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ABSTRACT: It was recently shown that IIB supergravity on AdSsxS® enjoys 10d conformal
symmetry and that superstring theory on this background can be described using a 10d
scalar effective field theory. In this paper we adapt these two complementary approaches to
correlators of hypermultiplets in AdS,xS?. In particular, we show that 4-point correlators
of 1/2-BPS operators in the 1d boundary can be computed using 4d conformal symmetry
and a 4d effective action in the bulk. The 4d conformal symmetry is realised by acting
with Casimirs of SU(1,1|2), and is generically broken by higher derivative corrections. We
point out similar structure underlying o corrections to IIB supergravity in AdS5xS°. In
particular, while the o3 corrections can be written in terms of a sixth order Casimir acting
on a 10d conformal block, similar structure does not appear in higher-order corrections. We
note however that a specific combination of higher derivative corrections can give rise to
Witten diagrams with higher dimensional symmetry at the integrand level, with breaking
then arising from the measure.

KEYwWORDS: AdS-CFT Correspondence, Scale and Conformal Symmetries

ARX1v EPRINT: 2112.09597

OPEN AccESS, © The Authors.

Article funded by SCOAP?. https://doi.org/10.1007/JHEP03(2022)076


mailto:theresa.abl@durham.ac.uk
mailto:paul.heslop@durham.ac.uk
mailto:arthur.lipstein@durham.ac.uk
https://arxiv.org/abs/2112.09597
https://doi.org/10.1007/JHEP03(2022)076

Contents
1 Introduction

2 Overview
2.1 1d correlators
2.2 Conformal blocks
2.3 4d effective action
2.4 AdSxS Witten diagrams

3 Free theory

3.1 4d conformal symmetry

4 2-derivative sector
4.1 Lowest-charge correlator
4.2 4d conformal symmetry
4.3 Effective action
4.4 Physical interpretation

5 Higher-derivative corrections
5.1 Lowest-charge correlators
5.2 Effective action

5.3 4d conformal symmetry

6 Anomalous dimensions from unmixing
6.1 Degenerate operators
6.2 Unmixing

6.3 Anomalous dimensions

7 Comments on N' =4 SYM
7.1 10d conformal symmetry at O(a?)
7.2 10d conformal symmetry at O(a/?)

8 Conclusion

A Casimirs
A.1 The quadratic Casimir in SU(1,1|2)
A.2 Higher order Casimirs in SU(m,m|2n) CFTs

B Correlators of descendants

O N I

10
11

12
13
14
17
17

19
20
21
22

23
24
25
28

30
31
32

35

37
37
38

40



C Further unmixing examples 41
C.1 2-derivative sector 41
C.2 6-derivative sector 42

1 Introduction

Understanding quantum field theory and quantum gravity in curved backgrounds such as
black holes and cosmological spacetimes is one of the most pressing questions in theoretical
physics. The AdS/CFT correspondence is a very powerful tool for this purpose since it
relates observables in curved backgrounds to correlation functions of a CFT in the bound-
ary [1]. Moreover, AdS is a useful toy model since AdSy is related by Wick rotation to
dS4 which is relevant for cosmology [2], and AdSsxS? describes the near-horizon geometry
of extremal black holes in four dimensions [3, 4]. While a great deal of technology has
been developed to compute CFT correlators, we would also like to be able to compute
things directly in the bulk in order to have a complete grasp of the physics. Carrying out
calculations directly in the bulk is very challenging however because of the complexity of
Witten diagrams and worldsheet calculations. Nevertheless, much progress has been made
for IIB string theory in AdSsx S°. For example, it was discovered that supergravity in this
background enjoys a 10d conformal symmetry, which is realised using 4-point correlators
of protected operators in the boundary CFT, N' =4 SYM [5].! This property is inherited
from scale-invariance of the corresponding flat space scattering amplitude after a conformal
transformation to AdSsx S® and has very non-trivial consequences for N' = 4 SYM corre-
lators. Similar results were also found in AdS3x S? [7-10] and AdSsx S* [11]. Subsequent
work showed that 10d conformal symmetry is broken by string corrections [12]. In another
development, a simple 10d scalar effective action was conjectured to describe all 4-point
correlators of 1/2-BPS operators in N’ =4 SYM dual to tree-level string theory in AdSsx
S to all orders in o/ [13]. This action successfully reproduced previous results obtained
using different methods [12, 14-17] and makes an infinite number of new predictions.

In this paper we will develop these methods in the context of AdS;xS2. One motivation
for doing so is to expand the toolbox for studying black holes in the real world. Another is
that the correlators in this background have very simple mathematical structure, which can
provide a toy model for better understanding 10d conformal symmetry in AdS5xS® and its
breaking. On the other hand, much less is known about the AdSs/CFT; correspondence
due to various subtleties such as the absence of a stress tensor in a conventional 1d CFT [18]
and a large backreaction when matter is introduced in the bulk [19-21]. We will therefore
consider a non-gravitational theory in the bulk. In particular, reducing N’ = 8 supergravity
on AdSy;xS? gives N/ = 2 graviton multiplets and hypermultiplets [22, 23] and we will
restrict our attention to 4-point tree-level correlators of the latter. We also study correlators

LAll 4-point correlators of protected operators in A' = 4 SYM in the supergravity approximation were
first computed in [6].



of higher-derivative corrections to the interactions of hypermultiplets in AdSs xS? analogous
to o/ corrections in AdSsxS®. From the point of view of the effective action, the two-
derivative interactions that arise from reducing supergravity on AdS;xS? correspond to a
¢* interaction and we refer to them as the 2-derivative sector. Higher-derivative interactions
are then described by applying derivatives to ¢*. In addition there is a generalised free
theory described by non-interacting Witten diagrams in the bulk.

We can formally define correlators on the boundary which have SU(1,1|2) supercon-
formal and crossing symmetry. Using these symmetries, we can then deduce the structure
of the lowest-charge correlators in the free, 2-derivative, and higher-derivative sectors. We
then use 4d conformal symmetry to obtain all higher-charge correlators in the free and
2-derivative sectors, which correspond to Kaluza-Klein modes on the S?, and match them
with the predictions of the effective action. A key ingredient in the realisation of 4d confor-
mal symmetry is the action of Casimirs of the superconformal group. On the other hand,
we find that only a special infinite class of correlators derived from the effective action with
higher derivative corrections can be reproduced by acting with Casimirs on 4d conformal
blocks, suggesting that 4d conformal symmetry is generically broken by higher derivative
corrections. This is further confirmed by the structure of anomalous dimensions of double
trace operators which we compute using a procedure for unmixing operators which are de-
generate at leading order in the central charge expansion reminiscent of [24]. Whereas the
anomalous dimensions are rational numbers in the 2-derivative sector and correspond to
eigenvalues of a Casimir operator, they are generically irrational in higher derivative sectors.

We find similar structure in 4-point correlators corresponding to o/ corrections to super-
gravity in AdS5xS®. In particular, o/ corrections are analogous to the 2-derivative sector
in AdSsxS? in that they are both described by a ¢* effective field theory and enjoy higher-d
conformal symmetry. Similarly, o’ corrections are analogous to 6-derivative corrections in
AdS;xS? and are shown to generically break 10d conformal symmetry, in the sense that
the predictions of the 10d effective action cannot be matched by acting with Casimirs on
10d conformal blocks. We do find a 6-derivative effective action for which the integrands
of the Witten diagrams exhibit 10d conformal symmetry, but the resulting correlators are
in disagreement with N' =4 SYM, specifically the coefficients fixed by localisation in [25].
This provides a new point of view on the 10d conformal symmetry breaking.

This paper is organised as follows. In section 2 we review the formalism for 1d CFT
correlators and the AdS;xS? effective action and in section 3 we compute free theory
correlators and demonstrate their 4d conformal symmetry using Casimirs. In section 4, we
compute correlators in the 2-derivative sector and show agreement between the predictions
of 4d conformal symmetry and the effective action. We also provide an intuitive explanation
for the origin of this symmetry. Next, in section 5 we compute correlators in higher
derivative sectors and show that the 4d conformal symmetry is generically incompatible
with the predictions of the effective action, except for a special infinite class of correlators.
In section 6 we use an unmixing procedure to compute the anomalous dimensions of double
trace operators in the 2- and 6-derivative sectors, finding further evidence for the breaking
of 4d conformal symmetry by higher-derivative corrections. In section 7, we apply the
lessons we have learned in AdS;xS? to AdS5x S, realising 10d conformal symmetry for



"3 corrections using Casimirs and providing a new perspective on the breaking of this

@
symmetry by o/® corrections. Finally, in section 8 we present our conclusions. We also have
a number of appendices providing more details about superconformal Casimirs, correlators

of descendent operators, and further examples of unmixing.

2 Overview

In this section, we will describe some aspects of superconformal correlators and SU(1,1|2)
blocks in 1d. After that, we will review the effective action in AdS xS and how to compute
generalised Witten diagrams from this action.

