is
the computation of spinning Wightman functions in general kinematics much like what
we did for the scalar case (6.115).

Higher point functions

The machinery developed in this chapter can be generalized to compute higher point
correlators as we also exemplified with the computation of a scalar five point function.
Given the simplicity of the twistor answers, a possible approach is to intrinsically setup
our formalism in twistor space from the get go which might lead to an even more
systematic approach.

Recursion relations

Recursion relations such as BCFW [287], and BG [288] for scattering amplitudes paved
the way for many developments in field theory. BCFW recursion has also been developed
in twistor space where they take their most natural and simplified form [22,23]. In AdS,
recursion relations have also been developed for time-ordered or Euclidean boundary
correlators [63, 64, 76, ]. However, they are yet to reach the simplicity of their
counterparts in scattering amplitudes, where at tree-level, one can simply stitch together
three point amplitudes to obtain higher point ones. What we would like to emphasize yet
again is that Wightman functions are simpler quantities than other correlators as we have
seen in this chapter. They satisfy factorization formulae and also do not possess contact
terms in current conservation Ward-Takahashi identities. Thus, developing recursion
relations for Wightman functions might be an interesting direction to pursue.

Extension to loops

It would be interesting to extend our formalism for computing Wightman functions to
one-loop and beyond, including understanding the analytic continuation at loop level
that relates Wightman functions to Euclidean counterparts.
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Chapter 7

Summary and Future Directions

The main subject of my PhD research in general has been the development and appli-
cations of amplitudes inspired methods for conformal field theories. Some of the key
successes covered here include,

* A systematic analysis of conformal current correlators in momentum space spinor
helicity variables especially at three points which allowed us to uncover the holo-
graphic dual of AdS, chiral higher spin theory (Chapter 2 and Chapter 4).

* Mapping interacting theory higher spin equations to their free theory counterparts
thus obtaining a possible solution to four and higher point current correlators in
Chern-Simons matter theories (Chapter 3).

* Discovering that n—point momentum space correlators in conformal quantum
mechanics take the form of Lauricella Eg"_z) functions with n — 3 undetermined
parameters that are the analogs of conformal cross ratios (Chapter 2).

* Developing real time techniques to compute four point holographic Wightman
functions in AdSy in theories with scalars, photons, gluons and gravitons, finding
novel factorization kinematics and a connection between Witten diagrams for
Wightman functions and conformal partial waves. Systematized the principle of
analytic continuation to recover the full correlator from just the conformal partial
waves (Chapter 6).

* Deriving the Penrose and Witten transforms in the twistor space framework for
CFTs. Extending the formalism to include arbitrary operators of any spin and
scaling dimension by using the infinity twistor of R%>! which from the bulk AdS,
perspective implies the ability to describe particles of any mass and any spin.
Deriving a parity odd version of the Penrose transform. Classifying all the
conformal invariants in twistor space (Chapter 5).

* Deriving the supersymmetric version of the Penrose transform. Classifying the
super-conformal invariants in twistor space. Extending the formalism to super-
scalars and parity odd super-correlators (Chapter 5).

* Recasting holographic current correlators in twistor space. Deriving a simple
squaring double copy relation between four point functions in Einstein gravity
and Yang-Mills theory (Chapter 6).
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For reasons of length and focus, not all of my related publications are included in this
thesis. However, we shall summarize their key results briefly to provide a broader
context for the work presented above.

* Understanding the details of how OPE consistency constrains the structure of three
point current correlators that do not obey the spin triangle inequality. Deriving the
non-conservation identities in slightly broken higher spin theories using exactly
conserved Ward-Takahashi identities using the epsilon transform [45]. The results
of these analysis played a key role in chapters 2 and 3.

* Solving the twist conformal block equation in (slightly broken) higher spin theories
for spinning current correlators and using these results to learn about the locality
of their bulk duals. Finding the possibility of a local sub-sector that was later
realized [159] which is also the subject of chapter 4.

* Developing a super spinor-helicity and Grassmann twistor formalism for N' =
1,2 SCFT3 that exponentially simplifies the analysis compared to position and
momentum space methods. Discovered super double copy relations between
N =1and N = 2 super-correlators [48]. This extends the analysis of chapter 2
to the superspace setting.

» Systematically solving the Ward identities for two and three point conformal
correlators in twistor space with a focus on how the distributional solutions arise
[237]. This analysis complements the first part of chapter 5.

* Developing a super-twistor formalism for N' = 1,2, 3,4 SCFT3 by solving the
OSp(N4) super-conformal Ward identities [241]. This analysis complements
the second part of chapter 5 on super-twistors.

Future Directions

Looking forward, the spinor helicity and twistor perspectives offer a natural path toward
recursion relations for (A)dS/CFT correlators analogous to BCFW recursion relations in
flat space [22,23, ], and even toward a geometric formulation of conformal correlators
perhaps akin to the amplituhedron [252]. Twistors in particular, being sensitive only to
the null structure of space-time present an inviting approach to describe physics in flat
space, AdS and dS in a unified framework. The recent Grassmannian integral formalism
developed for CFT3 [290] also presents an exciting avenue for further research. Below,
we discuss some concrete future directions.

Recursion relations and a Parke-Taylor formula for AdS; boundary
correlators

The Parke-Taylor formula [19] provides a remarkably simple expression for MHV n-
point gluon scattering amplitudes in flat space. The simplicity of this formula inspired

and paved the way for many discoveries such on-shell recursion relations. The analogous
result for gluons (or any other particles) in curved backgrounds such as AdS remains
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unknown. Even at four points, the time-ordered boundary correlator of gluons is quite
complicated in spinor helicity variables. A promising potential way forward is to focus
on Wightman functions as they satisfy current conservation Ward-Takahashi identities
without any contact terms and admit a simple twistor space description at three points.
We found evidence for this in chapter 6, uncovering an elegant structure for gluon four
point Wightman functions in special kinematics, including a simple squaring procedure
to obtain the analogous graviton result. Computing higher point functions and also the
results for other kinematic configurations would be interesting and help shed light on
the utility of Wightman functions in this quest.

A CFT Amplituhedron

In four dimensional flat space, certain scattering amplitudes can be interpreted as the
volume of a geometric object: The amplituhedron [252]. This makes manifest among
other things the infinite dimensional Yangian symmetry of N' = 4 SYM amplitudes. A
natural question to ask is: what is the geometric problem to which AdS/CFT correlators
are the answer? Momentum twistor techniques [29 | ] have been crucial in flat space and
thus developing their AdS/CFT counterparts could be a useful tool to have especially
to tackle theories that possess dual conformal invariance. Further, for the conformally
invariant N' = 4 SYM theory, it would be very interesting to explore how these structures
change when we go from flat space to the conformally flat Poincare patch of AdS,.

Connections between holography in Minkowski spacetime, de-Sitter
and AdS/CFT

An outstanding open problem is the holographic description of physics in flat and de-
Sitter spacetimes. Formally, AdS/CFT contains information about both these cases via
a flat space limit or a suitable Wick rotation. However, in practice these procedures
are subtle. This is where Twistor variables might possibly pave a path forward. Since
twistor space is insensitive to the conformal factor of a metric, it may provide a unified
description of holography in flat space and the Poincare patches of AdS and dS which
are conformally flat. The only distinction among these spaces arises in the form of the
infinity twistor and for conformally invariant theories like Yang-Mills at tree level, the
dependence on this object is just through simple sign factors [22] indicating a promising
point for further exploration.

