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1 Introduction and summary of results

The dualities between conformal field theories and higher spin gravity theories in AdS

are one of the most intriguing topics in the AdS/CFT correspondence. Potentially, these

dualities should allow for an improved understanding of the AdS/CFT correspondence,

since both sides of the duality are simple, at least when compared to the more standard

case of N = 4 SYM and type IIB superstring theory.! Of particular interest are CFT’s

with slightly broken higher spin symmetry, that were studied most notably in the paper by

!See [1] (which builds on the works [2-4]) for recent progress, where the path integral for critical O(N)

models was written in terms of higher spin gauge fields defined in the bulk of AdS.



Maldacena and Zhiboedov [5], where all three point functions of single trace operators at
the planar level were computed at finite t’Hooft coupling. In our paper, we compute some
four point functions of spinning single trace operators at the planar level at finite t’Hooft
coupling. The formulas we obtain are very simple and our formalism, which is based on
pure CFT arguments in which Mellin space plays an important role, potentially paves the
way for the computation of all spinning four point functions.

CFT’s with slightly broken higher spin symmetry are large N CFT’s where higher spin
symmetry is broken by 1/N effects. There are two such theories, the quasi-boson theory
and the quasi-fermion theory, which are defined in 3 dimensions. We will focus on the
quasi-fermion theory. This theory depends on two parameters, N and \ (we follow the
notation of [5]). We will study the theory at the planar level, i.e. at leading order in N. In
that case the theory interpolates between the free fermion theory at A = 0 and the critical
point of the O(N) model (critical boson) at A = occ.

Being a large N theory, the spectrum of the quasi-fermion theory organises into single
and multitrace primary operators. Let us describe the single trace operators. There is one
single trace operator for each even spin s = 0,2,.... The scalar primary, which we will
denote by jg, has dimension 2 + O(%) [6]. The spin 2 primary js is exactly conserved. A
higher spin primary js of spin s > 2 has dimension s+1 and acquires anomalous dimensions
of O() [7, 8J.

This theory is believed to be solvable in the planar limit. In [5] three point functions of
single trace operators were computed at the planar level and for finite A through the use of
slightly broken higher spin Ward identities.? In [10] four point functions of scalar operators
were computed using the Lorentzian inversion formula and Schwinger-Dyson equations.
In [11] the four point function (j2j5j575) was computed using the pseudo-conservation
equations.?

We obtain a formula for (jsjgjgi5) for generic spin s > 4:

<jsjﬁjﬁjﬁ> N\/i)? -78]0]0-70 frt m(]&jﬁjﬁj())d}? (1'1)
where (JsJ57575) ff is the correlator in the free fermion theory (which is fully known) and
(JsJ5J5ds)cp is the corresponding correlator in the critical boson theory. The critical boson
theory is the IR fixed point of the theory of N free real scalar fields perturbed by (¢p;;)2.

This result agrees with the 3d bosonization picture advanced in [5], where it is proposed
that the quasi-fermionic theory interpolates between a tridimensional theory of N free

fermions and the critical theory of N bosons, in the limits A — 0 and X\ — oo respectively.
We obtain that

(Gsiadode)es = o1 — 3| 747 2|20 — 3|2 g — x4 23wz — 2y P! (1.2)

dry12d
XZ / | Tt MOz, a5, TV (152,315, 4)

2This calculation was reproduced using higher spin techniques in [9], where also the parity odd structures
were given.
3Correlators in ABJ theory were computed using slightly broken higher spin symmetry in [12].



where V' (i; 4, k) is a conformal structure (see (2.3)) and u and v are the usual conformal
cross ratios. M (y12,v14; 8, k) is equal to

1
M(v12,714; 8, k) =T(=k + 14— 1)I (k? + 714 + 2> I'(s =12 — 74) (1.3)

3
)Tl=s+ - 1)

><F<5—712—’Yl4+2

1
x T (k —s+712 + 2) (12,7145 5, k),

where p(v12,714; 5, k) is a polynomial in 12 and ~14. This polynomial is fully determined
by crossing, pseudo-conservation and Regge boundedness, see equations (2.8) and (2.9),
see (2.11) and see also (3.16), (3.17) and (3.18).

We explain in section 2 how formula (1.1) solves the crossing and pseudo-conservation
equations and correctly accounts for the exchange of single trace operators with the OPE
coefficients derived in [5]. In section 3 we show that formula (1.1) is the unique solution
to the pseudo-conservation and crossing equations which is consistent with the bound on
chaos. In particular we analyse AdS contact diagrams for (jsjgj575) and we conclude that
such diagrams violate the bound on chaos, provided s > 4. In section 4 we discuss open
directions. In appendix A we study the bulk point limit of (jsj575/5)- In appendix B we
calculate (jsjg7575) in position space for spins s = 2,...,14. This calculation agrees with
the Mellin space result. In appendix C we recompute (j27575/5) by solving the higher spin
Ward identities.

2 The bootstrap of (J:757575)

We will compute (jsjgi5j5). Let us start by examining the N and X dependence. It is
expected that the quasi-fermion theory interpolates between a theory of N free fermions
at A = 0 and the critical boson theory at A = ooc.

We will work in a normalization where (jsjs) ~ 1, i.e. two point functions of single
trace operators do not depend on N or A\. We use the ~ sign to mean that we do not
keep track of numerical factors, but we do keep track of the N and A dependence. Thus,
(JsJododa) ~ % At this order, we can only have exchanges of single trace operators or
double trace operators [jg, jg] or [Js, Jg)-

Let us consider exchanges of single trace operators. The relevant three point functions
are (JsJgjs') and (jysJgjg), with s° > 2. Note that (jjjgi5) = 0 [5]. From [5] we see that
(4sdodo) ~ ﬁ There are two possible structures for (jsj5js), the fermion and the odd

i o 1 o N A
structure. We have that (jsjgjs)fermion T and (Jsjgis')odd NN SR
Based on this we propose the following ansatz

(JsJodods) = I m (Jsdododo)fr + = m(]ﬂg]@]@)w,

where (jsj57575) £ is the four point function in the free fermion theory, whose form can be

(2.1)

read in [13]. To the best of our knowledge, (jsJ5/575)c» has not yet been computed and it



will be the subject of this section to do precisely that. We attached the subscript ., since
it is expected that it corresponds to a four point function in the critical boson theory.

The reader might be confused about the factor of % In our normalization,
lims o isdgdods) = ML and Yims |, (jujadodg) = L2002 Given that the quasi-
fermionic theory interpolates between a theory of N free fermions and the critical theory
of N bosons, the reader might be confused about why there is a factor of % There are
two things happening in this context. First, when we write (jsj5j575) rf and (Jsigiodo)ch
we have decided to factor out the dependence on N. Second, the reader might thus have
expected to encounter (jsjsigi5) ~ N, but this is only true when two point functions are
normalized such that (jsjs) ~ (Jgis) ~ N, whereas we are using different normalizations,
namely (jsjs) ~ (jgjg) ~ 1. This justifies why does (jsjgiads) ~ %

We can write parity even and parity odd structures for the correlator (jsjgig75)- The
parity odd structures are realised in the free fermion theory. This is because jg is parity
odd in the free fermion theory. The parity even structures are realised in the quasi-boson
theory. Thus, we write

(Usiodaioes = D fu(zii)V(1;2,3)*FV(1;3,4)F, (2.2)
k=0

where V(i; j, k) is a conformal structure which is given in embedding space [14] by

(Zi - Py)(Pi - Py) — (Z;i - Pr)(P; - Pj)‘

J

(2.3)

P; and Z; are null vectors on R*>?. Z; encodes the spinning indices. fj, (xi5) is a function of
the distances between the points, with appropriate weights on each of the points. We find
it advantageous to consider the Mellin representation

dij ~2;
i) = [ |52 | 315,17, (24)
dyi=25+1, > vy =2, i=234.
#1 j#i

Eq. (2.2) can be rewritten as
(Jsdadodo)es = w1 — 3| ™% |wg — m3* g — w4 7P P — 2y (2.5)

" Z // d’g;(j’ﬂll M (y12, 7145 8, k) u~ 120" M4V (132, 3)s—kv(1; 3,4)k.