2.1 1d correlators

Note that it is not possible to define a stress tensor in 1d since any conserved current
would simply be a constant. As a result, we only consider non-gravitational theories in
the bulk whose correlators have superconformal symmetry arising from the isometries of
the background, and can be formally thought of as correlators of a boundary CFT. It is
also possible to recast the expansion of bulk correlators in terms of Newton’s constant G
as an expansion of boundary correlators in terms of a formally defined central charge c.
More precisely, we will associate Gy ~ l% with 1/¢, where [p is the Planck length. Free
theory correlators are then O(c"), while correlators in the 2-derivative sector correspond
to O(1/c). In addition to the lack of a stress tensor in the boundary, another subtlety
is that AdS, has two disconnected timelike boundaries. In this paper, we only consider
correlators on a single boundary, but in principle one could consider correlators between
the two boundaries [26]. While the former have singularities when points in the boundary
collide, such singularities are absent in the latter.

In 1d, 4-point conformal correlators can be expressed in terms of conformal cross ratios
which take the following form:

2 2
zE-u-(m> , (1—2)(1—5)_1)_(“”23“4) (2.1)
1324 L13T24

where z;; = x; — ;. Solving for z, z in terms of u, v shows that
_ 1
z:z:§(1—|—u—v) (2.2)

which follows from the fact that the discriminant (1 + u — v)? — 4u vanishes. Hence,
conformal cross ratios in 1d correspond to a holomorphic limit of the standard cross ratios
in higher dimensions. It is convenient to define z = Z = x in terms of which cross ratios
are given by

u =2 v=(1-z)% (2.3)

To describe superconformal correlators, we follow the formalism of [27] (with m =n =
1 in the notation of that paper) arising from analytic superspace [28, 29] and consider the



super Grassmannian Gr(1|1,2(2) of (1]1) planes in (2|2) dimensions. Coordinates on this

Xi— ( 01‘) (24)
0; i

where z; is the (1d) space-time coordinate, y; is a (complex) internal coordinate used to

Grassmannian can be given as

deal with the SU(2) structure and 6;, 6; are Grassmann odd coordinates. Since we will be
dealing with correlators of four operators on this space, we added a subscript ¢ = 1,2, 3,4
to denote the particle number.

The 4d N' = 2 hypermultiplet is the simplest to understand from a higher dimensional
perspective. This multiplet on an AdSsxS? background is dual to an infinite tower of
fermionic 1d 1/2-BPS multiplets [22, 23]. These are fermionic superfields of scaling di-
mension and SU(2) rep A. They can be written on the above super Grassmannian and
decompose into the following component fields
135

Ua (i, 05,00, yi) = YA + OidayL + 9_z‘<l_5A+% + 0:0; A 11 A= 3755

(2.5)
where in each case the subscript denotes the dimension of the field. The field A has SU(2)
rep A, ¢a has SU(2) rep A — 1, Ax has SU(2) rep A — 2. For the special multiplet ¥/
the descendant A3/, is absent (it would have negative SU(2) weight). Expanding in the y;
coordinates manifests the SU(2) indices for these reps

Ion_4

)\A(miayi) = )‘11---124\74('%'2')%{1 Y

1 3
I
VA (i, yi) = b1y ppn (@)Yl .yl A= 3 3
Ion_
OA(TisYi) = Orytgn o (T)YT 2 A=1,2,
A

(2.6)

|
—~
—
N | Ot

where y! = (1, ;).
We will be interested in the 4-point functions of four 1/2-BPS superconformal pri-

maries:
(P, (21,9100, (T2, Y2) s (3, y3) A, (€4, 44)) = Pa, Gy, (2,1), (2.7)
where
R A2 AVE]
Py, = gy et (924> (gl“) (2.8)
gi4 913
Yij
=22 2.9
9ij i (2.9)

It will also be useful shortly to define the 2-point function of 1, /, operators

~ Yij
= 2.10
gZ] ’xij’7 ( )

which is antisymmetric under ¢ <> j, reflecting the fermionic statistics. The prefactor
in (2.8) by itself transforms correctly as a (A, ¥a,¥A,¥A,) correlator under the bosonic



subgroup, leaving a remaining function Gy (x,y) which is invariant, and thus a function of
x,1, the space-time and internal cross-ratios:

_ T12734 _ Y12Y34

L1324 Y13Y24

(2.11)

Throughout this paper we will consider 4-point functions of 1/2-BPS operators and

in some cases also the correlators of descendants. The 1/2-BPS operators are fermionic
13

202"
be most useful to label the correlators in terms of the bosonic descendant operators ¢a 12

primaries ¥ with dimensions and SU(2) charges A = .. However, it will turn out to

with dimensions 1,2, ... Therefore, we will define the 1/2-BPS operators as

5 i”‘i -, (2.12)
1

where p = 1,2,... In this convention the half-BPS operators have dimension and SU(2)

Op:=(-1)

representation p — % Furthermore, it is useful to introduce the normalisation (—1) /2 (2p—
1)*1/ 2 inspired by the higher-dimensional conformal symmetry [5]. It will become clear why
this is useful in the discussions below (3.14) and (3.20). We then also label the descendants
similarly, thus defining

: 0
Ly = (-1) —= 2.13
p ( ) \/2197_1a ( )
so the superfield (2.5) becomes
0O,(z,y) = Op(z,y) + 0L,(z,y) + 0L, (z,y) + ..., (2.14)
where L, has dimension p and SU(2) charge p — 1.
The correlator of primaries (2.7) is written:
(Op, (%1, 51) Opy (w2, y2) Ops (23, y3) Opy (¥4, y4)) = Py X Gpipopspa (T, 1) (2.15)
where the prefactor (2.8) becomes
p21 p4a3
P = P . — p1+p2—1 _p3+ps—1 (-924> (gl4> . 2.16
pi (2pi—1)/2 = 912 934 g1 913 (2.16)

In this form, the superconformal Ward identities are simply 0,G(x,y)|s=y = 0, i.e. G(z, )
is independent of = [27]. This implies that we can write

l’ —_
sz‘(xay) = kpi(x7y) + ?ypri(%y) )

T P43
where k, (z,y) =k (> , (2.17)
Y

with H(z,x) finite and with k,, (z,y) defined such that it is annihilated by the super
Casimir (defined later in (3.10)), Cls7l2j(1,1\2) (Pp,kp,) = 0 with a constant &.



2.2 Conformal blocks

In this subsection we discuss the conformal blocks in 1d. 4-point functions can be expanded
in superconformal blocks Ba p(z,y) as follows:

<Op1 (561, y1)0p2 (x27 y?)ops (5537 y3)0p4 (334’ y4)>

oo p1+p2—2 P21 P43
1 1 (924 gi14
_§: 2: Ap1p2p3p4 p1+pz Q§Z+p4 () () BA,p,p12,p34($7y)a (2.18)
ATT 20 g14 g13

where p;; = p; — pj, 945 is defined in (2.9), and the coeflicient Ap , is given in terms of a
sum of squares of OPE coeflicients

_ 0 O B
AR =% Oy O Co6 - (2.19)

OAp OAP

The superconformal blocks were derived for a general conformal group SU(m,m|2n)
in [27]. Specialising to m = n = 1, the blocks for long multiplets are given by

Ble,r;)g,p127p34 (2,y) = —(z = y)(=2)*2F1 (A + 1 = p1o, A + 1+ p34; 28 + 2; )
X y PP (—p + pra, —p — p3a; —2p; y) - (2.20)
For half-BPS multiplets A = p, and the blocks are

k

z\P i . . .

Bhf‘;ffpif(x,y):<_y> (1+(:c—y)§ [ e Fi(p+1—i—pi2,p+1—i+pss;2p+2—2i;2)]
=1

Xy o (i~ ptpro,i— P psai2i— 2p;y)) (2.21)
where k = min(p — p12, p + ps4) and the square bracket means we take the regular piece as
xz — 0.

It is useful to note that the block of an operator with dimension A and SU(2) repre-
sentation p contributes as follows to the 4-point function

(Op, (21, y1)Op, (22, Y2) Ops (23, Y3) Op, (74, Y1)

1 1924\ ([ 1a\P® -
~ ZAp1p2p3p4 gp1+p2 ggi—f—m (gl4) <913> (—x)Ay p(l—l—@((l?,y)) , (2.22)

where the higher orders in x,y correspond to spacetime or SU(2) descendants.

2.3 4d effective action

In [13] a 10d scalar effective action was introduced which generates all half-BPS 4-point
correlators in N/ = 4 SYM described by tree-level string theory in AdS5xS°. In AdSxS
the effective action takes the form

pAdsxs ) - OGN [A¢ +14(3B(V.V9)? + 6CVV 107" 6¢? ) (2.23)
+18(6D(V6.V6)(VuV, 0V V" 6) + 6EV V2V, 0V V" 662 + ...



where Gy is Newton’s constant and [ is the analogue of the string length. These param-
eters can be written in terms of the AdS radius R as follows:

Gy = R?/c, 1} =aR, (2.24)
where R is the AdS radius, and ¢ and a are analogous to the central charge and string
coupling, respectively. Some of the terms in the effective action can be uplifted directly
from the flat space action. It is important to note however that this uplift is not unique: the
action contains ambiguities because the covariant derivatives no longer commute with each
other leading to curvature corrections which vanish in the flat space limit. Furthermore

the coefficients B, C, ... themselves can have an expansion in the dimensionless parameter
lp/R?:

l2
B(a) = By + BlR;‘;Z +
l2
C(a)=Cy+ 01R752 +
(2.25)
For simplicity, we will set R = 1 from now on throughout this paper, but it will be

understood that terms suppressed by 1/R vanish in the flat space limit. Whereas in
AdS5xS® case the ¢? interaction describes a/® corrections to supergravity, in AdSsxS? it
describes the 2-derivative sector obtained from dimensional reduction of supergravity, as
we will see in section 4.2. Hence, the effective action in AdSyxS? treats the 2-derivative

sector on equal footing with higher-derivative corrections.