The conformal bootstrap

The conformal bootstrap programme in d > 2 has seen immense progress [15, 16]
since the pioneering work [14]. However, most progress has been limited to cases
where the external operators are scalars due to the difficulty in handling operators with
spin such as conserved currents. This is potentially a place where twistor space can
provide a pivoting point given the fact that it makes both conformal symmetry and
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current conservation manifest. Therefore, it would be interesting to explore whether
the spinning conformal bootstrap can be benefited by working in twistor space. As a
first step, one could formulate the operator product expansion and construct conformal
blocks in Twistor space, followed by crossing symmetry and imposing constraints on
the spectrum and OPE coefficients starting with interesting theories like the 3d Ising
model at criticality. It would also be interesting to develop similar constructions in
other dimensions especially in 4d CFTs where ambi-twistors or bi-twistors seem to be a
potential way forward.
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Chapter A

Dimensional Reduction from four to three dimensions

A.1 From four dimensional to three dimensional spinor
helicity variables

In this appendix, we show how one can obtain a general three dimensional momenta
starting from a null momentum in four dimensions.

A1l R3S R3

A four dimensional massless momenta can be written in an unconstrained form as a

outer product of two spinors as follows: p¢ = 1,A% with a little group redundancy
i0 ~ i0 ~ .

A= e 24,1 —eT24,60 €R. In matrix form we have,

a _ pl+pZ px_ipy Al
Pa (px+ipy pr—pz,)' @1

The reality condition for the four momenta components is that p is Hermitian and thus
(12)" = 2% and (1%)" = A,. A three dimensional Euclidean momenta can be obtained
from this null 4d Minkowskian momenta as follows: Introduce a special vector,

0 1
€1 = (_1 0) . (A.2)
The three dimensional momentum is then given by,
1
Pab = _E(P(afb)d)- (A.3)

In matrix form this procedure is as follows: First form,

- + -1 0 1 —px+i +
s (70 E ) (0 o (i men)
px+ipy pi—pz)\-1 0 —pi+Dp: Pxtipy
Now symmetrize this matrix and multiply by a factor of —%. The result is,
b = 1 (—px +ipy  pi+Dp: ) 1 (—px +ipy —p +pz) _ (—px +ipy  p:
ab — : ; - ;
2\ -p:+p; pxtipy 2\ pr+pz Ppxtipy Pz Px T 1py
(A.5)
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Thus, we see that p; has completely dropped out in this procedure and left behind a
three dimensional general momenta. In the langauge of spinors we have,

Pab = _%(/l(aeb)d/la) = %(/l(a/ib))’ (A.6)
where we have defined,
Ap = €apd’. (A7)
The induced reality condition on the three dimensional spinors is,

AL =29, = .. (A.8)

A12 R*?2 - R2I

The procedure is very similar to the above case. A null momenta in the four dimensional
Klein space can be written as an outerproduct of two spinors, p% = 1,4¢ with a little
group redundancy 4 — %/l, A — rd, r € R. In matrix form we have,

a P+ Dz DPx—DPw
N ) A9
Pa Px+DPw Di—D: (A.9)

The p,, component that appears here is related to the corresponding Euclidean p, via
ipy = pw. The reality condition here is simply that the above matrix is real and hence
gives A% = 1, and (14)* = A9, that is, the spinors are real and independent. One can
now follow the same procedure as in the previous subsection, i.e., defining a special
vector €, (A.2) and defining a 3d momentum via (A.3). The difference now is that p,,
is a timelike coordinate unlike p, and thus what we end up with is a three dimensional
Lorentzian momentum. Again, in the language of the spinors we have,

1 _
Pab = —E(ﬂ(afb)afla) = = (A(adp))> (A.10)

| =

where we have defined,
Ap = eapdt. (A.11)
The reality condition induced on the three dimensional momenta is now,

X = A, (19 = 2% (A.12)

A.1.3 Understanding discrete symmetries in Klein space

We have seen above, the natural dimensional reduction of Klein space leads to three
dimensional Minkowski space. It is thus interesting to ask how the discrete symmetries
in Klein space reduce to those in R%!. The starting point is the position bi-spinor:

xZ:(t+Z X_W). (A.13)
XxX+w t—2z
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Parity is the transformation z — —z whereas time-reversal is t+ — —¢. The alternate
transformations x — —x and w — —w are connected to the above choices via SO (2)
spatial and temporal rotations respectively. Our aim is to translate these transformations
to spinor helicity variables. A null Kleinian momenta is given by,

o _[(pPitp:  pr—pw)_ (U2 -4
= S e 1. A.14
“ \pxt+tpw  DPi—P: ) (/12/12 -4y (A.19

Under parity, p, flips to —p,. This leads to the following transformation for the spinors:

P:(l, ) (-4, ), (A.15)

which is identical to the parity transformation on the spinors in R%! (2.75) after a
dimensional reduction. What about under time-reversal? Lets say we flipt — —¢. Then
should one flip py, p. and p,, to —p,, —p. and —p,,? In Minkowski space R>!, time-
reversal is anti-linear and thus under t — —t, (ps, px, Pz, Py) = (Pts —Dx> =Pz, —Py)-
This also ensures that energy, that is p, is invariant under a time-reversal. Klein space
is connected to Minkowski space by a Wick rotation p, = ip,,. Thus, p, flipping under
time-reversal implies that p,, must not flip since i — —i takes care of the sign flip.
Therefore, the Klein space time-reversal should not change p,, — —p,,. Thus we have
time-reveral taking (p;, pw, Px> Pz) — (Pt Pw»>—Px> —Pz). On the spinors it amounts
to,

T:(A, ) —> (A A1) (A.16)

and similarly for 1. This leads to the same time-reversal operation we defined in R>! in
(2.70) after a dimensional reduction.

In short, what we have shown is that the discrete symmetries of four dimen-
sional Klein space naturally give rise to the discrete symmetries of three dimensional
Minkowski space.

A.2 Dimensional reduction from the Twistor space per-
spective: SL(4,R) — Sp(4,R)

In this appendix, we shall start with the generators of SL (4, R), which is the 4d conformal
group and dimensionally reduce to three dimensions and obtain the Sp(4) generators
(5.43). For U € SL(4,R) we have,

Det[U] = 1. (A.17)
Exponentiating U = ¢/°C with G € s1(4,R) we obtain,
Det[¢/?C] = £¢T(0) = | — Tr(G) = 0. (A.18)

Let us now construct a projection of s[(4,R) onto the subalgebra sp(4,R) using the
symplectic form €. In index notation we have,

Tj = Qpp(QCAGY)) = QppT*E. (A.19)
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Let us exponentiate this quantity and check whether it satisfies the Sp(4) group property
Viz,

MeSp4) = M'OM=Q = T'Q+QT =0forT € sp(4,R).  (A.20)

Putting M = ¢'®T and using the relation (A.19), it is easy to see (A.20) is indeed satisfied.
Let us now see how to derive the particular representation of Sp(4, R) that acts on twistor
space from the twistor space representation of the generators of SL(4,R). The SL(4,R)
generators that act on twistor space associated to R>? . are given by,

Gg:zf‘a%—% 2 Ca%. (A.21)
They obey the s1(4,R) algebra viz,
(G5, GS] = 605G - 6pGS,. (A.22)
Using the definition (A.19) with,
TA% = QCUTY = Z(A%B), (A.23)
it is easy to show that,
[TAB, TCP] o QACTBD 4 QAPTBC 4 QBCTAD 4 BDTAC (A.24)

which is exactly the Lie-algebra of sp(4,R).

What we see via the above group theory exercise is that the twistor space associated
to R%! is a subspace of the twistor space of the twistor space associated to R>2. Both
of these are subsets of RP? where the latter allows for general volume preserving
transformations whereas the former restricts to those transformations that also preserve
the symplectic form.