We will call M (712, 7145 8, k) the Mellin amplitude.?

4Spinning Mellin amplitudes are analysed in [15-17]. The definitions slightly differ among these works,
but at least concerning conformal four point functions the basic idea is to decompose the correlator in a
basis of spinning structures and take the Mellin transform with respect to each function of the positions
multiplying each structure. Up to now all works use the embedding space formalism, which has the serious
drawback of involving many degeneracies for arbitrary spinning correlators. For generic spinning correlators,
we think it would be interesting to define Mellin amplitudes with the conformal frame formalism [18, 19],
which does not have the problem of degeneracies. We think that it is an interesting problem to work out the
poles and residues of the Mellin amplitude for spinning correlators using the conformal frame formalism.



The location of the poles of the Mellin amplitude is related to the operator product
expansion of the external operators. Let us make this point explicitly. Consider two
external operators Op, Oy of dimensions A1, As and spins s1, s and suppose they exchange
an operator of dimension A and spin s. Then the most singular term in the lightcone OPE is

Op,.ps (0)zPr .. aPs
(xQ) A1+A22+31+32

where 7 = A — s. From this logic we expect the Mellin amplitude to have poles at

yip = AiFfzksits: T where n is a nonnegative integer.

O,Mn#sl (x)ol/1~--ys2 (0) ) x{ul...u51}${u1...1/52} (1 + O(xz))a (26)

x
2

For (jsjsjsi5) all OPE channels are equal. To order % there can be exchanges of higher
spin currents and double traces [js, j5] and [J5, 5], which have twist 1, 3 and 4 respectively.
This motivates the following ansatz

A~

1
M(vi2,714; 8, k) =T(=k +v14 — 1)T (-k + 714 + 2) I'(=s+m3—1) (2.7)

1
XF(—3+713+2)F(I€—8+712—1)

1
x I’ (k — S+ vi2+ 2> (12,7143 8, k),

where 13 = 2s+ 1 — 713 — 714. The I' functions contain all the poles implied by the OPE.
For this reason we assume that p(y12,714; S, k) is a polynomial in the Mellin variables.

The bound on chaos [20] bounds the degree of the polynomial p(v12,7v14; s, k). This is
worked out in section 3, see (3.16), (3.17) and (3.18) for the precise formulas. Furthermore,
(JsJodsds) is constrained by invariance under interchange of points 2 <+ 3 and 2 <> 4. This
crossing symmetry implies the equations

5 k
Pz, s, k) = > (-1)F ( 2)1)(28 +1—ky—v2 — 14,714 — k + k258, k2),  (2.8)

ko=k k
p(m12, M43 8, k) = p(114, 125 5,5 — k). (2.9)
(JsJ5J5 j6> is constrained by pseudoconservation of j;. We implement this condition in
embedding space. The differential operator for conservation is B%D 4, Where
1
d 0 0 1 02
Da=(-—-14+21 — | — — =(Z))paA——. 2.10
4 (2 T azl) 973~ 2\P57 a7, (2.10)

Since 0- js is a primary operator of spin s —1 and dimension s+ 2, then (0- jsJj5j575) is
a conformal four point function of primary operators. (0 jsj57545) factorizes into products
of a two point function times a three point function. Such a four point function is made
up of powers of u and of v and so its Mellin amplitude vanishes.

Four point functions of scalars with vanishing Mellin amplitudes were analysed in [21],
see in particular section E.E.1. A similar analysis can be performed for the spinning
case, though we will not pursue it here. The important conclusion is that in Mellin space
pseudoconservation is the same as conservation. In other words, (0-js757575) has a vanishing
Mellin amplitude.



Pseudoconservation implies the equation

11 2
ST DT Giyasis (2, ma)p(yiz + i1, 14 + s 8,k 4 ig) = 0. (2.11)

i1=—112=—143=—1

The coefficients are written in the appendix D, see formula (D.1).

The crossing equations (2.8), (2.9), the pseudoconservation equation (2.11) and Regge
boundedness (3.16), (3.17) and (3.18) determine p(7y12,714; S, k) up to a multiplicative con-
stant. This has to do with the fact that we have not picked a normalization for the higher
spin current js. It is simple to solve this set of equations in a computer algebra system for
each spin s. We find that the solution always has the form

k  s—k
S
p(nz,iai s, k) = D Y bls, ki ki, ka) vz, k< 3 (2.12)
k1=0ko=0
S
p(7127714;57k) :p(7147712;5357k)7 k> 5 (213)

(Y12, 7145 8, k) turns out to have degree s. Using a laptop we generated solutions up to
spin 40. Picking a normalization in which p(y12,714; 5,k = 0) D 1, we find as an example
that for s = 4 we have

19712+1197%2 Vi | e

p(712,’714,5 > ) 20 360 20 + 360 ( )
8 412 117%2 ’Yi)’z 2 1y ’Y%z 7%2
s=4.k=1)=——+4+ =2 — —=£ 4 =} | - - —=2 4 £ ==
p(’m, Y145 S > ) 15 9 90 90 5 30 9 90 14,

1
5 15 ' 15 15 36 180
(1_ 13712 7122) 2
15 180 ' 60 )%

4 2 4 11 1342
p(yi2, 11435 =4,k =2) = RELSRNEL S ( nz_ 712)

8 Ay 119, | iy 2 1y v i
p(712,714; 8 ) ) 15 + 9 90 T 90 + 5 30 9 90 2
19y | 1199, ¥y | iy
s=4.k=4)=1— - — + —.

We write this correlator in position space in appendix D, see formula (D.2).

In appendix B we implement an algorithm to compute (js3j57575) in position space. We
managed to determine (jsj575/5) in position space for spins 2, ..., 14 using this algorithm.
We write the formulas for the correlators in position space in an accompanying notebook.
Taking the Mellin transform we get precisely the same as we get with the procedure in
Mellin space. The advantage of Mellin space is that it allows to write equations (2.8), (2.9)
and (2.11) that determine the solution for generic s.

Let us mention some checks on our solution. One such check is compatibility of the
pseudo-conservation equations with conformal symmetry. 9 - js is a conformal primary at

1

leading order in . 0 - js can have contributions coming from [j,,, jg| and [Js,, js,]. Only



the former matter since we are interested in (jsj57575)- More precisely,

s—2 s—s1—1

9-4s DD D em0™js, 05T (2.15)
s1=2 m=0
The coefficients ¢, are fixed by conformal symmetry (see formula (B.7)). When we run
our algorithm in position space we do not need to input the values of ¢,,, we prefer to keep
them unknown. It turns out that our algorithm fixes ¢, in agreement with (B.7). This is
an important check on our results.

We also checked that the short distance limit of our expression for (jsjsj575)ch agrees
with the correct three point structures for the exchange of higher spin currents. Let us take
s = 4 for concreteness. The short distance limit u — 0 captures the exchange of the higher
spin currents in the s-channel. If afterwards we take v — 1, we find that the correlator
behaves as

lim lim (js757575) b ~ i imig‘lu —v)’V(1;2,3)* (2.16)

o 51 usp /8J0J0T07 b = ub xlswiind, T ’
The ~ sign means that we just keep track of the conformal structure that appears, but
we do not keep track of numerical coefficients. Eq. (2.16) is matched by the behaviour of
conformal blocks of higher spin currents in the same limit.