2.4 AdSxS Witten diagrams

Using the effective action, we can compute generalised Witten diagrams that treat AdS
and the sphere on equal footing. This is explained in detail in [13], so we will just state
the main formulae. The generalised bulk-to-boundary propagator in AdSz4; xSt is

A A A N —A
GX,V;X,Y) = (—2X.X - 2Y.Y) , (2.26)

where {X' , }A’} are embedding coordinates for AdS and sphere, respectively, written in terms

of (d+2)-dimensional Minkowski and Euclidean space, respectively, and which satisfy X2 =
—Y2 = —1. Similarly, {X,Y} are boundary coordinates satisfying X? = Y? = 0. These
are related to d-dimensional boundary coordinates via —2X;- X; = 51:12]- and -2Y;-Y; = yizj,
where {i, j} label a pair of points. Note that the sphere does not actually have a boundary
since it is compact, but the Y coordinates naturally describe 1/2-BPS operators in the
boundary of AdS. When A = d, the generalised bulk-to-boundary propagator satisfies the
equations of motion for a massless scalar field:

V3G = 0. (2.27)



Since the effective action in AdSx.S describes a massless 4d scalar field, we will therefore
set A = d in practice. Note that the bulk-to-boundary propagators have a normalisation

I'(A)
2mdRT (A —dj2 + 1)

Ca = (2.28)

We will dress the generalised Witten diagrams with this normalisation to obtain correlators.
A generalised contact Witten diagram is then defined as

AdSupxS™ vy / A X gy
A1d2lsAg A0 (=2)2%a Jaasxs (P1+Q1)2 (Pa+Q2)22(P3+Q3) 23 (Py+Qq) A4
(2.29)
where we introduce the shorthand
P=XX,, Q=YY. (2.30)

It is now straightforward to expand this AdSxS contact diagram into an infinite number
of standard AdS contact diagrams multiplied by spherical analogues. In particular, using

1 o0 Daq QP
(P+Q)>5 pz;)(_l)p . JIZ(A))A 1 P§+A (2:31)

four times gives the expansion:

AdSxS (pi +1)a,
DA Ay asa, (X Yi) = Z H 7@.)
=01i=1 ?
x D\ (X;))BY _ (V;), (2.32)
p1+A1,p2+A2,p3+A3,p4+A0 P1P2P3P4 :
where
1 dd+1X

(d) _ /
D X;) = < - . R , (2.33
A1doaga, (Xi) (—2)22a Jads (X.X1)21(X.X5)22(X . X3)A3(X.X,)A (2:33)

B ips (Y1, Y2, Y3, Yy) = (=2)% /S A (Y )P (Y Ya)P2 (V.Y3)P (V.Y)P,  (2.34)
with XA = (A1+A2+A3+Ay)/2 and ¥, = (p1+p2+p3+pa)/2. For more details, see section
2.3 of [13]. It is convenient to define normalised functions

d AdS d+1
D(Al)AQA3A4 (XZ) = NAZ cl+1DA1A2A3A4 (Xl) ) B;l()(ligingpgl (Yl) = Npsz Bp1p2p3p4 (}/;)7 (235)

where

pasen - 3TN Z /) ey g, L)

(=2)2aT[,T(4A;) "~ ['(Xp,+d/2+1)

(2.36)

It is also conventional to write Witten diagrams in terms of D functions which are closely
related to the D-functions described above. For more details, see for example appendix D
of [30].



Note that the contact diagrams in (2.29) come from bulk interaction vertices without
derivatives. More generally, contact diagrams with derivatives take the form

Q P
1 1 N N in P x (Ai)n, b'e v
- - dd+1de+1Y i i i)n; X;.X; nX Y,Y; nY
41 (=2)?=a /AdeS x 1:[ (P 4 Q;)Aitn x H( )" i)

1<J
(2.37)
with n; = nl” + le +2 nf]( +2 ng Expanding them as above then gives
( 2)22x+22y - : (—1)Pi (Pi + Daan—1 D(d) (X;)B (Y;)
B Zo 1_[1 - I(A;) pitAitni—nf ) Ppipn
pi=0 \i=
nX nY,
x| (X X5)"e (Yi.y;)™s |, (2.38)
1<j

X

where Yy, Xy represent the sum of all the n;;

, n}-;, respectively.

3 Free theory

In this section we will derive 1d free theory correlators and show that they are consistent
with 4d conformal symmetry. The free theory correlators can be computed from Wick
contractions. For equal charge operators we obtain

(Op(x1,91)Op(22,y2) Op(23,y3) Op(24, y4))| 0

1
= o (0120507 = (@13920) 7 + (Gr490)
pppp
1 _ 2p—1 1_ 9p—1
=~ (12824 |14 - (—sgnz) + Y sgnfz(1—2)] )|, (3.1)
Igl(’)l))P Yy 1—x

where § is defined in (2.10),

NP = (—1)™ \/(2p1 —1)(2p2 — 1)(2p3 — 1)(2pa — 1) (3.2)

comes from the normalisation in (2.12) and ¥, = %(pl + p2 + p3 + ps). Choosing our
external points such that z1 < xo < x3 < x4, then §i12 = g12,§34 = g34 and 0 < x < 1 and
so comparing to (2.15), we find that

G;%)pp(m,y) = N,(lo) [1 i (§>2p1 (_1 . <1 : Z>2p1>‘| 53

pppp

where the superscript indicates free theory correlators. According to (2.17) this decomposes
into

1 1 zy [x\P!
Hohp(0) = —o s High(09) = —or - (2)
Pppp " 0) ° ““pppp\" 0 _

g Nippp® =Y \Y

14 (1_@>2p_1] . (34)

1—=x

~10 -



Similarly, for unequal charges {p;} = pgpq, where p > ¢ we obtain

1 op1.29—
<OP($1’y1)Oq(x27yQ)OP($3ay3)O(1($4ay4)>co = - (0) gfg lggz 17 (35)
Npqpq
1 2\ Pra—1
(0) - __ - [z
and Gy, (,9) N,S(%q (y) , (3.6)

where the operators have dimensions and charges (2p —1)/2, (2¢—1)/2 and we decompose
G},%%,q into

1 AN 1 =z 2\ 4P 2\ 21
(0) - (= (0) _ y (x [z
Kpapg(%,Y) = A© <y) ’ Hpqpq(x’y)_/v.(o) m—y(y) [1 (y) ] (3.7)

pgrq pgrq

3.1 4d conformal symmetry

To realise 4d conformal symmetry in the free theory, we need to consider the correlators
of descendants Lp,I_Jp rather than the super primaries O,. Remarkably, as we show in
appendix B, the two correlators are related by a simple second order differential operator
which is closely related to the quadratic Casimir of the superconformal group acting on
points 1 and 2:

(Lpy Ly Ly L) = T7'C5 112104, 0,,0,,0,,) | (3.8)

where
T = 212034Y13Y24 — Y12Y34T13T24 = (T — Y)T13%24Y13Y24, (3.9)

and Cls g(1,1|2) denotes the superconformal quadratic Casimir:

SU(1,1|2 =Y zry _
61,2( ‘):Ppix Ty A(Q)x_yppila

A® =pf —D_,
DE = 2%0.(1 — 2)0, % (p12 + pa3) 220 — p1apaz? . (3.10)

For a derivation of the quadratic Casimir, see appendix A.
In the decomposition given by (2.17) the Casimir only sees H,

i

SU(1,1]2 r—yY T =Yz
01,2( | )<Op1 Op20p30p4> = by, TyA@)Hpi (z,y) = Ppi?pri (z,y), (3.11)
where we define
Hy (z,y) = APH,, (z,y). (3.12)
The correlator in (3.8) is then given by
o P. -
L, L,L,L,)=——"22 H (z,9). 3.13
( p1Lp2 Lp3 p4> T19T34Y12Y34 pl( Y) ( )

Let us first consider the case of equal charges given in (3.4). The action of A®) then

- a? (1-y)>2
H = 1+ ——1. 14
ppp. y2p72 < + (1 . $)2p (3 )

yields
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Note that acting with A®) on H gives a factor of (2p — 1)? which gets cancelled by the
normalisation 1 /J\/'p(gz),p. This is how the normalisation in (2.12) was chosen, up to the sign
which will become clear shortly. From (3.13) and (3.14) we get

i 1 1
2p—2 2p—2 2p—2 2p—2
<LprLpr> = 912 92§ 2 2 +gl§ 9251) 2 9 - (3.15)
L1423 L1324

Note that the correlator of bosonic descendants is given in terms of bosonic 2-point func-
tions g;; (2.9). For the lowest case p = 1 we have

- 1 1
(LiLi Ly Ly) = — (3.16)

af,xhy  xiyr3,
To see the 4d conformal symmetry, now lift this to four dimensions by replacing x%j —
x%j + yi2j = x?j(l + 912]) which gives
- — 1 1
(LLLL) o = I ]
‘ $%4.’I}%3 x%3x34 4d

1 1 1 1
= + , (3.17)
w123y (14+91) (1 +933)  2fs23, (14 g3s)(1+ g3,)

where we have defined the generator of all operators L,

L=> L. (3.18)
p=1

This correlator is thus a 4d object which contains all 1d free theory correlators. In partic-
ular, if we expand (14 ¢?)"' =1 - g%+ ¢* — ¢% + ... and keep the two terms proportional
to 932_2955_2 and gf§_2932_2, this indeed reproduces the prediction in (3.15).