'For instance, these can be found by starting with the GL(4,R) generators in [238] and subtracting
out the trace part.
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Chapter B

Projective Integral identities

In this appendix, we derive two useful formulae that relate projective integrals to ordinary
nonprojective integrals by quotienting by Vol(GL(1,R)). This volume factor is given
by the following divergent integral,

Vol(GL(1,R)) = [:% (B.1)
B.1 From RP! to R?
Consider the following quantity
/ (Ada) f (), (B.2)
such that,
Fr) = 5 70, (B.3)

The Penrose transform (5.16) is an example of such an integral with f (1) ~ A% - -- A9 J¥ (A, @) |x.
We can for instance, locally choose a chart where 4, = (11, 12) = (1, &) such that (B.2)
becomes,

/ (A1) f (A1, A2) = / dEf(1.E). (B.4)

We now want to show that,

/ (AdA) f(A) = d*Af(Q). (B.5)

1
Vol(GL(1,R)) /
Lets write out the right hand-side of (B.5) explicitly:

1 5 B 1
Vol(GL(1,R)) / dAf () = Vol(GL(1,

R))/d/ll/\dﬂzf(/h,/lz). (B.6)

Now perform a variable change,

A1 =p1, A2 =p1p2 = dA AdAy = |pildp1 A dpa. (B.7)
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‘We thus have,

1
diy AdAa f (A1, A2) = Vol(GL(L.R)) / dp1 A dpalp1l f(p1, p1p2)

! 1
B Vol(GL(l,R))/dplAdP2|P1|p—%f(1aP2)
(B.8)

1
Vol(GL(L,R)) /

where we used the projective property of the function f (B.3). The integral now factor-
izes and the one above p; completely cancels out the volume factor (B.1). Relabeling
p2 = & then yields (B.4) thus proving (B.5).

B.2 From R? to R? x R?

We now consider the following integral,

/ d*x f(x). (B.9)
We now write x as a bispinor by contracting with the Pauli matrices,

b _ /lapb'l‘/lbpa

a

(B.10)

By definition we have a redundancy,
1
A—>-A,p—>orp = x —>Xx. (B.11)
r
‘We want to show that,

3 _ 1 200219
/ P3f () = NG / PAlpld-plf(Lp).  (B.12)

where the redundancy (B.11) implies that,

f(é,rp) = f(4,p). (B.13)

To prove this statement, let us start with the RHS of (B.12). Writing it out explicitly we
have,

d*Ad*plA - plf (A, p) = ddy A ddy A dpy A dp2|d1pa — 21| f (A1, A2, p1, p2).

(B.14)

1 1
2Vol(GL(1,R)) / Vol(GL(1,R)) /

We now make a variable change 1, = )V‘—ZI,/IQ = f—j,pl = viv2, p2 = v2. (B.14) along
with the rescaling property (B.13) becomes,

1 1
—dy1 Ndyrs Ndvi N d - vl
Vol(GL(l,R))/ LA dxa Ay valxi = xavilf (e x2, vis 1)
:/Xm/\dXzf\dV1|X1—X2V1|f()(1,)(2,V1,1). (B.15)
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Let us now deal with the LHS of (B.12) and prove that it is also equal to (B.15). We
have,

1
[ xpo =3 [ @t nax n )
1
2 / dAy A dAy A dpr|Ar — p1] f (A1, A2, p1, 1). (B.16)
To go from the first line to the second we used the relation between x and A, p viz (B.11)

and chose to set p, = 1. Relabeling 4; — y1,42 — x» and p; — v; and multiplying
by a factor of 4 yields (B.15), thus proving the formula (B.12).
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Chapter C

More on Wightman functions

C.1 Derivation of Ward-Takahashi identity for a time
ordered correlator

In this appendix, we show how the current conservation Ward-Takahashi identity for a
time ordered correlator arises in the canonical approach. A time ordered three point
function of a U(1) current J# and two charged scalars ¢, y is given by,

OIT{J*(x1)¢(x2) x (x3) }|0)

= 60(112)0(123)(01J* (x1) p(x2) x (x3)|0) + 6(213)6(232)O]J* (x1) x (x3) $(x2)]0)

+0(121)0(113)0[¢ (x2)J* (x1) ¥ (x3)]0) + 6(223)0(131) (0| $(x2) x (xx3)J* (x1)|0)

+0(131)0(112) 0L x (x3)J* (x1) P (x2)[0) + O(232)0(121) (Ol x (x3) P (x2)J* (x1)|0), (C.1)
where we used the shorthand 7;; = #; — ;. Let us take the derivative of (C.1) with respect

to 01,. The only contributions are when it acts on the Heaviside theta functions as the
six Wightman functions appearing on the RHS are identically conserved. The result is,

O 01T {J* (x1) $(x2) x (x3) }|0)

= 6(112)0(123) (017 (x1) (x2) x (x3)|0) + 6 (£13)0(132) (01T (x1) x (x3) ¢ (x2)|0)

= 6(112)0(13) (01 (x2)J° (x1) x (x3)[0) + O(121)8(£13) (0l (x2) T (x1) x (x3)]0)

= 0(123)6(131) (0l (x2) x (x3)J° (x1)[0) — 6(131)6(212) (Ol (x3)J° (x1) p (x2)|0)
+0(t31)0(112) {0y (x3)J°(x1) $(x2)|0) — 6(32)6(121) {01 x (x3) ¢ (x2)J° (x1)]0). (C.2)

Grouping like terms together, this quantity can be written as,

01, OIT{J* (x1)d(x2) x (x3) HO) = 5(#12)(OIT{[JO(x1), ¢ (x2)] x (x3)}|0)
+8(113)0IT{p(x2) [0 (x1), x (x3)]}|0).  (C.3)

Recall that,

dUIR[I0(12, %), (12, %2)] = g P (12, 32),

%)

[0, ¢(12,X2)] =

o

dUIR[I0(13, %), x (13, 33)] = g x(13,%3). (C4

3

[0, x(13,X3)] =

TN
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This implies,
[70(x1), p(x2)] = gy 697 (F12)p(x2) , [J0(x1), x(x3)] = g, 67 (F13)x(x3). (C.5)

Substituting these commutators back in (C.3) we obtain the familiar charge conservation
Ward-Takahashi identity:

01 OIT{I# (x1) ¢ (x2) ¥ (¥3) }10) = (g6 (x12) + g6 (x13)) (O|T{(x2) x (x3) }|0).
(C.6)

Integrating (C.6) with respect to x; over the entire manifold R"~!, we obtain (after
using Gauss’ theorem on the LHS),

0=1(q¢ +q)O0T{p(x2)x(x3)}|0) = g, = —qy, (C.7)

thus imposing conservation of charge.

C.2 Properties of conformal Wightman functions

In this Appendix we discuss several properties of Wightman functions which are useful
for our discussion in the main text.