Formula (1.1) correctly accounts for the exchange of single trace operators in (JsJ5/575) -
However, it is not obvious that it correctly accounts for the exchange of double trace
operators. Indeed, one can imagine adding to (1.1) AdS contact diagrams, which are
solutions to crossing that only involve the exchange of double trace operators. By taking
linear combinations of AdS contact diagrams one can furthermore obtain solutions to the
conservation equations. However, in the next section we consider such linear combinations
and show that they always violate the bound on chaos. For this reason, it is not legal to
add them to (1.1).

3 Bound on chaos for (j:757575)

The bound on chaos [22] constrains the Regge limit of (jsj57575)- In this section we review
the bound on chaos and derive its consequences for (jsjjgj5). There are two possible
structures one can write for (jsj5i5J5). One structure involves the e tensor and the other
one does not. We examine the two cases separately in sections (3.2) and (3.4) and derive
bounds on the Regge growth of the Mellin amplitude for both of these cases.

Solutions to crossing that only involve the exchange of double twist operators are
given by AdS contact diagrams. This was proven in [23], for the special case of four point
functions of external scalars. We will assume that such a result holds for any n-point
function of spinning conformal primaries. We study AdS contact diagrams in sections (3.3)
and (3.4). Our main conclusion is that AdS contact diagrams for (jsj57575) are incompatible
with the bound on chaos, provided s > 4. For s = 2 we construct the contact diagrams that
are compatible with the bound on chaos, see formulas (3.37) and (3.52). This completes
the proof of formula (1.1).



Figure 1. The Regge limit corresponds to taking ¢ — oo in (3.1).

3.1 Review of the bound on chaos and Rindler positivity

Conformal field theories are constrained by the Regge behaviour of Lorentzian correlators.
For nonperturbative CF'T’s, correlators in the Regge limit are bounded by the Euclidean
OPE in the first sheet. For large N CFT’s one needs to use the bound on chaos to bound
correlators in the Regge limit. In this subsection we review the bound on chaos [22].

We will consider the following kinematics for a four point function, in which we set all
four points on the same plane (z% =t + )

oi = +1, 25 = F1, 2F = Fert o = +efH (3.1)

see figure 1.

The bound on chaos applies for systems at finite temperature with a large number of
degrees of freedom. For the case of a large N conformal field theory, a correlation function
of single trace primaries (V(x1)V (z2)W (23)W (24)) obeys

et
V@)V (@)W ()W (@) = (V{)V ) (W @)Wz} (1+05). (32

where the Lyapunov exponent A7, obeys the bound A\;, < 27T, where T is the temperature
of the system. The proportionality constant o does not depend on ¢t. The bound on chaos
can be applied to large N CFT’s in Minkowski space, in which case we should consider the
temperature T' = % of the Rindler horizon.

We cannot apply directly (3.2) to (jsjsjsig). However, we can use Rindler positiv-
ity [24] to bound (jsJ575J5) by (Jsisisds) and (Jgisdsis) and use the bound on chaos to
bound the latter two quantities, as we will explain next.

The Rindler conjugate O of an operator O is defined as OW,W(t, x,y) =
O;fw,m(—t, —x,%), where y refers to a transverse coordinate relative to the plane of fig-

ure 1. Furthermore we have that 0102 = O10,. Rindler positivity and Cauchy-Schwarz



inequalities imply that
(AB)? < (AA)(BB). (3.3)

where A and B are operators (that might be composite) defined on a single Rindler wedge.
Let us define A = j(x3)js(z2), B = jj(z2)j5(x3). Then, the time-ordered correlation

function in the configuration (3.1) is given by
(T[js(21)j5(22)d5(23)d5(z4)]) = (AB) (3.4)

< \JGiglwa)ds(n)ig(ws)is (22))  (igl)g(w4)dg(w2) g (ws))

The bound on chaos on the r.h.s. of the previous expression implies a bound on (jsJ57575) -

In terms of ¢ = e %:

oM 1
Jim (T (o) (o) i(aio (o)) ~ T+ 053 ) (35)

where Ay > —1.

3.2 Consequences for (jsj5i575)ch
Let us work out the consequences of the bound on chaos for the Mellin amplitudes of

(JsJpdsds)- In the critical boson theory,

(Js(x1)5(x2)d5(23) 5 (24)) b (3.6)

— ‘1'1 . x3|74572|x2 . 1’3’2371“1’2 . x4|72573|x3 . 1,4’2571

dyr2d
» Z// Y12 '714 M (712, 714; 8, k)u~ 1207714V (1;2,3)%~ kV(l 3 4)

where V' (i; j, k) was defined in (2.3) and

A Ag—AN1— A
3+ 42 1 2) (3.7)
A2+A3—A1—A4>

2

M (712, 714; 8, k) = T(712) (A1 — y12 — Y14)T(724)T (712 +
F<A1+A2—A3+A4
2
M('.)/127 Y145 S, k)a
A1 =2s+1, Ay=2  A3=2, Ay=2.

- 72 — V14> r (714 +

We call M (12,7145 8, k) a Mellin amplitude. The arguments of the I" functions are just the
Mellin variables defined in (2.4).

In the limit ¢ — oo of the kinematics (3.1), the conformal cross-ratio v acquires a
monodromy v — ve?™. Furthermore

u~ 160% + 0(c%), v~ 1—8ccoshp+O(c?), o — 0. (3.8)



The polynomial growth of the Mellin amplitude is related to the Regge limit, in a
manner that we explain next, following appendix C of [25]. Let us consider the limit

. dry12d
01}1)%// 7;2714 (12,7145 8, )L (712) L (A1 — 712 — 714) (3.9)
o Ag+As— A —A Ao+ As— Ay —A

AL+ Ay — Az + Ay
2

r (—712 —v4 + > 072712(1 — 80 cosh p) 74,

The factor e~2™14 becomes very large in the regime ~14 — ico. This is cancelled by the
exponential decay of the I' functions. Let us suppose that the Mellin amplitude grows
polynomially as fyﬁ(s’k) f(m2), when 714 is large and imaginary and 72 is fixed. In this

regime we can rewrite (3.9) as

d As+ Ay — A — A _
~ [ EE ()T (e + SR RS ) 6 ) (3.10)
/ dmy m*2*2712+A1+A2+a(s,k)eim1(80 cosh p+0(0?))
M1 2w ’

where M is an irrelevant large number. If we substitute m; — = we get that the
integral (3.9) scales like g!=A1=A2=a(%) n order to compare (3.6) with (3.5), we should
furthermore take into account the prefactor and the structures in (3.6), which scale with o.
Our conclusion is that a(s,k) =1—-X\ —k <2 —k.

We can use the crossing symmetry equations

s

~ k ~
M(vi2, 1458, k) = > (—1)k2<k2> M(2s +1— ko — y12 — 714,714 — k + k2; 5, k2), (3.11)
o=k

M (v12, 7145 5, k) = M (714, 712: 8,5 — k). (3.12)

to derive the following bounds on the polynomial growth of the Mellin amplitude

ma M (712, By14; 8, k) ~ BoLR) a(s, k) <2—k (3.13)
—00
ma M (Bvyi2,714; 8, k) ~ ﬁaQ(s’k), as(s, k) <2—s+k (3.14)
— 00
Elim M (i + Y12, =i + 714; 8, k) ~ fO3F), as(s, k) < 2+s. (3.15)
—00

We can apply these bounds to the ansatz (2.7). We conclude that
ma Pz, Byia; ,k) ~ BTy (k) =2+ 2k + on(s, k) <44k (3.16)
—00

Jim p(By1z, 143 5, k) ~ BRER) py(s, k) =2+ 25 — 2k + ag(s, k) <4 —k+ s
(3.17)
Jim p(i + 512, =8 + i 5, k) ~ BTk (s, k) <4+ s. (3.18)

The solution that we found respects this bound.