As another example, let us consider correlators with unequal charges in (3.7). Acting

on this with A® gives

- hta
Hpgpg(,y) = (—=1)PH g2 (3.19)
Using (3.13) then yields
7T -2 2g-2 1
(LpLgLpLg) = (=" 918 g5 " ——5, (3.20)
L1372

which agrees with the term proportional to g%§_2ggz_2 in the expansion of the generating

function (3.17). Thus the choice of signs in our normalisation of the half-BPS opera-
tors (2.12) was inspired by the realisation of the 4d conformal symmetry in free theory,
similarly to the rest of the normalisation.

4 2-derivative sector

In this section, we will derive all 4-point correlators corresponding to two-derivative inter-
actions of bulk hypermultiplets. There is an infinite tower of such correlators corresponding
to Kaluza-Klein modes on the S?. The basic strategy will be to first deduce the lowest
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charge correlator from superconformal symmetry and crossing, and then uplift it to ar-
bitrary charges using the assumption of 4d conformal symmetry. This result will then
be confirmed using Witten diagrams derived from the bulk effective action. Finally, we
will show that the 4d uplift of the lowest charge correlator corresponds to a 4d conformal
block, and provide a physical interpretation in terms of the partial wave expansion of the
4d bulk scattering amplitude arising in the flat space limit. This will have implications for
anomalous dimensions computed in section 6.

4.1 Lowest-charge correlator

In this subsection we determine the correlator for p; = 1 using crossing symmetry and
various other constraints. Note that crossing symmetry in 1d is subtle. For previous
treatments see [31, 32]. We make the following ansatz in terms of bosonic 2-point functions

g’ij (29)2
(O1(21,91)O1(w2, y2) O1(3, y3) O1(74, ya)) 1 /e = 9129345(1‘ —yla(z). (4.1)

If we exchange positions 1 and 3, which takes x —+ 1 —x and y — 1 — y, and set the result
equal to minus the original expression (by Fermi statistics) we find the crossing constraint

a(l —z) =a(x). (4.2)

Let us now consider exchanging 2 with 3, which takes = — 1/x and y — 1/y:

(11, 31)Os (a3, 1)O (2, 12)Or ) e = g1204~ (0 = ) (= 3a1/0)) . (43)

Equating this with minus the original expression then implies

a <1> = z2a(z). (4.4)

x

Finally, for the third crossing condition, consider exchanging 1 with 3 in (4.3):

1 1
(O1(x3,y3)O1(21,y1) O1(w2, y2) O1 (%4, y4)) 1 /e = 9129342(90 —y) = 22" <1 - x) :

Equating this with the expression in (4.1) then gives the condition

a< ! ) — (1 - 2)2(), (4.5)

1—=x

which follows from (4.2) and (4.4).
Finally we consider the asymptotic structure of the correlator as x — 0 arising from
knowledge of the OPE. Since the operators are fermionic there is no exchange of the identity

2Although we are using bosonic 2-point functions, the 4-point function is still a valid solution to the
Ward identities with the correct crossing symmetry properties.
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operator and the lowest weight operator appearing has A = 1. More precisely, consider
the conformal block expansion in (2.18) and (2.22)

(O1(z1,y1)O1(72, y2) O1(23, y3) O1(74, y4))

(o)
lon,
= E AlAl,%]l 912934 BAO,og(wv Y)
A—1

K

~

ARG 912931 (—2)2 (1L + O(x)) (4.6)

B>
Il

1

and compare to (4.1) in the x — 0 limit. This implies that a(z) must satisfy the additional
constraint

a(z) = O(1) (4.7)

as ¢ — 0 (neglecting terms containing log(z) arising from the perturbative expansion).
We now make the following ansatz for a(x) based on the perturbative OPE structure

a(z) = p(z)log2® + p(1 — z)log(1 — ) + r(z), (4.8)
where
1 1 & 1 1 & B
p(x) = PR ¢ - ;bim , r(x) = PR gy gt gcm , r(x)=r(1—=x), (4.9)

and k and m are integers. This ansatz is natural since the holomorphic limit of D func-
tions takes this form. We then find the minimal solution to the constraints in (4.2), (4.4)
and (4.7):

_ log z? n log(1 — )2

a(x) = —Difh (@), (4.10)

where D"! is the holomorphic limit of the D function. We will obtain all higher-charge

Cl-—=x x

correlators in the 2-derivative sector from 4d conformal symmetry in the next subsection.

4.2 4d conformal symmetry

Decomposing the lowest-charge correlator in (4.1) and (4.10) according to (2.17) gives
2 = 2
Hfl)ll = —uDif, kil)ll =Y (4.11)

where the superscript (2) indicates that we are considering 2-derivative interactions in
the bulk. We can obtain all higher charge correlators in this sector using 4d conformal
symmetry. First lift the 1d cross-ratios and holomorphic D-function to the usual cross-
ratios and D-functions, using the relations (2.3) for the cross-ratios. To get an object that
transforms as a 4d conformal correlator, divide by x2,23, and view all Lorentz invariants
as living in 4d. We then obtain

(2)
(0000) ). =T x l fiml ] : (4.12)
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where O is the generator of all half BPS operators

o0
0=> 0,. (4.13)
p=1
By the subscript 4d we mean that all Lorentz invariants live in 4d, so replace xfj —
x?j(l + 91'2]‘):
lHS)H] _ [—ann(’UJ,U)] _ —u4aD1111(uad; vaa) 1 (4.14)
12734 | 44 %213, Ad P (1+g72)(1+g30)
where 2 .2 2 2 2 .2 2 2
1 1 1+
g = 5'3529534( + 912) (1 + g34) gy = F1a723 (1+914)(1 + 933) (4.15)

w3525, (14 g73) (1 + g34) w1525, (14 g73)(1+g34)

This 4d object in (4.12) then encodes all higher-charge correlators. To obtain correla-
tors with specific charges, expand in small g;; and take the coefficients of the appropriate
powers of gf] Before deriving the general formula for any correlator, let us consider the

explicit expansion for a few examples. For the first few cases with charges {p;} = ppqq this
looks like:

(010:0101)1/c = I X g12g3a ¥ (—1_71111> ;

(01010:02) 1/ = T X g12gaaxg3s (UD1122) :

(01010303) /. =T x 912934><%9§4 (—u D1133) ,

(02020202)1 /. =L X g12g34 ¥ (U 912951 + 913954 + v 9%49%3) (—u D2222> ;

<02020303>1/C =T X g12g34 % 912934 + 913924934 + 0914923934) (U D2233) )

1
(03030303)1 ). = T X g12g34 < ( uPgilagss + 913924 + 4U 914933 + U G2954973954
+

UU912934914923 +U913924914923> (—U 1_73333) . (4.16)

Note that after Taylor expanding, the right hand side of these equations is written directly
in terms of 1d kinematics and so the D functions are automatically taken in the holomorphic
limit. Using the decomposition in (2.17) we find:

2 ~hol 2 I ol 2 L=y +9% ~pa
H§1)22 = uD175, H1(12),3 = *QUD1?337 H§2)22 = *2u27y2 D359 5
2 1 o4 —dy+3y? ) 2 3 3(1—y+9y*? =
Héz%:% = 5”2 2 -Dg33s H:§3?33 = _5“3 J D3333 - (4.17)

There is a simple formula for all charges which is easiest to see if one first writes the
uplifted 4-point correlator (4.14) in terms of normalised D-functions in (2.35):

(2) >
H1111 o —uD1111
2 .2 - 2 .2
T12%34 | 4q T12734

] = [_D1111]4d . (4.18)
4d
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The 4d D-function is a function of 4d [23;]sg = x3;(1 + g7;) and thus, for example, the
coefficient of (g%,)" is

$2 " dn —x2 n
( 715[) d (x%2)TLDA1A2A3A4 = (711!2)DA1+7LA2+1LA3A4 (4.19)

where we used the relation [30]

d
d.”L’%Q Daynynsas = —Daj+18,+1 850, - (4.20)