C.2.1 Vanishing of Wightman function when any of the momenta
vanish

We give an argument following [34] on why three point Wightman functions vanish
whenever any of the momenta vanish. The position space form factor of generic three
point (scalar, spinor, spinning) Wightman functions takes the form (with € > 0),

ff(x1, x2, x3) =
1
(= (11 = 10)2+ (&) = F2)2 +ielty —10)) (= (1 —13)2 + (Fp — F3)2 +ie(ty - 1)) (= (1 —13)2 + (R) - F3)2 +ie(t) —13)7

(C8)

where a, (3, y are functions of the spins and scaling dimensions of the external operators.
Its Fourier transform is given by,

/d o d¥x1d%xyd x5 PIIITIPIRIEPYNS fF (31 xo x3). (C.9
R4XRIXR

Let us now make the following change of variables:

By Mo H
Xy +xy +x
L N Y T R N TR | 2 73
Xip = X| =Xy, Xna = X, x3,X = 3 . (C.10)
The Fourier transform is then given by,
/ d9X d9x1yd%xy3e!(P1+P24P) X+5(2p1=p2=p3) X145 (P14p2=2p3) 3
- . a - . ﬁ - - . )’ ’
( - l%z + x%z + lEl‘]z) ( - l§3 + x§3 + l€l‘23) ( - (t12 + l23)2 + ()C12 + XQ3)2 + lE(t12 + l23))

(C.11)
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The integral over X results in (27)?6(p1 + p2 + p3), that is, the momentum conserving
delta function. Upon imposing it, we are left with the following integral:

/ d¥x 2d % xyzeP1 X124 (P1+p2) X2
( B tfz * 55%2 + ietlz)a( B %3 + )_5%3 + i6t23)ﬁ( —(t1p +123)2 + (X120 + X23)% +ie(typ + 123))7

(C.12)

We now wish to show that when say, p; = 0, the integral vanishes. To that end consider
the x1, integral decomposed into its time and space components:

.0 N
e Pt tipIX

dipd?~'31 > —— :
-/Rdel (=17, + X, +ietn) (= (112 + 123) + (F1z + X23)? + ie(t12 + 123))”
(C.13)

Our focus is now on the integral over ¢15. Consider the case when p; = 0 —= p? =
p1 = 0. The integral becomes,

1

dl‘lzdd_l)_flz = - = = : .
/Rde—l (=17, + X, +ietn) (= (112 + 123) + (R1z + X23)? + ie(t12 + 123))”
(C.14)

Consider the case when « and vy are integers. The integrand, viewed then has poles at
the following locations:

{i|)_6)12| +ie,—t3 + \/)_6)%2 + 2)_6)12 -)_6)23 +)_C)§3 + iE}. (C.15)

In particular, they are only in the upper half plane. If a,y are fractions, then the
situation is that the branch points are only in the upper half plane. Moreover, note that
the spectral condition implies that —p? > |p] = p(]) < 0. Either way, we can choose
a semi-circular contour in the lower half plane to evaluate this integral. Since there are
no poles/branch-points, the result is identically zero.

A similar argument shows that the correlator vanishes when the momentum p» or
p3 vanishes.

C.2.2 Wightman function conjugation property

Two point correlators

In position space, the two point Wightman functions of a scalar O are given by
1

(—l‘122 + )_6?2 + iEtlz)A’
1

(=13, + X2, +iety)™

(0]OA(t1,%1)On(t2,X%2)|0) =

(0|OA(t2,%2)OA(t1,%1)]0) =

(C.16)

where € > 0. It is clear that the complex conjugation of the first Wightman function
results in the second as (iet12)* = —iet|p = i€ty.

(0]0A(t1,X1)OA(t2,%2)10)" = (0]Oa (12, X2)OA(21,X1)]0). (C.17)
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Thus we see that complex conjugation reverses the operator ordering. Let us derive the
analogous statement in Fourier space. We have by definition,

(010A(p1)OA(P2)|0) = / dx1 dPxy e P11FIP2Y20| 04 (11, X1) O p (12, %2)|0).
(C.18)

Taking complex conjugate on both sides we get,

(010A(p1)OA(p2)|0Y" = / dx1 dPxy e PIIITIPR20|0 A (11, %1) O (12, %2) 0)*
= / d3x1 d3xy e PIITIP2R2(0]05 (1, 2) O a (11, %1)|0)
= (0[0A(=p2)Oa(=p1)|0). (C.19)

Thus, in Fourier space, we see that complex conjugation reverses the order of the
operators and flips the sign of the momenta. Let us illustrate this for the two point
function in momentum space. We have ,

(010A(P1)OA(P2)10)  (—p} A_%Q(—P? — 1P1)(2m)*6% (p1 + p2),
(010A(p2)OA(p1)]0) (—P%)A_%Q(P? — 1) (2m)*6%(p1 + p2). (C.20)

It is easy to see that the above reality condition is indeed satisifed.

Three point correlators

Similar to the reality condition for two points, we see at three points the following reality
condition:

(0]OA(11,X1)OA(t2,X2)OA(13,X3)|0)* = (0]OA (13, X3) Oa(t2, X2) O (11, X1)]0).
(C.21)

Tracing through the same steps as for the two point function we obtain the analogous
momentum space reality condition:

(010A(p1)OA(P2)0OA(P3)|0)" = (0]OA(=p3)Oa(=p2)OA(=p1)]0). (C22)

Please note that above, it is the vector that flip and not their magnitudes. It is obvious
that this property extends to arbitrary three point (even and odd) Wightman functions
involving spinning or spinorial operators. Since the conjugation in Lorentzian signature
imposes a reality condition (A.12) on spinors A, A; the imaginary parts of the Wightman
functions are purely due to the ie prescription which gets flipped by complex conjugation.
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Chapter D

More on Holographic Wightman functions

In this appendix, we discuss in more detail, the expressions for three point Wightman
functions in Yang-Mills and Einstein gravity in spinor helicity and twistor space. We also
discuss the relationship between four point Wightman functions in special kinematics
and Wightman conformal partial waves in many examples.

D.1 Three point functions in all helicities

In this appendix, we present the expressions for the stripped three point Wightman
functions in Yang-Mills theory and FEinstein gravity in all eight helicities: First in
spinor helicity variables and then in twistor space. We express all results with net
negative helicity in terms of (ij) and p; and net positive helicity in terms of {ij) and p;.
However, there are many spinor helicity identities derived from momentum conservation
and the Schouten identities' that we use in the main-text to bring these results to a more
convenient form depending on the application.

D.1.1 Yang-Mills theory

Consider the Yang-Mills stripped three point function in the eight helicity configurations
(also suppressing the momentum conserving delta function). The chiral sector (net
positive helicity) expressions are,

O (I (pr oy =i 5 STEVED
O o0 (o = =i ST

O o0 a1 (o =5

(O~ (p1) T (p2) T (p3)10)) = —ifABC%. (D.1)

'The Schouten identity is simply the statement that there are at most d linearly independent vectors in
a d dimensional space.
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Their twistor space counterparts are given by,

OAZ)I (2)77C (23)|0Y = ~4f*5C5P) (2, - 2,) / dey / 92 540612 + 222 - 73),
O (Z1) T (22)T~€(Z3)10) = —fABCSgn<23-zl>Sgn(zz-zg>6 (Z1 - Z2),
OT(Z)TB(22)T*C(23)|0) = - fABCSen(Z: - Z,)Sgn(Zs - Z3)6PN(Z5 - Zy),
O 4(Z)TB(22)T*C(23)|0) = - fABCSen(Z: - Z,)Sgn(Z5 - Z1)6PN(Z, - Z3).