~10 -



Figure 2. AdS contact diagram for (js757575)-

3.3 The Regge limit of AdS contact diagrams for the parity even structure in
<.jsj6jf)jﬁ>

We will study the Regge limit of a generic AdS contact diagram for (jsjgjs75) (see figure 2),

using the methods of [26]. We use vectors P; and Z; in embedding space to describe the

position and polarization vectors of an operator O; defined on the boundary of AdS. For

tensor fields defined on the bulk of AdS, we use vectors X; and W; to denote the position
and the polarization. The following identities are obeyed:

ZP=P'=7, P=X}+1=W}=X; - W; =0. (3.19)

We denote the bulk to boundary propagator of a dimension A and spin J field by
Oa (X, P;W, Z). Its formula is

(2P - X)(W-2)+2(W - P)(Z- X))’
(—2P - X)A+J ’

A (X, PiW,Z) =Cas (3.20)
where Ca  is a proportionality constant (whose value will not be relevant for us).
An important class of contact diagrams contributing to the parity even structure in

(4sdsdads) is given by

AdeX HA1=S+1,81=8(X7 P, K, Zl)(W ’ V)SQHAQZZSQZO(Xv PQ) (3‘21)

(W . V)SBHA;;:Q,sg:O(X? P3)HA4:2,S4:0(X7 P4)7
where s; = s2 + s3. There are other contact diagrams one can write by contracting more

derivatives among the propagators, but such diagrams will diverge more in the Regge limit,
which is the issue we wish to discuss here. The covariant derivative is given by

0 0 0
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The operator K is given by
d—1 0 0 0 0

0 0 1 02 0 0
+Xa (Waw) (Xaw> ‘zWA<aw.aw+<X'aw) (Xaw>)

where for our purposes d = 3.
The following identity

Ha, s (X, P, K, Zy ) (W - V)2 p, 60 (X, Po)(W - V)5BIp, 6 (X, P3) (3.24)
= C(A1, A9, Ag, 51,52, 53) D3D3 (T, 0(X, P ay 455 0(X, Po)lag sy 0(X, P3)).

is useful for us. D;; is an operator that only acts on the external points. It increases
the spin at position ¢ by 1 and it decreases the conformal dimension at position j by 1.
C(Ay, Ag, Ag, 51, 82,53) is a constant of proportionality, which will not be relevant for us.
The precise definition of D;; is

9 0
DZ]Z(PJZ%)ZZTZZ_(P]Zz)PzaiPl‘l‘(PjPz)Zlaipl

We confirmed the identity (3.24) for a few values of the external spins using Mathematica.

(3.25)

So, with the help of identity (3.24) we can perform the integration in (3.21) using only
scalar propagators and afterwards we act with the differential operators D2 and Dy3. The
AdS integral with only scalar propagators corresponds to a contact quartic scalar diagram,
whose Mellin amplitude is a constant. Afterwards we act with the differential operators
and obtain an expression in the form of (2.5).

Let us exemplify what we mean for the case of (j2j57575). Let us take so = 1 and
s3 = 1in (3.21). Up to a proportionality constant, the contact diagram is given by

Di2Dq3 /AdeX A, =3.5,=0(X, P1)TIA,=3 50=0(X, Po)TIA =3 s5=0(X, P3)IIa =2 s,—0(X, P4)

34 dry12dry14
~ DysD T I'(3 — — Tr
128713 x23x§53x§4 // (2mi)? (712)T( Y12 — 714)1'(714)
1 5 1
r (712 - 2> r <2 — Y2 — 714) r (714 + 2) w2y (3.26)

where the ~ symbol means that we neglected a numerical factor. We now act with the
differential operators Djz and D13 and reorganise the result into the form (3.6), (3.7).% For
this contact diagram, we conclude that

(=44 712)(3 — 8714 + 4714)
(=4 + 712 + M14)
—2(—2 +712)(—3 + 2712) (=3 + 2714)
(—4 + y12 + 714)

3 —8y12 + 473
M(mizsma,8 =2,k =2) = 71(254 + 'Zl;Jr 7132)

®The step where we gather different terms into the same contour may give rise to subtractions. These

M(vi2,714,5 =2,k =0) =

(3.27)

M(vi2,m4,8=2,k=1) =

do not change our main conclusion, which is that any finite linear combination of AdS contact diagrams for
(jsJiodods) with s > 4 does not obey the bound on chaos.
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This contact diagram obeys the chaos bounds (3.13), (3.14) and (3.15). We found that
contact diagrams of the type (3.21) obey the bound on chaos for spin 2, but violate the
bound on chaos for spin s > 4.

Our goal is to investigate if there are extra solutions to crossing, conservation and
Regge boundedness for (jsjgisjs). AdS contact diagrams are solutions to the crossing
equations, however they are not necessarily conserved, nor Regge bounded. To see that
contact diagrams are not necessarily conserved, let us consider a generic contact diagram

dX HA=s+1,s(X7 P17W7 Zl) ‘](vaiaKv Zl) (328)
AdS

where we denoted by J(X, P;,W, Z;) the dependence on the other AdS fields. It turns
out that the action of the conservation operator (2.10) on IIan—sy1 s gives a pure gauge

expression
0
op " Dallacer1o(X. P.W, 2) (3.29)
= =272 WV (- X) 2T (=P- X)(W - 2) + (P-W)(X - 2))"")  (3.30)
=W .-VxF(X,PW,Z). (3.31)
Thus,
0
7'DZ1/ dXHA:s-i—l 8(X7P17VV7Z1) '](X7P’MVV7Z’L) (332)
oP AdS ’

=— s dXF(X,P,,W,Z,)W -VxJ(X, P, K, Z;)

This vanishes only if J(X, P;, K, Z;) is conserved in the bulk of AdS, i.e. a contact diagram
involving a bulk to boundary propagator is conserved only when the bulk to boundary
propagator is coupled to a conserved current. Clearly, this is not the case for a generic
contact diagram (3.21).

So, we consider instead linear combinations of AdS contact diagrams. The most eco-
nomical way of doing this is to notice that the Mellin transform of any contact diagram,
or any linear combination of contact diagrams, can be written as

N 1
M(v12,714; 8, k) = T'(—=k + 714)T (—k +y14 + 2) I'(—s+m3) (3.33)

1 1
X F<—s + 713 + 2) I'(k—s+ 712)F<k—5 + 712 + 2> pat(712, 7145 8, k).

where pg (712, 7145 S, k) is a polynomial. Let us explain this important formula. If we act
with the differential operators on the scalar contact diagram, they will shift the arguments
of the I' functions by integers. So, the Mellin transform of an AdS contact diagram will
involve 6 T' functions times a polynomial. The arguments of the I" functions are related to
the operators that appear in the OPE of the external operators. Thus, we arrive at (3.33).
Notice that pg (12,7145 8, k) will eventually have zeros.
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The chaos bound for pg (12,7145 8, k) is
Bli_)rn Par(12, Brias s, k) ~ BTER) (s k) =2+ 2k + ar (s, k) < 2+ (3.34)

Blggopdt(ﬁ’hz,’ym; s, k) ~ pa(sk), n2(s, k) = 2425—2k + as(s, k) <2—k+s
(3.35)
Jim pa(iB+yiz, —iB+71ai 8, k) ~ Bk pa(s, k) <2+ s. (3.36)
We imposed crossing and conservation on (3.33). We find solutions that always violate

the chaos bound, for all spins s > 4. For s = 2 we find a solution that respects crossing,
conservation and Regge boundedness, which is given by

CYhma e | YR 5vhmia 5y Tvieis

pat(m2,714;8 =2,k =0) = o toiT g 3 B 51 (3.37)
n 35719714 |, 3577s n T2vis 5712714
36 24 72 24
25M2 | Y4 4
! 132 2+12;4+1,3 2 .3 2 2
pat (Yo, iass = 2,k = 1) = — 271;714 n 5712714 B 373212 _ 271;714 n 13722%4
331914 | 3T n Smats  331mi2vis | TTvizmia
36 6 4 36 4
407y12  37v3, 3773, 407y 37
(V12,1458 = 2,k = 2) = 7129714 _ 771224714 + 771722’714 i % 7129714 _ 5’)’1§’Y14
n 35790 n2ya M2 N Vi
36 24 4 24
5y n 350 25714 41
12 24 12 '