Hence a general correlator with charges p; is given by

H(2) 0 (;v?j)dij
[ p;mz;sm] = Z H (—1)dij (glzj) J i (—Dp1papspa)
4d K

12t {di}i<s
d; s
2\
(v)

ij Sp+1
= Z H Aol (1) ot Dy, papspa
{dw}2<‘j L
>
=(-1) p+1Dp1p2p3p4 X Bp,—1py—1ps—1ps—1 (4.21)

where the normalised B-function is defined in (2.35) and

Y odig=pi—1, 0<dy=dj, ds =0. (4.22)

1<j

Hence, expanding the 4d formula (4.12), we find that correlators with arbitrary charge in
the 2-derivative sector are given by

(Op, Op20p30p4>1/c =Ix (_I)ZPHDmpzpsm X Bp,—1py—1ps—1ps—1- (4.23)

We will derive this formula from the 4d effective action in the next subsection.
Finally it will be useful to understand the implications of the 4d symmetry for the
correlator of descendants (LLLL). Notice that (4.12) with (3.8) implies that

(2)
== _1,SU(1,1]2 _1,SU(1,1]2 H
(WAL =TGP 0000) =1 P [ B ] L aa
L12%34 | 44
Now note that I_lclsg(l’lmI is simply equal to the Casimir for the maximal bosonic

subgroup SO(1,2) x SO(3) of SU(1,1|2) (see appendix A and in particular (A.9)). So we
see that the 4d symmetry manifests itself for the correlator (LLLL), Je as

- SO(1,2)xSO(3) Hg)n
(LLLL)y). = C}S RiSUVTE (4.25)
L1234 | 44

In other words the generator of the correlator of descendants is a SO(1,2) x SO(3) Casimir
acting on a 4d object.
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4.3 Effective action

All 4-point half-BPS correlators in the 2-derivative sector can be computed from the first
term in the effective action (2.23), which is simply a ¢* interaction:

1 PURPNIN A A
Sy = — Ax / PXPPY (X, V). (4.26)
4! AdSxS
Using the generalised bulk-to-boundary propagators in (2.26) we obtain the AdSsxS? Wit-
ten diagram for this ¢* contact interaction, leading to the following correlators (where recall
O generates all the 1/2-BPS operators (4.13)):

@ _ 1, () / X d*y
0000 =—A
( )int 4177 (=2)4 Jadasxs (P14 Q1)(Py + Q2)(P3 + Q3)(Py + Qq)
- LAyl ()

Recall that P, = X.Xi, Q; = Y.Y;, Cx is defined in (2.28), and the AdSxS D-functions are
defined in (2.29).

To extract correlators with specific charges one expands in the appropriate powers in
Y; using the Taylor expansion of the 4d bulk-to-boundary propagators

(P4 Q)7 =D (-1 H(P) Q)P (4.28)
p=1
We then obtain:?
(Op; Op, Oy Op, >1(§t)
1 (61)4/ 2% 1 / 29 pi—1
= A0 s, XE[ T " Jed Yl;[(Qz)
=A (_1)Zp+1 Dp1p2p3p4 X Bp1*1p2*1103*1p471 ) (4-29)

which matches the result we obtained using 4d conformal symmetry in (4.21).

4.4 Physical interpretation

In this section we will clarify the origin of 4d conformal symmetry. So far we found
that both the free theory (3.17) and 2-derivative sector (4.12) and (4.25) have a four-
dimensional origin. Both cases are in fact written in terms of 4d conformal 4-point functions
for operators with dimension 1. Any such conformal 4-point function has a simple expansion
in terms of 4d bosonic conformal blocks of the form [33]:

- 1
<LLLL> = 5 5 E AAJ GAJ(U,’U), (430)
12734 ‘A7

3This is (2.32) with A; = d = 1 and with p; — p; — 1 to account for the fact that the lowest correlator
is labelled with p, = 1 rather than p; = 0. We do not need to worry about the minus signs in the factors
(—1)? in (4.28) since Bp;pypsps = 0 if p1 + p2 + p3 + ps is odd.
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l
Gai(z2) = — ué@—l)((_;z) 0P <;(A+l),;(A+l);A+l;z)

1

< oF, (;(A—l—z),2(A—l—2);A—l—2;2> —(ZHZ)). (4.31)

For the free theory correlator in (3.17), the 4d conformal block expansion is then given
by
U
u+ = Z A(AO()),Z Gagi(u,v) (4.32)
n,l
and we only find non-zero coefficients if Ag =1+ 2:

1+ (712
o 244
+2,0 — (2 l)! . (4'33)

This can be understood by recalling that this is the block expansion of a 4d scalar field of
dimension 1, which is therefore massless. So the only operators one can construct out of
its OPE are the spin [ currents LO'L.

Next let’s do a 4d conformal block expansion of the logwu part of the 4d correlator
describing the 2-derivative sector (4.12), (4.25):

—uD1111]logu = Y A(AOgﬂAo,z G pg(u,v). (4.34)
Aoil

We find that only the 4d block with spin-0 contributes, with Ag = 2 and anomalous
dimension y29 = 1. In other words the logu part of the 2-derivative sector is simply a
single spin-0 block Ga so (using (4.12))

(0000), ), =T x Goo(u,v)logu+ ...

23213, sd (435)
This agrees with the partial wave coefficient of the corresponding flat space scattering
amplitude, as we will now explain.

Let us first review how this works in N/ = 4 SYM and then adapt it to the present
case. In [5], it was observed that in the flat space limit supergravity correlators in AdSsxS°
reduce to the following scattering amplitude:

GnO%(Q) 3

s
An = — Gy — 4.36
10 stu N’ ( )

where we have taken the dilaton component. The 10d conformal symmetry of the corre-
sponding AV = 4 SYM correlators is then inherited from the flat space scattering amplitude
after noting that Gx6'®(Q) is dimensionless and AdS5xS?® is conformally flat. It is then
possible to relate the anomalous dimensions deduced from these correlators to partial wave
coefficients of the scattering amplitude.

In more detail, the partial wave expansion is given by

1
Agy(s,cos0) = ey Z(l + 1)q_4Cy(cos 0) Al (s) (4.37)
l
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where cosf =1 + % Writing (4.36) in terms of s and 6, we find
4G NS
sin26°
The single power of s in the numerator indicates 2-derivative interactions, as expected

Aqo(s,cosb) = (4.38)

for supergravity. Comparing this to (4.37) implies that the partial wave coefficients are
schematically
RS st
AIO s)~ 14+ — ,
ts) ¢ (I+1)g
where Newton’s constant G ~ R®/c in 10d, R is the AdS radius, and c is the central
charge. Remarkably, this has the same form as the N/ = 4 SYM anomalous dimensions

(4.39)

first derived in [24] after unmixing operators whose scaling dimensions are degenerate at
leading order in the 1/c expansion:

(8)
e%’yfi) ~ 1 175 ,
c(l+1)g

where 6(® is a certain factor corresponding to the eigenvalues of an eighth order differential

(4.40)

operator which corresponds to a Casimir of the superconformal group SU(2,2|4).
Let us now adapt this discussion to AdSyxS?. In this case, the flat space amplitude
for hypermultiplets with 2-derivative interactions is given by [7]

Ay = GnoHQ) — Gys, (4.41)

where we have taken the scalar component. Note that G'n04(Q) is dimensionless in 4d, so
this amplitude has 4d conformal symmetry. The factor of s indicates 2-derivative interac-
tions. In contrast to the 10d amplitude, it has no # dependence which implies that only
I = 0 contributes to the partial wave expansion, in agreement with the conformal block

analysis above. Hence, the partial wave coefficients are given by

R2
Alo(s) ~ 14+ =, (4.42)

where Gy ~ R?/c in 4d. This argument suggests that the corresponding anomalous
dimensions obtained after unmixing degenerate operators in the 1d CFT should be given by

1
et 14 Ls@ (4.43)
&

where 6 is a second-order superconformal Casimir. We will verify this in section 6.

5 Higher-derivative corrections

In this section, we will generalise the analysis of the previous section to 4-point correlators
describing higher-derivative interactions of hypermultiplets in AdS;xS?. First we deduce
the lowest-charge correlators from crossing and relate them to the holomorphic limit of anal-
ogous correlators in AdS;~2 found in [34]. Then we compute higher-charge correlators using
the effective action and explore the extent to which they exhibit 4d conformal symmetry by
trying to reproduce them by acting with superconformal Casimirs on 4d conformal blocks.
We find that this is not generically possible except for a special class of correlators, sug-
gesting that 4d conformal symmetry is broken by higher-derivative interactions in the bulk.
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5.1 Lowest-charge correlators

In this section we will generalise the (O101010;) correlator in the two-derivative sector
in (4.11) to higher-derivative interactions in the bulk. Following the method of section 4.1,
we make the ansatz

(010:0101) = g12934(x/y)(x — y)a(x) (5.1)

where
a(l —z) = a(z), a(l/z) = z%a(z), a(z) = O(1), (5.2)

as required by crossing symmetry and the constraint that the correlator doesn’t encode
the exchange of the identity operator (for more details, see section 4.1). Taking a(x) of the
form in (4.8) and (4.9), we then find that (5.2) only has solutions for k& = 2¢ where ¢ is a
non-negative integer, and m = 3k. The k = 0 solution is the one previously found in the
2-derivative sector in (4.11).