(D.2)
The anti-chiral sector (net negative helicity) on the other hand is given by,
A B . aBe (12)(23)(31)
O ()T (p2)TC(pafO)) = =i e S S s,
-A -B +C r _ . rABC (12)°
O (p)I " (p2)J ™ (p3l0)) = if OHGDE’
A +B C asc_31)°
O™ (p)I ™ (p2)J ™= (p3l0)) =if DOE’
+A B C asc_ (23)°
(O™ (p1)I ™" (p2)d = (p3l0)) = if DGDE’
(D.3)

with their twistor versions,
_ _ _ 1
01J74(2)J8(2,)J7€(23)]0) = —EfABCSgn(Zl - Z>)Sgn(Z, - Z3)Sgn(Z5 - Zy),
_ _ dc dc
O 4(Z)I B (Z2)T*C (Z:)[0) = ~2f*BCSen(Z, - Z) / ! / 92 54012, + 225 — Z5),
d
O 4(Z)I*B (220 (25)[0) = ~2f*5CSen(Z, - 2) / de / des & 54121 + eaZa - Z3),
C1
d
O (2 (2 210) = 2" Sen(z1- 2 [ dere] [ S5 erzi v s - ),
(&%)

(D.4)

D.1.2 Einstein Gravity

A similar analysis can be performed for Einstein gravity. The chiral sector is given by,
(12)%(23)*(31)*p1p2ps

(E =2p1)*(E = 2p2)*(E - 2p3)*’

(OIT (p)T* (p2)T* (p3)|0))’ =

. . (12)°p1p2p
(O (POT* (p)T™ (PION' = (5222
s . . ,_ (BDpipap
(I (PO ()T (P2)I0)) = 7 5555
" " (23)°p1pap
I~ (POT (P (PIOY = 557 255 . (D.5)

214



with the corresponding twistor space correlators,

(OIT* (Z0)T*(Z2)T*(23)10) = ~4619 (2, - Z2) / dey / d6254(6‘121+0222—z3)

OITH(ZN)T* (Z2)T(Z3)10) = ~|Z5 - Z1l|Z5 - Z5]61° ]<zl : Zz),
OITH(Z)T ™ (Z2)T*(Z3)10) = ~|Z1 - Zal|Zs - Z5161%)(Z5 - Z1),
OIT(Z)T (Z)TH(Z3)|0) = ~|Z1 - Zo||Z5 - 21161902, - Z3). (D.6)

Their counterparts in the anti-chiral sector are given by,

(12)2(23)2(31)?p1pap3
(E —2p1)*(E - 2p2)*(E —2p3)*’

OIT™ (p)T™ (p)T™ (p3)10))" =

T (T ,_ (12°
O~ (0T~ (PT* (PO = 555 2SS
N 31"
O™ (0T (p2T (IO = 555 5
A ,_ 23)°pipap
(O (PO T~ (P2)T™ (P10 = 757 255 (D.7)

and,
_ _ _ 1
OIT(Z1)T (Z2)T™(Z3)|0) = ——lzl -l Zy - 251125 - Z4),

dc dc
O (Z) T (Z)T(23)]0) = 2|2, - 2| / ! / 254<c121 b 270~ Z3),
dc
OIT™(Z)T™(Z)T ™ (Z3)10) = -2|Z, 'Zz|/ c—zl/d62€254(6121 + 0225 — Z3),
1

_ dc
O )T (T (210 = 21212 [ deres [ Loterzi+ ez - 20,
2

(D.8)

D.2 Four point correlators in special kinematics as CPWs

In this appendix, we present the interpretation of our special kinematics four point
functions in terms of conformal partial waves as discusssed in subsection 6.3.5.

We begin with the scaling dimension A scalar tree level four point function (6.115)
arising due to the exchange of a A’ scalar. The result can simply be written as,

<<0|OA(pI)OA(PZ)OA(p3)OA(p4)|0>>ph1 cube8(P3)0(p3)

o< ({0]0OA(p1)Oa(p2)On (- S)|0>>| |2A, 5 ((0]l0A (5)Oa(p3)Oa(p4)]0))

— a®
N W(0A0A|0A,|0A0A) (p1. p2ls|p3, pa), (D.9)
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that is, the Wightman function in these kinematics is simply the s-channel Wightman
scalar exchange CPW!
Similarly, for scalar Bhabha scattering we obtain,

({0lOA(P1)O;s(P2)OA(P3) O (P4)|0))Bhavhal(P3)O(P3
o <<0|0A(p1)OA(PZ)Jﬂ(_S)|0>>ﬂﬂlvTiS)((OUV(S)OA(PﬁOA(pO|0>>
:(W(%)AOAMOAOA)(PMP2|S|p3ap4), (DIO)

which is yet again the s-channel conformal partial wave due to the exchange of a spin-1
current dual to the bulk photon.
For Compton scattering we obtain,

({017 (p1. €)Oa(p2)OA(P3)J (P4> €4)10))Comptond (P3)0(P3)

= ({0l (p1, EI)OA(P2)OZ(_S)|0>|S|2%<<0|0A(5)02(P3)J(P4, €4)[0))

= Wososion (P1-P21sIP3. Pa). (D.11)
Finally, for Yang-Mills and Einstein-Hilbert gravity we find,
({O1T4 (p1, €1)I*2(p2, €)™ (p3, €) T4 (pa, €)10))y 18 (p3)8(p3)

= QO (10 0 510D QO (51 (s, ) (s )00

:(W((;;UUJ)(PI’p2|5|p3’P4)» (D.12)

and,

(OIT (p1, €)T (p2, €)T(p3, €3)T (pa, €4)|0))eub(p3)0(p3)
H Yoo
= (0| (p1, €T (p2, eZ>T”V(—s>|0>%3(”<<0|Tp”<s>r<ps, &3)T (p4, €4)]0))

= ‘W((;)mm (p1, p2ls|p3, p4). (D.13)
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Chapter E

Super-Conformal Quantum Mechanics

In this appendix, we constrain the form of N' = 1, 2 super-conformal quantum mechan-

ical correlators.

E.1 The Super Conformal Algebra and Ward Identities

E.1.1 N =1 Superconformal Algebra and Ward Identities

We begin with the description of N' = 1 superspace. A point in this superspace is
described by the pair (¢, 0) where ¢ is the usual time coordinate and 6 is Grassmann
valued. The generators of the N' = 1 superconformal algebra consists of the usual
conformal generators H, K and D, the supersymmetry generator Q and the special
superconformal generator S. They obey the following osl(1|2,R). graded Lie super-

algebra:
[D,H]| =-iH, [D,K]=iK, [K,H]=-2iD,
{0.0}=H, {§.5}=-K, {0.§}=

[D.Q]=-50. [D.S]=3S. [K.Q]=-S. [H.S]=

Their action on primary operators is as follows:

[H,O4a] = w04,

[D.04] = i (wai F(1=A) - 19%) On.
[K,0,] = (a)% +2(1 - A)—w - e%ai) Oy,
0.0 = 75+ 50 0n

[S,04] = (%6% + (% - A) 0+ 970)8%) Oax.
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E.1.2 N =2 Superconformal Algebra and Ward Identities

We now move on to the arena of N = 2 superspace. A point in this superspace is
described by the triplet (z, 6, §) where t is the usual time coordinate and 6 is a complex
Grassmann variable. The momentum (or rather, frequency) superspace is spanned by
the triplet (w, 0, ). The generators of the N' = 2 superconformal algebra consists of
the usual conformal generators H, K and D, the supersymmetry generators Q, Q, the
special superconformal generators S, S and the U(1), R-symmetry generator R. Their
algebra can be found for instance in [96]. The action of the N' = 2 superconformal
algebra generators on primary operators is as follows:

[H,04] = @04, (E.3)
) 0 1 0 1.0
[D, OA] = -1 (a)a— + (1 - A) 59% - E %) OA, (E4)
92 0 0 0 0
[K,OA] (wa—+2(1—A)—w—9%0——9£%) Oax, (E.5)
g 6 . g 0
[Q’ OA] - % + 20) OA’ [Q’ OA] - (% + Ew) OA’ (E6)
0 0 1 _ fw 8 000
[S,OA] = %6_(1)-'- E—A)Q'l'?a—w—?%) OA, (E7)
- 0 0 1 fw 6 66 0
[S,OA] = %% E—A)Q-F?%—?%) Op, (E.8)
[R,04] = Qi—ﬁ_i Q) (E.9)
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These imply the following Ward identities for the correlation functions:

n
wa fu(w1,61,01;. .. 504, 6,,6,) =0

n
0 0o 1.0 5 7]
A _— = __ n ) ) ;"'; nsvYn-evVn =
Z(aw )239 2%5g,) I 01,005 s n 60, 6) =0

n

9? 0 0o 0 -0 0 _ i}
i— +2(1 = A)— - —— — 0, — w(w1,01,01;. .. 5wy, 6,,0,) =0
Z(wawf( V9w 9060, 9w, | T O O n O On)