More explicitly, the spin 2 parity even contact term in position space is given by
S
(2dododa) = o1 —as| "1 e —aaP|wa—wa| T|az—wa* Y fr(u,0)w(1;2,3)" Fw (153, 4)",
k=0
(3.38)

where w(i;j7 k) — (ng);a:ik _ (ivm)zuac”
zdy a2
removed. For example w(1;2,3)” = w(1;2,3),w(132,3), — %w(152,3)w(1;2,3),. Alsof

3
2 —k-+tico L 4k-tico g .
fk:(u7 U) :/3 ﬂ ’ LI%M(’YIQ’ Y14, S=2, k,)u—vm,u—’ym (339)
%fkfioo 2mi L +k—ioco 2mi

and the indices are symmetrized and their traces

A

1
M (v12,714;5=2,k) = ['(—k + y14)I <—k + via + 2) I'(3 — y12 — 714) (3.40)

7 3
><F<2712714>F(k2+712)1“<k+7122) pat(V12, V145 =2, k),

where pgi(y12,714; s = 2, k) is given by (3.37).

5There is some arbitrariness in the choice of the contour. What is important is that it passes to the
right of the poles in 12, v13 and 714, see [21].
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3.4 The Regge limit of AdS contact diagrams for the parity odd structure in
<jsj6jﬁjf)>
The parity odd structure is

(js(21)d5(22)d5(3)5(24)oda = |71 — 23| * 2 |me — 23| 2|z — 24| 22y — 24>

dyi2d
X Z// e %4 Moaa(m2, 7145 8, k)u™ 120" e

><(Zl,Pl,PQ,Pg,P4)V(1;2,3)8*1*’W(1;3,4)’“. (3.41)

We define the Mellin amplitude Myqq(712,714; S, k) in the following manner

A3+A4—A1—A2>
2

Moad (712, 7143 8, k) = D(712)T (A1 — 312 — 14)D(714)T (%2 +

(A1+A2—A3+A4 )
r 5 — Y12 — V14

Ay + Az — A1 — A
F<'Yl4+ 2 & 5 ! 4)Modd(712a'714§57k)7 (3.42)

A1 =2s+1, Ay=3, A3=3, Ay=3.

The following equations encapsulate crossing symmetry:

s—1

~ k ~

Moaa(v12, 143 8, k) = Y (—1)*2 <l<:2> Moada(2s +1 — ko — y12 — V14,714 — k + k2; 5, k2),
ko=k

(3.43)

Moaa (12,7145 8, k) = Moaa (14, 712; 8,5 — 1 — k). (3.44)

Let us use the bound on chaos to derive a bound on the polynomial growth of the
Mellin amplitude. Let us define the exponent «a(s; k) such that limg_,oc M (v12, f714; S, k) ~

2s—3-a(sik)  The prefactor times

B2(k)  In the Regge limit, the Mellin integral goes as o~
the structure goes as 03+2*~%. So, (3.41) behaves as og—k—a(sik) - By comparing with the

bound on chaos (3.5) and using (3.43), (3.44) we conclude that

Jim Moaa(12, 8143 5, k) ~ Bk (s, k) <1 -k (3.45)
—00
ﬂhm Modd(ﬂ'}/l% Y145 S, k) ~ 5042(5,1@)7 OéQ(S, /{) <2-—s5+4+k (3.46)
— 00
ﬂlim Moaa(iB + vi2, —i8 + y14; 8, k) ~ Bo3(F) as(s, k) < s. (3.47)
— 00

The Mellin amplitude of an AdS contact diagram of the type (3.41), or of a linear
combination of contact diagrams, is given by

~ 1
Moaa(vi2, 7458, k) =T(yi2 + 1+ k —s)I (712 + 3 +k— S> (3.48)

1
[(y14a — k)T <714 — k- 2) I(y3+1—35)

1
r (’713 +tg- 8) Par(112, 7145 5, k),
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where v13 = 25 + 1 — 712 — y14. The bound on chaos for pg(v12,714; 8, k) is

Jim par(iz, By s, k) ~ BHOP, N (s, k) <24k (3.49)
—00
Jim pae(Brn, as s, k) ~ pr(ek), Xo(s,k) < 1+s—k (3.50)
—00
Jim pa(i8 + 1z, =B+ s s, k)~ FEED, 0 Ky, k) <14 s (3.51)

pat (712, 7145 S, k) can be found by imposing crossing and conservation. We found that
for s > 4 all solutions violate the bound on chaos.

However, for s = 2 there is one solution that respects the bound on chaos. This
solution is

v y2va Bmiz e

pdt(’7127’714, S s 0) 1 5 1 42 +1, (3 5 )
2
Y2714 Y12, Vi4 94
N = 2 k‘ = 1 = PR — = 1.
par(712,7145 8 = 2, ) 5 st -t

4 Open directions

The methods developed in this paper potentially pave the way to compute all four point
functions in conformal field theories with slightly broken higher spin symmetry. We believe
that the next steps in this program are the following:

1. Compute (jsjojojo) in the quasi-boson theory. The conformal structures involved are
the same as in this paper, so the calculation should be very similar.

2. Demonstrate that AdS contact diagrams are not present in (j5j5i5J5) end (32757575)
in the quasi-fermion theory using pure CFT arguments. The chaos bound allows
for contact diagrams in (j5757575) and (J2J5J575)- Their absence for (j5j5j5i5) was
demonstrated in [10] using Feynman diagrams. It should be possible to give a pure
CFT demonstration of this fact. The idea is to write down the higher spin Ward
identity that connects (j5i57575) and (j2J5J575), plug the AdS contact diagrams mul-
tiplied by arbitrary functions of the t’Hooft coupling and obtain that the only way
for the Ward identity to be satisfied is if such functions vanish.

Let us mention some more ambitious problems:

1. Develop a code that computes all spinning four point functions in CFT’s with slightly
broken higher spin symmetry. Such a code should:
e generate the structures involved for a given four point function

e generate an ansatz for the Mellin transform, which should be a product of 6
Gamma functions (whose arguments are determined by the lightcone OPE,
which is known) times polynomials

e impose crossing, pseudo-conservation and Regge boundedness to fix all the un-
determined coefficients in the polynomials.

~16 —



What differs from what we did here is that for generic spins we should not use
embedding space, since the conformal structures in embedding space are generically
linearly dependent on each other. It is best to use conformal frame techniques instead.
Concretely, one would need the 3 dimensional version of [19] (see also [18]).

2. Demonstrate that AdS contact diagrams are not present in four point functions in
CFT’s with slightly broken higher spin symmetry. As above, the hurdle should be in
adapting our formalism to use the 3d conformal frame.

Recently, a new formalism for correlators of conserved currents was proposed in [27].
The idea is to write the conformal structures in a helicity basis. It would be very interesting
to apply this idea to correlators in CFT’s with slightly broken higher spin symmetry.

Ultimately, one would like to understand higher spin symmetry from the point of view
of the bulk of AdS. We hope that our CFT computations can be of some utility for this
ultimate goal.
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A Bulk point limit

Correlation functions of conformal field theories in Lorentzian signature may diverge even
when none of the distances between the points vanish. At the moment a full classification of
the singularity structure of correlation functions in conformal field theories does not exist.

One such singularity is the so called “bulk point singularity”. In terms of cross ratios,
we can obtain such a singularity in the following manner. In Lorentzian signature z and z
are independent real numbers. The four point function has branch points. When z and 2
go around the branch points the four point function may develop a divergence when z = Zz.
More specifically, suppose z goes around the branch point at 1, z goes around oo and now
take z — z. We generically expect the four point function to diverge in this limit. A
detailed examination of the bulk point limit for a four point function of equal scalars was
carried out in [20].