Further insight into these solutions can be obtained by computing the average anoma-
lous dimensions of operators contributing to their conformal block expansion. The average
anomalous dimensions are obtained from the conformal block expansion of the part of the
correlator proportional to Inw:

W(@) |y = 3 AVAFA(2), Fa(z) =2 R (A+1,A+1,2A+2,2),  (5.3)
A=1
where we expand in terms of standard non-supersymmetric 1d conformal blocks which
follow from setting p; = 1 in (2.20). The OPE coefficients are obtained by expanding the
free theory correlator in (3.3) with p = 1 in terms of these blocks and are given by

AV —2AN?/(24)!, A € odd. (5.4)

Plugging (5.4) into (5.3), we then find that the anomalous dimensions v scale like A?* =
A% as A — oo for the solutions found in the previous paragraph. In [34] it was shown
that the large-A scaling of anomalous dimensions is tied to the number of derivatives in
the corresponding bulk interactions. Since the k = 0 solution corresponds to 2-derivative
bulk interactions, it follows that solutions with general k correspond to interactions with
2k + 2 = 4q + 2 derivatives. Furthermore, using the decomposition in (2.17), solutions
corresponding to (4q + 2)-derivative interactions in the bulk can be written as

4g+2 =
H1(1[fl ) =2%a(z) = —u(1+ul+ V) D g1 g1 41 (5.5)

modulo lower-derivative solutions.

Let us explain the relation to higher-derivative 4-point interactions in AdSg~s. In that
case, the solutions to the crossing equations for the dual CFT correlators are labelled by
spin | = 0,2,4,..., and for spin [ there are [/2 + 1 solutions corresponding to interaction
vertices of a bulk effective action with 21,20 + 2,...,3l derivatives [34]. Reducing these
solution to AdSs by taking the holomorphic limit, one finds that the [/2 + 1 solutions
collapse to a single solution, modulo lower-spin solutions [35]. This solution corresponds to
a 2l derivative interaction i.e. lowest number of derivatives in the spin-/ tower of solutions,
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and is consistent with the result obtained in the previous paragraph. For example in
AdS4-o the solutions for [ = 0,2 are given by

(1111}, 90 = D,
(1111),_y 4 = (1 4 u + v) Dagaa,
(1111);5 g6 = D332 + Da3as + u” Dagop + uDagss + v° Dassy + vDsgos, (5.6)

where the subscript indicates the spin and number of derivatives in the bulk effective action,
and we have taken the scaling dimensions of the external operators to be A = 1. Taking
the holomorphic limit of the 6-derivative solution then gives a linear combination of the
4-derivative and [ = 0 solutions:

17 _ 1 -
—(14+u+v) D2222‘ — = Duin| - (5.7)

(L111);—p o hol 7 hol 7 hol

Hence, in the holomorphic limit there is only a 4-derivative solution at [ = 2 plus a zero
derivative solution. In the present context, these correspond to 2-derivative and 6-derivative
interactions of bulk hypermultiplets.

5.2 Effective action

As explained in section 4.3, two-derivative interactions of the bulk theory are described by
a ¢* interaction in the effective action. Higher derivative corrections are then obtained by
applying covariant derivatives to the ¢* vertex. 4-point correlators can then be computed
from generalised Witten diagrams in terms of unfixed coefficients of the effective action.

In the previous subsection, we showed that the lowest higher derivative corrections
appear at six derivatives, which correspond to four-derivative corrections in the effective
action. In this subsection we will use the effective action to compute the associated 1d
CFT correlators for arbitrary charges of the external operators. As shown in [13], there
are only two linearly independent terms in the 4-derivative effective action (corresponding
to six derivative corrections to the Lagrangian for bulk hypermultiplets):

S = B()Sénain + C()ngb s (5'8)
with
gmain _ 3 / PREY (Vo.V$) (Vo.Vo) |
4! Jadsxs
gamb _ O | ERETVV,v . (5.9)
4! Jadsxs

We refer to the second interaction as an ambiguity because it vanishes in the flat space
limit. In this limit we can commute the V? to the right, and then use V?¢ = 0. The
Witten diagram for the main interaction is

(0000)7),,
4
_ l' (C1) : / 2XE2Y ]\7212N34 + N1§N24 + N142Nz3 . (5.10)
41 (=2)* Jadsxs (PL+ Q1) (Pa+Q2)" (P34 Q3)" (Py+ Qa)
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where

Nij = X;. X; +Yi.Y; + PP — QiQ; . (5.11)
Furthermore, the Witten diagram for the ambiguity is
<<9<900>;2b
4' (-2)4 ) adsxs [T (P + Qi) <= (Pi+ Qi) (P + @) '
where
Lij = X;. X; = Yi.Y; + PiP; + QiQ; . (5.13)

Using (2.37) and (2.38), we can expand (5.10) and (5.12) in terms of D- and B-
functions, and then take the holomorphic limit of the D-functions. Using the decomposition
n (2.17), the explicit expressions for some of the correlators are:

6 _ _
H1(1)11 = 3u (Dlllﬂl —5(1+u+w) Dlz%z) )

p+1 uP

6 _
H;Ep)n ( Dhon + fa(p )UD;};:)LIMH 1+ f3(p) (1 +u+v) Dp+11p+1 22) ;
p1
6 (_1)p+1 u—
H;(n;n = (p—1)igr 1 ( 2?;};1 + fa(p) p+11 1p411 t f3(p) 1 +u+v) Der112p+12) )
+1
6 (_1)p+1 uss
H1§1)1p = W ( ;l;ﬁp + fa(p) D p+1 11p+1 + f3(p) (1 +u+v) Dp-i-l122p+1) )

Highy = 2— ([ 8Co (1—y+y?) +2 (41— 6y + 6y?)] Dhshy +35u (y* — 1) Dighy
+35(y — 2) yDlghy — 63 (1 + utv) (1 -y +7) D§§é3> | (5.14)

where

filp) =2Cop(p—1)+p> (4p° —8p+1), fo(p) = —(1+2p)(2p° —3p+1),
f3(p) = (1 +2p)(3 + 2p) . (5.15)

In the above expressions, we have set By = 4 for convenience. Note that Hf?)n agrees
with the prediction (5.5) for ¢ = 1, modulo the 4-point correlator in the 2-derivative sector
given in (4.11). In the next subsection, we will explore the extent to which 4d conformal
symmetry is realised for higher-derivative corrections.

5.3 4d conformal symmetry

In the free theory, 4d conformal symmetry was realised by acting on the correlators
(Op,0p, 0y, Oy, ) with a second-order Casimir, while in the 2-derivative sector it was realised
directly on the correlators without acting with a Casimir. In section 4.4, it was further
observed that the infinite tower of 2-derivative correlators can be assembled into a 4d spin-0
block, which reduces to a scale-invariant amplitude in the flat space limit. Since higher-
derivative corrections will give scattering amplitudes that are no longer scale-invariant, this
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suggests that they can be obtained by acting with Casimirs on 4d conformal blocks. More
precisely, we expect that a correlator corresponding to a 2/N-derivative interaction in the
effective action should come from acting with a Casimir of order 2N. In this subsection,
we find that this can indeed be realised for a subset of higher-derivative correlators.

Let us consider correlators in the six-derivative sector computed in the previous sub-
section. Since they are obtained from four-derivative interactions in the effective action
(which can have 4d spin-0 or spin-2 as explained in section 5.1), we expect that they can
be obtained by acting with a fourth-order Casimir on the holomorphic limit of 4d spin-0
and spin-2 blocks:

= A(()4) (4d spin-0 block)™! + Agg (4d spin-2 block)™! (5.16)

(6)
P1D2P3P4 |10g u P1P2P3P4 P1P2p3P4

where the left-hand-side is computed from the effective action in (5.8) with By = 4 for
convenience, and the Casimirs on the right-hand-side are given by

Az(4) = a; + bl.A(Q) + CiA(2)D:1: + diA(Q)’Dy , (5.17)

where A@ | D, D, were defined in (3.10) and {a;, b;, ¢;,d;} are unfixed coefficients. See
section A.2 for a discussion of general higher order Casimirs. We restrict the left-hand-side
of (5.16) to the Inwu part of the correlator since this encodes the scattering amplitude in
the flat space limit and is therefore the part of the correlator that is expected to have
4d conformal symmetry. In the right-hand-side, we first Taylor expand the 4d conformal
blocks in g;; and choose coefficients corresponding to correlators with the desired charges
as explained in section 4.2.

Remarkably, if the coefficient of the ambiguity Cp = 0 then we find a solution to (5.16)
for p; = ppll and the other correlators related by crossing:

AY = 11—2 (2 A® 45 (A(2)>2) , AW = % (—2 A® 4 (A<2>)2) . (5.18)
Using these Casimir operators, 4d conformal symmetry can be realised by correlators in the
6-derivative sector with {p;} = pp11 and crossing versions. This is highly non-trivial, since
neither the Casimir operators nor the 4d blocks preserve crossing symmetry beyond 1 < 2
exchange, but acting with the former on the latter produces crossing-symmetric correlators.
On the other hand, we do not find crossing-symmetric solutions to (5.16) for other charge
configurations. This suggests that 4d conformal symmetry is generically broken by higher-
derivative corrections. We will see further evidence of this when we compute anomalous

dimensions in the next section, and will make further comments about this in the context
of N'=4 SYM in section 7.