Z(a +Elwi fn(wls9199—1;"';wn’en’e_n):O

A
Z( 9-A+5’wi fa(w1,01,01;...50p,0,,60,) =0
1

. _
0 0 1 - Biw; 0O 0:0; 0 ~ ~
A + ~ [ 9l+ - A~ n 3999;'--; naenaen :O
; (ae,- der (2 ) 2 w2 9g;) lenfnbi. e )
., _
0 0 1 O;w; 0 0:;0; 0 ~ -
= __A[ el - = n 39’9;'--; naen,en :O
£ (ae o (2 ) 2 w2 ag) I Or e )
& d - 0 _ _
ei__gi_— n ’0 ,9;---; n,enaen =0
;( 96, 3, fn(w1, 01,6, w )
(E.10)
where, f,(w1,01,01;...;w,,0p,0,) is a general N' = 2, n-point function.

E.2 Correlators in N = 1 Super Conformal Quantum
Mechanics

In this section, we shall extend our analysis of section 2.4 to theories that have in
addition to the sI(2, R) conformal symmetry, N' = 1 super symmetry. We first discuss
the superspace formalism that we employ, which we then follow by solving the super
conformal Ward identities for two, three and four point functions.

In terms of component fields, a N = 1 superfield can be expanded as follows:

OA((L), 9) = CI)A(a)) + 0‘PA+%(O)). (E.11)

Our aim is to constrain the correlation functions of these superfields by solving the
superconformal ward identities. These identities read,

([£L,0n,(w1,01)] - - - Oa, (Wi, 00)) + -+ - (O (w1, 01) - - - [ L, Op, (W, 0,)]) =0, L e{H,K,D,Q,S}.

(E.12)

Using the action of the generators on primary operators provided in (E.2) and (E.12)
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yields the following equations:

D wifu(@1,015. . 5w, 0,) =0, (E13)
i=1

d | 1 8
(wi +(1-4)—-=6 fa(w1,015. .. 5wy, 0,) =0, (E.14)
1

P (90),' 2 ia_ei
L o2 0 0o 0
i:l( ; 0 i a@l‘ao)i
; O 20w fuwi.61i. . w8 =0,  (E.16)
691 2wl }’lwla 1"'-70-)}1’ n) — B *

(0 0 1 Oiw; O
Z(agia_a)i+(§_Ai)9i+ —— | fa(w1,615. .. wp,0,) =0, (E.17)

i=1
where, f,(w1,01;...;wy,,0,) is a general N = 1, n-point function. Armed with the
above equations, we now proceed to investigate its implications for correlation functions.
We begin with the two-point case.

Two Point Functions

Consider an arbitrary two-point function:
(On, (w1, 01)0n, (w2, 02)) = (Pa, (W1) P, (w2)) — 0102(Fa, (w1)Pa, (w2)), (E.18)

where we used the superfield expansion ! (E.11).
Translation, dilatation and special conformal invariance (equations (E.13), (E.14) and
(E.15)) constrain the correlator to take the following form:

(04, (w1, 01)0p, (w2,07)) = 6(w; + w2)5A1,A2w%A1_1 (co—ciwi0162).  (E.19)

The Q supersymmetric Ward identity (E.16) then fixes ¢; = —%0. Therefore, the final
result for the two point correlator reads,

_ w
(0a, (W1, 01)0n, (w2, 62)) = cod (w1 + w2)a, 070 (1 + 719192) . (E20)

Note that the result is quite reminiscent of what was obtained in three dimensions in [48].

Three Point Functions
We now move to the three point case. A generic correlator reads:

(O, (w1, 01)O0n, (w2, 02) O, (w3, 03)) = 6(wi + wr + w3) (co(wi, w2) + calwy, w2)616>

+ ¢s(w1, w2)0263 + co(wi, w2)0163).
(E.21)

'Note that we did not retain any terms with an odd number of the ; as they multiply component
correlators which are grassmann odd and hence zero.
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This correlator is constrained by the Q Ward identity (E.16) which yields the following
constraints:

1 1
cs(wy,wy) = (04(0)1,0)2) + ECO((UI,CUZ)CUZ), co(wy,wy) = (—C4(w1,w2) + Eco(wl,wz)wl .

(E.22)
Our correlator thus takes the form:

(Oa, (w1, 01)0n, (w2, 02)0n, (w3, 03)) = 6(w1 +ws + w3)(60(w1, w?2) + c4(w1, w2)0162

1 1
+ (—64(0)1,0)2) + ECO(CUI,CUZ)CUI) 01603 + (64(601,0)2) + ECO(CUI,CUZ)CUZ) 9293)-

(E.23)

Dilatation invariance (E.14) then fixes the overall scaling of the correlator thus leading
to,

(0p, (w1, 81)04, (w2, 62)On, (w3, 63)) = 8w + w) + W)W} ™ (Co(x) (2 + w1 0103 + w1 x 6203)

+2w1 c4(x) (0102 — 0103 + 9293)),
(E.24)

where A, = A + Ay + Az, x = =2,
w1
The final step is to obtain constraints from the special conformal Ward identity (E.15)
(The S Ward identity will then trivially follows as [K, Q] = —S). This results in four

differential equations out of which only three are independent, viz,

CO(x) deo(x)

x(1+x)

2(1 A —x(=24 A+ A3)) (14 2A1 = A (=2 + A)eo(x) = 0,

C4( ) d64(X)

x(1 +x) ( oAy +x(3 - 2A2—2A3)) —(14+2A1 = A) (=1 + A)ea(x) =0,

d260 (x)
dx2

4(x)

x2(1 +x)

(3 2A2 - 2x( -2+ Ay + A3)) dCO)EX)

(1 C oAy —x(1+2A, = A) (=2 + A,))co(x),

+2x(1 + )

—2Q2A1 = A) (-1 + A)ea(x) =0

(2 4A; — dx(~ 1+A2+A))d4i)

Solving the ﬁrst equation gives the solution for cg(x)
C()(x) = co1 2F1 (2 A, 1T+2A1 — A, 2 —2Ap; —x)
4o TR (14280 = A A = 280,280 -x),  (B25)

which is exactly the non supersymmetric correlator (2.130) as expected. Similarly,
solving the second equation gives,

ca(x) = a1 2Fy (1 CALLH2A = AL 1 = 2A0: —x)

+ e F, (1 20 = A 1+ A, —2A3,1 +2A; —x). (E.26)
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The third equation mixes the coeflicients giving the following constraints,

2A, — 1 A — 273

= =— E.27
SCira)y | e (E.27)

C41 = Co1

Using the constraints obtained by the action of Q (E.22), and Hypergeometric function
Identities, we obtain the following form for c5(x):

cs(x) = cs) 2F1(1 — A 2A1 = A, 1 =2A,; —x)
+ o520 F, (1 +200 — AL 2AL + 200 — A, 1 +2Ay: —x), (E.28)

where the coefficients are given by,

2, -1 Ay =24,

=col————> =cp———. E.29
Oy 1y ay) 2T (E.29)

cs1 4A,

Similarly, we can repeat the same procedure to obtain cg(x):
co(x) = co12F1 (1= A, 1+28) = A2 = 200 —x)
+ e ™75 F (280 = A 201 + 280 - A, 2005 -x), (E30)

with coefficients c¢; and cgp given by,

Ay =20, co2

N E.31
OTray 277 (E.31)