In the bulk point limit a d dimensional conformal block where the external opera-
tors are scalars diverges as W [20]. For this reason it is expected that a generic
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nonperturbative four point function of scalars diverges as

1

(0O00) ~ o

(A1)
However, when the CFT has a local bulk dual, then we expect the divergence to be
more severe. For example, a contact quartic diagram in AdS diverges as

1

(0000) ~ 55

(A.2)

The plan for this section is the following. In A.1 we calculate the bulk point singularity
of an AdS contact diagram for a scalar four point function of unequal primaries. The
result is a trivial generalisation of (A.2), however to our knowledge its derivation had not
appeared before in the literature. We need such a result in order to calculate the bulk point
singularity of an AdS contact diagram for (jsj5j575), which we do in appendix A.2. Finally,
in appendix A.3 we calculate the expected bulk point divergence of (jsj575/5) in CFT’s with
slightly broken higher spin symmetry. We assume that (jsj57575) does not diverge more
than conformal blocks in the bulk point limit. We conclude that AdS contact diagrams
diverge more severely in the bulk point limit than what is expected for (jsj57575) for s > 2
in CFT’s with slightly broken higher spin symmetry. Thus, bulk point softness implies that
we cannot add AdS contact diagrams to the solution to the pseudo-conservation equations
that we found in section 2.

Let us add a caveat. Our result for (jsj5j5j5) does not rely on assuming bulk point
softness and is independent of it. Nevertheless, we choose to keep this appendix, because
it was useful for us to think in terms of the bulk point limit in the early stages of our work,
and maybe this can be of use to someone else.

A.1 Bulk point singularity of an AdS contact diagram for a scalar four point
function of unequal primaries

A quartic contact diagram has a Mellin amplitude equal to 1. We will use this to compute
the bulk point divergence, proceeding similarly to section 7.5.1 in [21]. Upon analytic
continuation, the diagram is given by

(0102030y) _

p // %WVQ)NVB)F(VH)F(VB +as)

x I'(713 + a24)T' (714 + agg)u™ "0~ 7 (A3)
dyiady
- // ﬁF(712)F(713)F(714)F(%2 + ass)

% F(’Ylg + CL24)F(714 + a23)U—W12U—’Yl4e—QWi(712+’714)’

p= ‘;171 — w3|72A1‘$2 _ w3|72a23|x2 _ $4’72az472A1 ‘373 B x4|72a34

where a;; = 2(A; +Aj) — > 1 Ag and v13 = A1 — v12 — 714. The integral diverges when 12
and 14 have a very big and positive imaginary part. We can use Stirling’s approximation
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for the T' functions. Indeed suppose we take y12 = isf and 14 = is(1 — 3). Then for very
large s we have

00 1 ZiAi
<010203O4>%p/ Cis/o dBs—2r 1f(B) (A4)

x exp (is(— 2(8 — 1) log(1—B) + 281og(8) — Blog(u) + (8 — 1) log(v)) ),

where f(f5) is a function of  that will not play any role. The integral has a saddle

U

point for f — [ = WoRSYoE In that case the exponential dependence of the integrand

2
becomes e is ( (C}Q (B—Bs)2—2 log(\/TH_ﬁ))

. The integral in § is Gaussian and can be readily
evaluated. Furthermore, the phase is stationary when /u + /v = 1. In that case we have
log(v/u + /v) ~ (z — 2)%. So, we conclude that
© ds Zz Ai 3 1

—s

- -3 is(z—2)2 ~ A
(01020304) /SO P (= 5) 2 A3 (A.5)

A.2 Bulk point singularity of AdS contact diagrams for (jj57575)

Identity (3.24) allows us to obtain spinning contact AdS diagrams from scalar contact AdS

diagrams. So, with the help of identity (3.24) we can perform the integration in (3.21)

using only scalar propagators and afterwards we act with the differential operators Dis

and Di3. The scalar propagators cause a divergence like %, see formula (A.5).
zZ—Zz T

After acting with the differential operators, we find that the bulk point divergence of the

integral (3.21) is (272)2;1_73“5 = (Z_51)4s+4.
A.3 Bulk point singularity of (jsjsj5j5) in CFT’s with slightly broken higher
spin symmetry

Conformal field theories with slightly broken higher spin symmetry have an infinite number
of light single trace operators. For this reason, they are not expected to be dual to a local
theory in AdS. Thus, their bulk point singularity should not be enhanced with respect to
that of an individual conformal block.

We want to calculate the bulk point divergence of (jsj5755). For our discussion, it is
useful to introduce the operator

0 0 0
'Bin_(Zl‘Z2)P1'87Z2+(P1.22)Z1.8722’

(A.6)

0
= (P - P) /1 — — (Z1- P5)P,
din = (P - P)Z, op, (Z1 - P) Py

where we used embedding space coordinates [14]. This operator acts on conformal blocks
where the operator exchanged is symmetric and traceless. It increases the spin of the
operator in position 1 by 1 and it decreases its conformal dimension by 1 also. It turns out
that df;(z — 2)* ~ (z — )25 i.e. the action of d; increases the divergence by a power of
2s. For this reason, we expect the divergence of (jsjjs5) to be

(4sdadoda) ~ (2_12)25 (A.7)
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since the scalar conformal block diverges logarithmically. We could have picked other
differential operators than di; to create spin from the scalar conformal block. Since such
operators only contain first derivatives of P; (and not higher derivatives), they lead to the
same divergence (A.7).

B Algorithm for computing (jsj575J5) in position space

We will implement an algorithm in position space to calculate (jsjsig05)co- The results
match with the Mellin space calculation.

(4sJ5JoJ5) b 1s constrained by conformal symmetry, crossing, consistency with OPE and
the pseudo-conservation equation that js obeys. Conformal symmetry implies that

(4sJ5J070) cb pi] u, v)w(1;2,3) w(1;3,4)57, (B.1)
where
s_5
p= (33734234)3 0 W= 23213, _ %4235 (B.2)
- 2s 1 - ) - .
(22,22,23,)3 T3 21323, L1324
2 2
w(i; j, k) = (xij)ux%k - (xik)u%
ik Lk

and we use the notation (zi;), = (x;)u — ()4, xij = |xi — x;|. The indices are symmet-
ric and traceless. fj(u,v) is a function of the cross ratios not determined by conformal
symmetry.

We write the following ansatz.

10 () N(j) M(5) .

(1+ Vu+ /v)3 ZOW; nymyu T 0 (B.3)

fj(uvv)

where ¢y, m, are parameters that will be fixed by crossing and the pseudo-conservation
equation. The values of a(j), b(j), M(j) and N(j) will follow from consistency with the
operator product expansion.

Let us motivate the preceding ansatz. The spinning four point functions are related to
the scalar four point functions by slightly broken higher spin Ward identities. The scalar
four point function is a linear combination of powers of u and of v. So, it is natural that
fj(u,v) is made up of powers of u and of v.

We will see below that the contribution to the operator product expansion of a certain
operator goes as ~ w?, where 7 is the twist, which is defined as the conformal dimension
minus the spin. Since all operator dimensions are integers, it is natural that the ansatz
involves semi-integer powers of v and of v. The denominator m diverges in the

bulk point limit as (2—#’ which agrees with the discussion in A.3.
We can fix a(j),b(j), N(j), M(j) by consistency with the lightcone operator product
expansion. Let us explain the general idea. Consider two primary operators Oy, .. u, (x),
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Oyl_._w2 (0) of conformal dimensions A; and As and spins /3 and ls and suppose they
exchange a primary operator O,, ., of dimension A and spin /. The most singular

term due to O,,. , that can appear in the lightcone operator product expansion is
Opy g @1 PLT Yy Ty YTy Ty ) ~ ( 2)_A1+A22+117+12+%

EESEESRRRC R T )
traceless symmetric and 7 = A — [.

where the p and v indices are

For (jsj5J575) the primary operators exchanged can have twist 1 (higher spin currents),
3 + 2n (double traces [js, j5]) and 4 + 2n (double traces [jg, j5]), where n is a nonnegative
integer. There is no primary operator of twist 2 being exchanged. This is an important
condition that we impose in our algorithm.