6 Anomalous dimensions from unmixing

In this section we will classify double-trace operators appearing in the conformal partial
wave expansion of 4-point correlators which have degenerate quantum numbers at leading
order in 1/c. We then review a procedure for resolving this degeneracy and computing
the anomalous dimensions of double-trace operators after unmixing. For correlators in the
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2-derivative sector we find that the anomalous dimensions are eigenvalues of a second order
conformal Casimir, as anticipated in section 4.4, but for correlators in the 6-derivative sector
some anomalous dimensions contain square roots suggesting that 4d conformal symmetry
is generically broken in agreement with the analysis of section 5.3.

6.1 Degenerate operators

Let us start by considering all long double-trace operators in the OPE of two half-BPS
operators, Op,,Op,. In the free theory the space of operators appearing in the OPE will
take the form

Ogrqo = [Oq18A+1_Q1_q20q2]p7 a1 <q2, (6.1)

where p1 —q1 = p2 — g2 and where |_], denotes projection onto the p+1 dimensional SU(2)
representation. Recall the operators O, and O, have half-integer scaling dimensions
(2¢1 — 1)/2 and (2¢g2 — 1)/2, labelled by integers ¢; and ¢2, according to the conventions
introduced in (2.12). Thus the scaling dimension of the exchanged operators Og, ¢, is A and
the SU(2) charge is p (p can take any value from the set p = q14+¢2,q1+¢2—2,...,q2—q1).
There are many operators with the same weight (A, p) which we now enumerate similarly
to those in N'=4 SYM in [36].

There are two classes of operators in the spectrum, we call them class A and class B.
We will also distinguish between the cases where t = A—p odd or t = A —p even. We label
the allowed values of pairs of ¢; and ¢ for class A and class B operators with odd or even
t with (¢!, ¢3), (qlBto7 qQBto) and (qIBte, q2Bte) respectively. There are d = da + dgto + dpte
operators Oy, 4, labelled by sets of pairs (qi,¢2), where d4 counts class A and dpgto, dpgte
class B operators with odd and even t respectively. The operators for odd and even ¢ are
summarised in figures la and 1b, respectively.

For t odd we have both class A and class B operators:

qlA:1+2A+rA, qlBtO:l—i_Z.Bto—i_’rBto,
@ =1+is+p—ra, ¢ =1+igo+(p—1)—rpo,
t—1 t—1
a=0,...,—— igto = 1,..., ——
1A ) ) 92 ) 1Bt ) ) D) )
-1 o—1
ry=0,.. . HAZZ rge =0,... BBY T2 (6.2)
2 2
where
p+1 peven p—1 peven
pnA = ) HpBto = ’ (63)
P p odd P p odd

with d4 = 3(pa + 1)(t + 1) and dgwo = $(ppo + 1)(t — 1). Class A operators have even
numbers of derivatives while class B operators have odd numbers of derivatives at ¢ odd.
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For even t, there are only class B operators. These operators are parametrised as

te . rte + ].
qlB = 1Rte + LBTJ s

te . T Bte
@@ =ipetp— =],
t
) e:1... -
1Bt ) 19
rgte =0,...,p—1, (6.4)

with dgte = %tp.

6.2 Unmixing

We have seen above that there can be many different double-trace operators with the same
quantum numbers (A, p) at leading order in 1/c¢. To solve this mixing problem we follow
the method developed for N =4 SYM in [12, 24].

First we expand the correlator in terms of long blocks as follows:

_ Ty long
H( Z A,p A,p,p12,p34( 7y)a (65)

where the superconformal blocks are given in (2.20). The coefficients of the decomposition
are given as a sum of squares of OPE coefficients as follows

AIK,p - Z Corp20Cpsps0 (6.6)

OA P

where the sum goes over the degenerate operators. Expanding the OPE data in 1/c and a
(which is the analogue of a string coupling introduced in section 2.3), gives

Ao=A® 41 (7(2) +a~y® 4. ) +0(c7?),
Cppo = C0)) + <a Chp+--) +0(™), (6.7)

where the anomalous dimensions v depend on {A,p,i,7}, and the superscripts {0,2,6}
label the free, 2-derivative, and 6-derivative sectors, respectively. Note that we allow for
O(a) corrections to the OPE coefficients which are not suppressed in 1/c. Such corrections
could in principle arise and were shown to be non-zero in N' =4 SYM [12].

Plugging (6.7) into (6.5) then gives

Ty l n
Hw.y)= |: A©),p AO(O% sPP12 p34( z,y) (6.8)
A(O)
L @) (6) long
+ E logu Z (MA(O) p MA(O T ) BA(O>,p7p127p34 (JU, y) LR E

A p
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A Btn
925 92

iA7i7t0

TA, T'Bto

C
=(1,1+p)
A Bq Yua+1),3 (—pa+2p+3))
S E;(HA+t),;(—HA+t+2p+2>)
F (3e+1),5+2p+1))
L4 E=(2,1+p)
F = (3 (npeo+3), 5 (~ppeo +2p+3))
G = (%o +1), 5 (~ppo +t+2))
H=(5t+1),(t+2-1))
af, of”

Figure 1 (a). Exchanged operators Oy, 4, for odd t parametrised according to (6.2). The black
and white nodes denote class A and class B operators, respectively. The only operator acquiring
non-zero anomalous dimension in the 2-derivative sector is the one denoted by A. The nodes in
the grey rectangle correspond to operators which acquire non-zero anomalous dimensions in the
six-derivative sector.

Btc
92

— 12 +2)

— p+1
- |52+ 142)

Bte
a1

Figure 1 (b). The exchanged operators O, 4, for even t parametrised according to (6.4). All
operators contributing at even t belong to class B and are split into two groups which do not mix with
each other. The black and white nodes denote operators with even and odd 7pgt., respectively. The
nodes in the grey rectangle correspond to operators which acquire non-zero anomalous dimensions
in the six-derivative sector.
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where

(0) (0) 0)
A Z 1172(9 p3p4(9 ’ Z 7 p1p2O p3p40 )
OAP OAp
(6) _ 6) ~(0) (0) (0) (6) 6 (0)
MA,P - ; (7( )CppoOC 3040 + '7( )Cp1szC 3p1 O + ’7( )CZHPQOC 3p4(9> ’
OAp
0) 6
0= Z C( p2(9 3174(9 + 0(1;200(3240 ’ (6'9)
OAp

and we denote A by A for simplicity. The last line follows from the fact that there are no
O(a) corrections to the correlator since in the bulk stringy states only appear on internal
lines and are therefore accompanied by Newton’s constant to give O(a/c) corrections.
Note that A@ M@ M) are determined from the conformal partial wave expansions of
correlators in the free, 2-derivative, and 6-derivative sectors, respectively. Given this data,
one then solves the above equations for the anomalous dimensions and OPE coefficients v
and C| respectively. These are referred to as the unmixing equations.
It is convenient to write (6.9) in matrix form as follows:

o) : AY =c©O (@m))T ’
01/ : = C04@) (@<0>)T ,
O(a) : 0=c (@(6)>T 4+ C©) ((C(O)>T

O (a/c) : — C40) (C<o>)T 452 (@<6>)T +CO4 (@w))T ' (6.10)

(©
Ap
A
My

) _
D

In more detail, the matrices are ((dg + dpto) X (da + dptw)) and (dgte X dpgte) for odd and
even t, respectively. Note that 4 is a diagonal matrix of anomalous dimensions, A0 jg g
diagonal matrix, and M@ and M©) are symmetric matrices. When ¢ is odd, the matrices
are block-diagonal, so class A and B operators can be treated independently, and similarly
when t is even operators with rgt even or odd can be treated independently.

In practice, it is useful to define a matrix ¢ such that

1
&’ =1d, cV=(A")*.¢c. (6.11)

The unmixing equations in the 2-derivative sector then become:

N[

& A . JT = (Aw))‘% @) (40) (6.12)

N

From this we see that the columns of ¢ are eigenvectors of the matrix (A(O))i M@

1
(A(O)) * and the corresponding eigenvalues are the anomalous dimensions. The anomalous

N arny —1
dimensions can also be computed directly as the eigenvalues of the matrix M?) . (A(O)

Similarly, the anomalous dimensions in the 6-derivative sector are the O(a) eigenvalues of
(M(z) " aMﬁ—deriv) _ (A(o))*l.