Col =

Therefore, our final expression for the three-point function in N' = 1 SCQM reads,
(Oa, (w1, 601)0n, (w2, 02)0n, (w3, 03)) = 6(w1 + ws + ws)wlA’_z

C()l(zFl (2 - At, 1+ 2A1 - At, 2 — 2A2; —x) (2 + wq 9193 + w1 x9293)

20, — 1
w

YA -1
+ cpx202! ( 2F1L (1 +2A5 — Ap, Ay — 2A3,2A9; —x) (2 + wy 6103 + w1 x 6203)

+

SF1 (1= A, 14201 = Ay, 1= 280; ) (616, — 6163 + 6265 |

— w1 X

Ay —2A
12T32F1 (1 +2A — A 1T+ A, — 2A3, 1+ 2Ay; —x) (9192 - 60103 + 9293))).
2

(E.32)

(00))
where x = —.

222



Four Point Functions
We now move to the four-point case. A generic correlator reads:

(04, (w1, 01)0p, (w32, 02)Op, (w3, 03)On, (wa, 04)) = 6(w1 + W2 + W3 + Wa) (E.33)
(co(wr, w2, w3) + ci2(wi, w2, W3)616,
+ c13(wi, w2, w3)0103 + c1a(w1, W2, W3)0164
+ c23(w1, w2, W3)0203 + cou (W1, W2, W3)6264
+ c38(w1, W2, W3)0304 + c1234(W1, Wa, W3)616020304).
(E.34)

Constraining the correlator using the QO Ward Identity (E.16), yields the following
constraints:

1 _ Cow?
C1234 = 5 (3w — c3wa + cpw3), €24 =cCi2—c3+ 7 35
(E.35)
Cow1 cows
Cl4 = —C12 —C13 + 5 €34 =C13+cC3 + )

Dilatation invariance (E.14) then fixes the overall scaling of the correlator, thus leading
to,

(04, (W1, 61)04, (w2, 62) 04, (w3, 63) 04, (W4, 64)) = S (W) + W + W3 + W)W, >

co(x,y) (2+ w1 6164 + wy 6204 + w3 0304)

+ w1 ¢23(x, ) (2(0203 — 0204 + 0304) + w10,0,0304)
+ w1 c13(x, ¥) (2(0103 — 0104 + 0364) — w20160,0364)

+ w1 c12(x, ¥)(2(0102 — 0104 + 0204) + w3010260304) |,

(E.36)
w w
where Ay = Ap + Ag + Az + Agyx = —2,y = —.
w1 w1
From the component expansion, it can be seen that the components cy», . .. have the

same functional form as co(x,y), i.e., Appell functions (2.139), but differ only by the
scaling dimensions. However, we can follow the same routine as we did for the three
point function and apply K to get the constraints on coefficients. We choose not to do
that and instead apply S as it has a first-order action and leads to simpler equations. If
we fix the component correlators by their Appell function representation (2.139) and
leave the coeflicients undetermined, then apply S, we obtain constraints connecting these
coefficients. For instance at O(6#;) and O(6,) we find,

dcip _dciz  decy  dey

) 2 —x—— = y— =2+ A=A —A3—Aycop =0, (E37

R b (2+ A1 = A= A3 = Ag)co (E.37)
d d d d

L, den 2y €2 ,64¢2 +xﬂ_2(2—A,)c12+(1—2A2)Co=0- (E.38)
dx dy dy dx

Proceeding to higher orders in the Grassmann expansion, we obtain similar constraints.
To solve these equations (as well as the analysis for higher point functions) is an
interesting problem which we defer to the future. We now proceed to the N = 2
case.
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E.3 Correlators in N = 2 Super Conformal Quantum
Mechanics

In this section, we extend our results to conformal theories that also possess N = 2
supersymmetry.

We bring the reader’s attention to the R symmetry generator (last equation of (E.10)).
The 6; have R charge +1 while the §; have R charge —1. Therefore, every single term
in a correlation function which is a singlet of the R symmetry group should contain an
equal number of 6; and 6.

In the N = 2 superspace formalism, (bosonic) superfields can be expanded as
follows:

04 (w,0) = @a(w) + 0¥y, 1 (w) + 0 \PM%(M) +00Fpr 1 (w). (E.39)

Our aim in what is to follow is to constrain the correlation functions of these superfields
by solving the superconformal ward identities. These identities read,

<['£> OA] ((U],Q])] o 'OA,,(U-)I’U 9n)> +-- <OA1(0J1,01) e ['L’ OAn(w}’l’ 071)]) = 0’ Le {H’ K,D, Q’ S’ Q_’S_’R}
(E.40)

The explicit form of these identities can be found in sub-appendix E.1.2. Armed with
the above equations, we now proceed to investigate its implications for correlation
functions. We now proceed to obtain two and three-point functions that were obtained
by solving the N = 2 superconformal Ward identities. Since the procedure of obtaining
the solutions is identical to that of the N' = 1 case, we shall desist from providing details
and instead provide the final results.

Two Point Functions

The two point function of a generic N' = 2 primary superfield takes the following form:

(Oa, (w1,61,01)0n, (w2, 02,02)) = 64, 0,6(w1 + wz)wfm_1 4 +2w1 (6162 — 6261) — w761626,6, .
(E.41)

It can easily be verified that this expression satisfies the superconformal Ward identities.
We also note an interesting relation between (E.41) and it’s N' = 1 counterpart (E.20):

(024, (w1, 01, 01) 004, (w2, 02, 02) ) y=2 = W1{O, (w1, 01)O0n, (w2, 02))n=1 (O, (w1, 01)0n, (w2, 602)) N=1-
(E.42)

The above form is the unique product of N' = 1 two point functions that possess the
required R symmetry. Indeed, this is reminiscent of the super double copy obtained in
three-dimensional conformal field theories in [48]. The authors of [48] also obtained a
super double copy at the three point level. Let us also thus move on to the three point
case.
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Three Point Functions
Let us first define,

Ci(A1, A0, Az —x) = ci1 2F1 (2= A1 = Ay = A3, 1+ Ap — Ay — A3,2(1 — Az); —x)

+x287 1 o S F (1= Ay + Ay — Ay, AL + Ay — Az, 2A, —x),
(E.43)

and,

1 1
co(x) = Co (A1, A2, A3;—x), ce(x) = Cg (A1 + §’A2 + E,As;—x) ,

2 2 2 2
ci1(x) =C1 (AL, A+ 1,A3;—x), cia(x) =Cra (A + 1, A2 + 1, Az —x) .
(E.44)

1 1 1 1
cg(x) =Cg | A1 + =, Ao, Az + —;—X), co(x) = Cy (A1,A2 + -, A3+ —;—X) ,

Our result for the N' = 2 SCQM three-point correlator after solving the superconformal
Ward identities (E.10) is the following expression:

(04, (1,01, 01)On, (w2, 02, 02)On, (w3, 03, 03)) = 6(wy + wy + w3)w)' >

C()(x)(l + %( — 2919_1 - 2x910_2 + 2()6 + 2)919_3 + 2x029_3 - 2(] +x)030_3

+Xw1601620,03 +x2w191020_2§3 —wi(1 +x)91030_10_3 —x(1 +x)w1916‘30_20_3))