More explicitly

. . o1 Cspe A
Js()75(0) ~ (&)™ g + () % [fss Gg] + ()72 g, gl (B.4)
: ‘ _3, 1o .

J5(2)J5(0) ~ (@) 72 jor + (%)~ 2 [, Jg] + (¢*)° 15, J), (B.5)
where we wrote the most singular powers of the distance that can appear in the lightcone
operator product expansion. Our ansatz (B.3) needs to be compatible with (B.4), (B.5).
This fixes a(j), b(j), N(7), M(j).

The final ingredient is compatibility with pseudo-conservation. 9 - js can have contri-
butions coming from [js,, j5] and [Js,, js,]. Only the former matter since we are interested
in (jsj5J5J5)- More precisely,

s—2 s—s1—1

9-4s DD D> emd™js, 05T (B.6)

s1=2 m=0
Since the right-hand side must be a conformal primary, this implies [8]

o —(m—s+s1)(m—s+s —1)
me m(m + 2s1)

Cm—1- (B.7)

Thus (0 - jsjgJ5J5) is a linear combination of terms of type 0™ (j5J5)0" (Js17575) -
Crossing and compatibility with pseudo-conservation fix all coefficients in (B.3) up to
a number. This number is related to the normalizaton of js. In fact we did not even need to
input formula (B.7), we kept the coefficients ¢, as unknowns and our algorithm correctly
returns (B.7). This serves as a check on our results. We checked that the algorithm fixes
the solution for s = 2,...,14. Afterwards the computation becomes heavy for our laptop.

C Mixed Fourier transform

We will solve the higher spin Ward identities to compute (j2757575)- This is a rederivation
of the main result of [11]. Our method involves the use of a mixed Fourier transform,
see [27] and [28].

We use the metric ds? = —dz~dxt + dy?. We will take all indices lowered and in the
minus component. We will study the action of the charge

Q= \/ﬁou;/ dx~dyj____ (C.1)

x T =const.
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on the four point function (j575/575). We make use of equations [5, 10]

) A 2
0 js= am <: 0_jgj2 — : J50-72 :) , (C.2)
Q. ) = 9% g + h%zwajy —0_0,j). (€3)

a, a4 and B are numerical coefficients that can be obtained from solving Ward identities
at the level of three point functions.” We will not need their precise value in what follows.
The scalar four point function obeys the slightly broken spin 4 Ward identity

(1Q.daljadoda) + - = VNau [ d2(0 ja@iniuiodo), (C.4)
where by ... we mean the permutations (12), (13), (14). Note that
(odododo) = (ododododaise + 57 Uadadado) s (C.5)

where (j5757575) £ denotes the connected piece in the free fermion theory and (j57575.5) disc
denotes the disconnected piece. The disconnected piece obeys

(055757505 disc + - - - = 0, (C.6)

where we summed over all permutations. For this reason the disconnected piece drops out
of (C.4). Using our ansatz (2.1) we conclude that

([Q: saldoads) + - = ﬁ@?’J()JoJOJo)ff + m(((a—a—J—y — 0-0yj--)Jododo) £ £
+ M(0-0-j—y — 0-8yj—)jgisio)ed) + - - (C.7)
From the Ward identities in the free fermion theory this becomes
L 23 . o
(@, joliagada) +-- - =— m((aﬁd—y — 0-0yj——)Jsdodo) £ (C.8)
58 oo o
+ m(( —0-J—y — O- yJ——)Jf)JOJf)>cb + ...

Using (C.2) in the right-hand side of (C.4) we get
_ A
3 s s\ 3 . S\ L
VNay / d°x(0 - ja(x)j5J57575) a3 / d°x((0-jg(2)jg) (J2(x)jsdgia)  (C.9)

~ S a(@)ig) 0 ae)iadoda) + )
We use the decomposition (2.1) to obtain that (C.9) is equal to
ooz ] e (O-w)io) Gate il s — 5 @) O- i + - )
22 2
+ ) / d3$(<5—jﬁ(l‘)jo>(jz(w)jajojﬁ>cb = 7 Us(2)75)(0-52(2) faJada) b + - )
(C.10)

"We normalised the charge such that the coefficient multiplying 02 jg in (C.3) is 1.
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Let us equate (C.8) and (C.10). We see that the dependence on N and X matches on
both sides provided

BUO-0-j—y — 0-0yj-—)jadao) rs + - (C.11)
= —ay / d3x<<8—yojo><JzJojoyg>cb — 5<J@J@>@J2]@J@Jo>cb ... )
BUO-0—j—y — 0-0yj——)Jadoda)cb + - - - (C.12)

= aay / d3w<<3jajo><32]ojajo>ff — & UoJo)Og2dadada) f5 + - >
We solved (C.11) and (C.12) using a mixed Fourier transform. We define the mixed
Fourier transform of a four point function (O;(z1)O2(x2)O3(x3)O4(z4)) as
dxyd’ey i(p2-w2+p3-3)
<01(x1)02(x2)(’)3(x3)(94 $4 —)/?<Ol(0)02(:62)03(:63)04(00))6 .
(C.13)

The advantage of the mixed Fourier transform with respect to a usual Fourier transform
is that by placing an operator at the origin and another one at co we take advantage of
conformal symmetry.

In mixed Fourier space we can get rid of the integrals in equations (C.11)
and (C.12). For example, it is simple to see that the mixed Fourier transform of

J @z (ja(x)jo) (j2(%)ododa) is equal to
[ datis(adia(en) Gae)in(a)in(a)iplan) (€14
= ([ @atin(@ip(@)e 07 ) [ [ e 155 (o 01y )y )i (00)

which is just a product of mixed Fourier transforms.
It turns out that (joj5igJ5) ff is very simple in mixed Fourier space. Let us define

P P3
Up = p2 y Up = p%’ where pP1 = —p2 —ps . Then,
. . . flup,v N
B O)is 2 2)is 0 11 = L2 ()uennaston))”)  (C15)
1
f(vpv up)

+ ((ps)( €u)aﬁ(P3)o‘(p2)ﬁ),

pi
where f(up, v,) = 3272 (—i + i s ) Plugging this into (C.11) and (C.12) we obtain

1

(o - 2 ) fitup) (©16

(T (0) 5 (p2) 5 (p3) 75 (00)) b = e 3

1 2
+ P ((pz)u(pz)u - 2;277;”/) fa(up, vp)

2

1
+ oo (90 = B ) o),
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where

Fi(up, vp) = % (“p n “p> n (1 + 1) 5 (C.17)

- )
vy Up up  Up 2upvy
Up Up 1 3 1

Falup, vp) = v, Aup,  Aupu,  2u, 20,

Finally, we can transform back to position space to get

L V(1,2,3)?
<Tm/]()]()]()>cb =pX (gl(u’ v) (V(l’ 2, 3)#‘/(1’ 2,3), — (?))nuu) (C.18)
V(1,2,3)-V(1,3,4
+92(u7 U) (V(17273>(/LV(17374)V) - ( )3 ( )UW)
V(1,3,4)2
+ ga(u, v) (V(1,3,4)MV(1, 3,4), (3)%»,
22 (i) p—12 (x4
where p = 101 T V(i;j, k) = il k)uz (g Ju and
(z12213714) 3 (23224%34)3 Tik
u2/302/3 v2/3 05/3 L8/3 v2/3 V53
_ _ _ 1
g (u,v) 473 43ud/3 * 2m3ud/3  4mdyd/3 * 213 Y u * 213 3/’ (C.19)
u2/302/3 u2/3 w3 v2/3 05/3 3
elu) = st s Y g T o T i AR vads
w2/3y2/3 w23 w53 u8/3 w23 uB/3
ga(u,) = - ¥ - TR
473 4mdd/3 7 2m3d/3 Amded/3 T 23 2md v

The result agrees with [11]. For correlators of type (jsjg5J5) with s > 4, the mixed Fourier
transform is not so simple, so in practice it was not useful.