+ cdx)(%( —20101 +20,03 + 2020, — 260203 + ©1016020,03 + xw 016,003

—xw1916’39_19_2 - w1916’39_19_3 —xw19193§26_3 +xw1926’30_19_2
x(x+1)

+ w10203§153 +xw162636_20_3) + w?0162030_1§20_3)
+ cﬂx)(%( - 2919_1 + 291«9_3 + 2939-1 - 2939_3 + xw161629_1§3 —xw1«91036_19_2 - xw10103§29_3
_ _ x2w? - -
+xw192936’193) + 7919293919293
+ @(x)(%( - 2919_2 + 29]9_3 + 2039_2 - 2939_3 + xw16’1929_29_3 + w16’1939_19_2 - w16’1939_19_3

+ w101939_29_3 —xw|91936_20_3 +xw192939_29_3) - 3w?9192930_10_29_3)

+ c”(x)(%( - 2919_2 + 29]9_3 + 2929_2 - 2929_3 + w19]92§26_3 +xw161920_2§3

+ w10103§1«§2 - w10103§10_3 —xw101636_20_3 - w162630_10_2
(x+1)
4

+ w10,0:0,03 +xw102030_2§3) - w?0192930_10_20_3)
+ Clz(x)w%((glgzéléz — 01020103 + 0,020,035 — 0,650,0, + 0,6050,0; — 0,630,0; + 0,630,0,

- 92939_19_3) + w%92939_29_3)l . (E.45)
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w .
where x = —2 and the coefficients of the c; are related as follows:

w1

c c Ay c AL+ Ay — A3 C02A1 + 2C62A2

= — — s Cen = — ,
ST -1 A, 2T TTA - M+ A

cor = _c01(2Ar - (A1 - Ay) cor (2A3 - A) Cop = c2(A1 = A3) = 2cel
(2A1 = A) (A = 1) (2A1 = Ay) 24, ’
Ay (1 -2A;) (A1 + A2 = A3) (1 + Ay + Ay — A3)

crp1=c¢ C122 = —C02

208 - DA
co1(2A2 = 1) + 2¢c61(A; = 1)
=A = (A, —2Ar -1
cin =AM A M)A D) , ciz = (A 2 —1)

8A2(1 + 2A2) ’
co2(Ar = 2A3) — 4cerAn
4A;(1 + 2A,)
(E.46)

Notice that in contrast with the N' = 1 three point function (E.32) which had two free
parameters, its N' = 2 counterpart has four (co1, co2, c61, C62). This motivates us to
check if there exists a double copy like we found for the two point case (E.42). However,
when we explicitly checked, we found no such double copy relation. Perhaps we need
to employ variables similar to the Grassmann twistor variables of [4&] for a double copy
relation to be manifest. We leave such an exercise as well as the analysis of higher point
functions and higher supersymmetry to the future.
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Chapter F

Special Functions and their Series Expansions

In this appendix, we discuss the different special functions encountered in this thesis.
These include Bessel and modified Bessel functions of various kinds, the ,F] hyper-
geometric function, Appell F; and Fy functions and the Ei‘m) Lauricella functions. We
discuss useful identities and series expansions for these quantities.

F.1 Bessel and Hankel functions

Bessel’s differential equation is,

d*w dw
2 22N
b4 el +z—dZ +(z7=vH)w =0. (F.1)

The two linearly independent solutions to this ODE are,

k
2\ < k (%)
Jy(2) = (—) § (=1)

2) & KT(v+k+1)
_ Jy(z)cos(vm) = J_,(2)
Y, (z) = o) . (F.2)

A different basis of solutions to this ODE are the Hankel functions which are obtained
via the connection formulae,

HY(2) = 1,(2) + Y, (2),
H? (2) = 1,(z) - iY, (). (E.3)

This is essentially the generalization of working with sin(z), cos(z) or ¢’* and e ™%, We
also deal with modified Bessel functions which obey,

+v)w = 0. (F4)
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The solutions are,

R k
z\" < (%)
IV(Z):(E) kZ::J)k!F(v+k+1)’

il (2) - 1,(2)
2 sin(vm)

K,(z) = (F.5)

Note that the only difference between the series expansion for /,(z) and J, (z) is that the
latter has an extra (—1)* in the sum.

F.2 Hypergeometric functions

The hypergeometric function ,F)(a, b;c; z) is defined via the following Gauss series:

»Fi(a,b;c;z) = Z (?ZI;EZ?I{ k (F.6)

(x)x denotes the rising Pochhamer symbol (x); = x(x+1) --- (x + k — 1). This function
is the solution to the following differential equation,
d2

z2(1 -2) w+(c—(a+b+1)z)—z—abw 0. (F.7)

Some useful identities involving the hypergeometric functions that we used in the main
text are:

2A; — 1
A2 = 2F1 (1= A 1= A+ 201 1= 2803 —0) +x 2F1 (2= A 1= A+ 241, 2 = 289: )
—
2A; — 1
= 22 R - AL 201 = A 1= 2803 -x).
A -1
(F.8)
242 Fi(1+2Ay — Aj, 2A1 +2A5 — A, 2A0; —x)
- s - 5 s X
DAL+ M, A, 2! 2~ A, 24 2~ A, 200
- 2F1(1 +2A, — A, 1T+ 2A +2A2—At,1+2A2;—x)
A, = 2A
= Fi(1+2A5 — A 2A1 + Ay — Ay, 1+ 2A0: —x).
A +2A A 1 ( 2= AL2A1 + Ay - A 2;=X)

(F.9)

F.3 Appell Functions

Appell functions are two variable generalizations of the Gauss hypergeometric functions.
There are four of these, two of which we have encountered in this thesis. These are
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Appell F> and Appell F4. They have the following series expansions,

D min (D) (D)n 1y
(¢)m(c)pm!n!

Fr(a;b,b’;c,c55x,y) = Z (
m,n=0
Z (a)m+n(b)m+nxm n

Faabse.dsx ) = 2, (5 (hmmin]

(F.10)

m,n=0

They obey the following differential equations,

(1 )(92 & + ( (+b+1))a b 9 ab|Fy(a;b,b";¢,c";x,y) =0
x(l—-x)——x c—(a X)7——by—— s0,05C6,C5X,Y) =
Ox? dxdy Ox yé?y 2 Y

2 2

0 0 0 0
(y(l - y)a—y2 —xym + ("= (a+b + 1)x)5 - b'xa - ab’)Fz(a;b,b’;c, cx,y)=0
(E.11)

and,

(1 )(92 2 a 2 0 + ( (a+b+1)x) (a+b+1) 9 ab|Fy(a;b;c,c’;x,y) =

x(l—x)— —2x -y — - — - — -

0x? yaxéy yaz ¢ ) dy 4 Y
0? 9? , 0%

(y(l—y)a—yz— xyaxay— ﬁ+(c —(a+b+1)y)——(a+b+l)x——ab)F4(a b;c,c’;x,y) =

(F.12)

F.4 Lauricella functions

Lauricella functions are n—variable generalizations of the Gauss hypergeometric func-

tion. The one of interest to us is Lauricella Ef‘m) which we have encountered in chapter
2. A series expansion for the type-A Lauricella function of m variables is the follow-
ing [112]:

(a)m +--4+m H’?il(bi)m' m .
E(m)(a,b],"',b LCls " »Cmis—X1, " »—X ): Z 1 n i= ll_[-x"nl'
4 " " " H;'Zl(ci)mi Hlnil m;! '

i=1
(F.13)

m; €Ny

Np = {0,1,2,---} and (a), = F(r(+) n

series converges when Z |x;] < 1. As a special case, we obtain F;, when m = 1;
i=1
Appell F>, when m = 2 and so on.

is the rising Pochammer symbol. The above
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