D Miscellaneous formulas

In this appendix we write some formulas we used in the text. The nonzero coefficients in
equation (2.11) are

o111 = — (na—1) (2984 — Ma(4k + 5) + 22+ 5k + 2) (k2= 2ks — k+ 5 +5), (D.1)
1

0,00 =~ 5 (2754 — y14(4k + 5) + 2k% + 5k + 2)
x (=2712(k + 8) +v1a(2k — 25 + 1) + s(2s + 1)) (k — s),
1
a1,-10 = — = (27 + v12(4k — 4s — 1) + 2k* — k(ds + 1) +25% + 5 — 1) (714 — 1)

X

NN

2h% — dks + k + 5(25 — 1)) ,
1
a0,—1,0 = 5(’}/14 — 1) (2k2 —4ks+ k + 8(28 — 1))
X (293 + 12 (414 — 4s — 3) + 293, — a(ds + 3) + (25 + 3)),
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a-1,01=— 3(712 -1) <2k‘2 + 3k + 1)
X (2975 + 112(4v14 — 4s — 3) + 2974 — y14(4s + 3) + 5(2s + 3)),
a 11,1 = %(m — 1) (267 + 3k + 1) (293 — 1144k + 5) + 2K + 5k + 2) ,
001 = %(k +1) (298 + 2(4k — 45 = 1) + 2k% — k(4s + 1) + 25° + 5 — 1)
x (2712k + 12 — 2714(k — 25 + 1) — 5(25 + 1)),
a_112= (112 —1) (kQ + 3k + 2)
X (293 + y12(dk —4s — 1) +2k? — k(4s + 1) + 25> + 5 — 1).

The position space correlator (j4jg/j5i5)ch is given by (2.2), with

(1+ Vu+ Vo) x p x fo(u,v) (D.2)
(Vo- 1’ (Vot+ 1) (17— +17) (Vo +1)°
T 10ud/2y * 60u?/2v
L B2/ +3 1 _(ﬁ—l)Z(ﬁ+1)5+(v+6ﬁ+1)(ﬁ+1)3
30ud/2y 90u3/2y 30udv 30utv
ATv32 420 +42\/0 +47 o+ 1
180uv 30uv ’

(1+Vu+ vo0)3 x px fi(u,v)
3
_ Tu+ 60+ 11 (31}3/2—31)—1-7[—7)(\@—!-1)
 45u3/22 10u7/20p2
4
207 41T 4320+ V1T (3032 = 3v+ TV = 7) (Vo +1)
30ud/2¢? 30utv?
(47v3/2 — v+ 91/ — 35) (Vo +1)°
90u3v?
16v%/2 + 150 + 27/v + 31 N Vo +1 L1
45u2v? 15uv? 45y uv?’
(14 Vu+Vv)? x p x fau,v)
(1002 + 280 — 35) (Vv + 1)°

_l’_

30ub/2¢3
N 69v3/2 + 49v% 4 1720 4 168+/v + 49 N (1002 + 280 — 35) (Vv + 1)°
90u3/2p3 90u3v3
1720%/2 4+ 46v°/2 4 780v% 4+ 196v — 21/v — 77 23v 4 30\/v + 29
+ 90u2v3 45+/uv?
+@+ 49v%/2 4+ 78v + 114,/v + 94 N VU +1
93 90uv3 3v3

f3(u,v) = fi(v,u),  fa(u,v) = fo(v,u),

where p = |1 — x3|_18\$2 — :c3|7\332 — x4|_11\a:3 — 4|7,
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E Contact interactions for scattering amplitudes

In section 3 we analyse contact interactions in AdS. We conclude that AdS contact diagrams
for (jsjsisds) violate the bound on chaos if s > 4, whereas for s = 2 there is one parity
even and one parity odd contact term that does not violate the bound on chaos.

In this appendix we consider the same problem at the level of 4 dimensional scatter-
ing amplitudes. We consider on-shell 2 — 2 scattering amplitudes of the type (Pspop),
where the particle &, at position 1 is massless and has spin s and the three other par-
ticles are identical massive scalars ¢ of mass m. It is expected that there is a bijection
between contact terms for d-dimensional CF'T’s and d+ 1 dimensional flat space scattering
amplitudes [14].

For scattering amplitudes the analog of the bound on chaos is the statement that the
amplitude cannot grow more than quadratically in the Regge limit [29, 30]. This is the
Classical Regge Growth (CRG) conjecture of [30] which states that the S- Matriz of a
consistent classical theory never grows faster than s* at fived t — at all physical values of
momenta and for every possible choice of the normalized polarization vector (;.

In this appendix we perform some calculations for contact scattering amplitudes that
support the results of section 3. We construct contact scattering amplitudes for (Pappe)
and conclude that there is only one parity even and only one parity odd contact scattering
amplitude compatible with the CRG conjecture.®

Let us discuss the parity even case. In that case the scattering amplitude T'(C, p1, p2, p3)
is a function of the polarization { and the momenta. Notice we used momentum conserva-
tion to eliminate ps. Furthermore the polarization obeys ( - ( = p; - ( = 0. Thus we have

T(¢prp2,p3) = (C-p2)* fils, ) + (¢ p3)fals, ) + (¢ p2)(C - p3) fa(s, 1), (E.1)

where we define the Mandelstam invariants as

s=—(p1+p2)? t=—(p1+p3)? wu=—(p1+ps)* (E.2)

The amplitude is constrained by crossing symmetry and gauge invariance. Gauge invariance
is the statement that the amplitude is invariant under { — (+A1p1, where A1 is an arbitrary
real number. Crossing symmetry and gauge invariance lead to the constraints

(m? — 5)? 2(s —m?)
= —-— = =" E.
f2(37t) (mg_t)2f1(87t>v f3(3?t) (mg_t) fl(sat) ( 3)
m2 — )2
fi(s,t) = %fl(tas)a fi(s,t) = fi(u,t). (E.4)
m? —s)
We solved the above expressions using polynomials f;(s,t) = Zcﬁll’n27n38”1t"2m”3.
The solution with polynomials of lowest degree is
T = (¢C-p2)*(p1-p3)* + (C-p3)*(p1-p2)? = 2(C-p2)(C - p3)(pr-p2)(p1-p3).  (E.5)

8 A similar analysis for the case of four scalars was done in [10]. There it was found that there are three
contact diagrams that do not violate the Regge bound, whose scattering amplitudes are given by 1,s Xt X u
and s + t2 4+ u? respectively.
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Let us analyse the Regge limit of this expression in light of the CRG conjecture. We
need to parametrize ¢, which we do in the following manner [30]

c=ctid, = f(sfinQ—tfinQ)Jralpl. (E.6)
¢t is the component of ¢ that is perpendicular to the plane generated by p1, p2 and ps,
¢l is the parallel component. Let us explain the logic for this parametrization. A priori,
¢ depends on 4 independent parameters, but due to the conditions ¢(? = ¢ - p; = 0 it only
depends on two, which we call a; and a;. However, the component a; is not physical due
to the gauge symmetry of the S-Matrix.

We can now take the expression (E.6) for ¢, plug it into (E.5) and consider the limit
s — oo with t fixed. We find that the amplitude grows like s2. Thus, it obeys the CRG
conjecture.

A similar analysis can be performed for the parity odd contact term. The term that
is Regge bounded is

T = s " PP (01 23)(C - p2) — (01 p2) (C - p3) ) (B.7)
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