_97 —



Let us illustrate the method with a few simple examples in the 2-derivative sector. For
the simplest case (A,p) = (1,0) there is only one exchanged operator of the form (6.1):
010;. Performing the conformal block expansion of the correlator Hg)n in (4.11) and
comparing to (6.8), we find that the coefficients of the expansion for (A, p) = (1,0) are

A0 =1, MZ),1,0=2. (6.13)

The unmixing equations in (6.10) are then simply

)

0 02 2 2 0)2
A0 = (¢fF) . MP,0 =47 (¢9) (6.14)
Solving these equations then gives

Wy=2, Cf=1. (6.15)

)

The next simplest example is (A,p) = (3,0). In this case, there are two possible
exchanged operators, @20 and 00?0, and we have

0 2 2
A00) _ Ag1)11 0 _ % 0 r(2) _ Ml(lil M1(1%2 _ %
Az = 0) =log ) Mo=1{, @ , =11
0 Ay (3,0) 18 Mii2s Mo (3,0) 3

Solving the unmixing equations in (6.10):

) . (6.16)

OUTwo|—

12 0 ST 33

A5 = C e =2 2 (6.17)
00 A5 1
6v3  6V3

Note that there is only one non-zero anomalous dimension. This structure extends to gen-
eral A and p in the 2-derivative sector: at each weight there is only one non-zero anomalous
dimension, which is a rational number. In the 6-derivative sector all the anomalous dimen-
sions will generically be non-zero and contain square roots. We will provide an explanation
for this in the next subsection. See appendix C for further examples of unmixing.

6.3 Anomalous dimensions

We will now apply the unmixing procedure described in the previous subsection to compute
anomalous dimensions of double trace operators contributing to the conformal partial wave
expansion of 4-point correlators in the 2-derivative and 6-derivative sectors. We obtain
general formulas for the anomalous dimensions by working out many examples.

Let us start with the 2-derivative sector. In that case we find that only class A operators
acquire anomalous dimensions while class B operators decouple. In more detail, we find
that only one operator acquires a non-zero anomalous dimension for each (A, p), and the
value is given by

2
78) =8® = (A —p)(A+1+p). (6.18)
We recognize this to be the eigenvalue of the Casimir A® in (3.10) acting on superconfor-
mal blocks:
@ (_*Y plong _ 5(2) Ty long
A (x _ yBAypap127P34> =9 (m _ yBA1p7p127P34 ) (6.19)
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This was anticipated from 4d conformal symmetry in (4.43). The fact that only one
operator acquires a non-zero anomalous dimension for each (A, p) can be understood from
the following formula relating 4d spin to 1d quantum numbers:

1+ (—1)Tste+1>
- & )

5 (6.20)

lyg =2 <iA 4+ 1A+ igto + igte + Tgte —
which has an analogous form in N’ =4 SYM [12]. In particular, recalling that correlators
in the 2-derivative sector come from the 4d spin-0 block (as explained in section 4.4) and
setting l44 = 0, we see that class B operators cannot contribute since ¢ > 1 and only the
class A operator with i4 = r4 = 0 can contribute.

We can similarly see that both class A and class B operators acquire anomalous di-
mensions in the six derivative sector, since the corresponding correlators can be expanded
in terms of 4d blocks with spin-0 and spin-2, as explained in section 5.1. It is useful to sepa-
rately consider the cases where t = A—p is odd or even. In the results below we have set the
coefficient By = 4 in (5.8) for notational simplicity. One can obtain anomalous dimensions
for general By by inserting a factor of Bp/4 in all terms that are not multiplied by Cp.

Odd t. As explained above, there are two possibilities: I = 0,2. The condition l4g =0
can only be satisfied by class A operators with quantum numbers i4 = r4 = 0 and in this
case the anomalous dimensions are

A, 2 1 5 2 1
(+*) P =@ ( (1-6Co) + 3¢ (1+12C0) 6%+ 5 (@) + 5 (1+12Co) 5<y>> :

0,0 9
(6.21)
where 62 and 6@ are the eigenvalues of A®) and D, in (3.10), respectively:
02 =(A-p)(A+p+1), W =pp+1). (6.22)
For lyq = 2, there are three possible non-zero anomalous dimensions: (ig,7r4) €

{(1,0),(0,1)} for class A, and igw = 1 for class B, and the corresponding anomalous
dimensions are

VAT e ) @)% _ 45w
(v >1,o = 1509 (4-20® +3 (6®) 44 (6.23)
—4\/8p3—|—4p4—4p2A(1—|—A)—4p(1—|—A—|—A2)+(—1—|—2A+2A2)2),
e _ 1 s ) @)% _ 45
(v )071 = 50 (4-26% +3 (6@) 44 (6.24)
+4\BpP Hdpt —ApPA(L+A) —Ap(1+A+A2) + (-1 +2A+2A2)2)
AP Loy (o5 o (s2) _ 45w
(+"), = o507 (26 +(6@)" - 46®) . (6.25)

Unlike in the 2-derivative sector, all operators have non-zero anomalous dimensions and
the latter contain square roots, which signals the breaking of 4d conformal symmetry. This
is consistent with the conclusions in section 5.3.
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Even t. For even t, operators only start to contribute for {44 = 2 and we get two different
non-zero anomalous dimensions for quantum numbers (igt,rge) € {(1,0),(1,1)}:

(’YBte)if _ % (5@))2 (5<2) _ 2) , (6.26)
(73te>iip _ % (5<2))2 (5(2) n 2) ' (6.27)

Note that (6.26) is proportional to the eigenvalue of Agl) in (5.18).

7 Comments on N =4 SYM

The main focus of this paper has been on 1d A/ = 4 SCFT, its relation to a bulk theory
on AdSsxS? and in particular the investigation of a hidden 4d symmetry. The primary
motivation for this came from the 4d N' = 4 SCFT context, related to string theory in
AdS5xS®, which was shown to possess a hidden 10d symmetry [5]. This 10d symmetry
has been further investigated in a number of works (see e.g. [13, 17, 37, 38]). It was also
generalised to AdS3xS? in [7-10]. Thus we can view the AdSyxS? setting here as a toy
model for the AdSsxS® case. In this section we then draw out some of the lessons learned
in AdS,xS? and apply them to N =4 SYM.

We will only very briefly review the N' = 4, AdS5xS® story here, and will do so mainly
by comparison to the 1d story detailed in earlier parts of the paper. Indeed the entire
formalism we have used makes the generalisation particularly natural, needing minimal
modification. The SCFT (N = 4 SYM) naturally lives on analytic superspace [27-29]
which has the same matrix form as in the 1d case (2.4) but where each term z,y,0,0
becomes itself a 2 x 2 matrix. The half BPS superfield of (2.14) thus has more component
fields in its expansion — since there are now four s and four s — but we will still focus
on just two important component fields: the highest weight state Op(z,y) and the highest
term in the 6 (only) expansion, Ly(x,y):

O,(z,y) = Op(x,y) + ...+ Ly(z,y) + ...+ 0 Ly(z,y) + ... . (7.1)
Here O, has scaling dimension p and SU(4) rep [0,p,0] whereas L, has dimension p + 2
and SU(4) rep [0,p — 2,0].
As in the 1d case (see (3.18), (4.13)) we define a single object which generates all
(appropriately normalised) half BPS operators O, and their descendants Ly:

0=> 0, L=Y L. (7.2)
p=2 p=2

Then the 10d symmetry of free and 1/c (tree level supergravity) discovered in [5] takes
the form (compare this with the 1d SCFT equivalent cases with manifest 4d symme-
try (3.17), (4.12))

__ 1 1
(LLLL)o = [ + } : (7.3)
af,x8y  wfal, 10d
D
(O000), ) = Tn—s X l 824282] : (7.4)
L13724 | 104
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where we are neglecting overall numerical coefficients,

—\ = — N4 4 4 4
In=4= (x —y)(x — Y)(T — y)(T — Y)213T24Y13Y24> (7.5)
and
TRy TWIB (40 g
L1329y L1329y
2 2 2 2
Y12Y34 — Y14Y23 ~
= yy =(1-y)(1-9). (7.6)
y%3y§4 9%3954

Now similarly to the 1d case (see (3.8)), the correlator of descendants is related to the
correlator of primaries by a Casimir acting at points 1 and 2. This time the Casimir is
eighth order [5, 39]

R _ 8):SU(2,2|4
(Lpy Ly Ly Ly,) = I, €590, 0,,0,,0,,) (7.7)
(

where 01?2);SU(2’2|4) denotes an eighth order superconformal Casimir defined explicitly as:

(8):SU2.214) _ 5 (z=y)(@=9)[@=y)([@=9)\ \ (3 zryy(z—7)(y—y) H—1
Gz P< 22y (@—3)(y—7) >A <<w—y><x—g><az—y><at~—y>>Ppi’

A® = (pf - Dy ) (Df - ;) (DF - D5 ) (Df - D5 ) , (7.8)

with DF defined in (3.10c) and P,, in (2.8) (but with now g;; = yfj/azfj) The supercon-
formal Casimirs are related to Casimirs for the maximal bosonic subgroup via conjugation
with Zx—4 as discussed in (A.20):

oSUC2H) _ ((w—y)(ﬂf—ﬂ)(f—y)(f—.@)> S0(1,3)x50(6) (zzyy)®
1,2 = — 7 1,2 — Y
(zZyy) (z—y)(z—y)(Z—y)(Z—7)
(7.9)
Putting all this together we see that for the descendant correlator at order 1/c¢ (i.e. the
supergravity approximation) the 10d symmetry manifests as a SO(1,5) x SO(6) Casimir
acting on a 10d symmetric function (again similarly to in 1d - compare with (4.25))

7 8):950(1,5)xS0(6) | D2422
(LLLL), ), = C{%)30t5)800) l 2 1 . (7.10)
L1324 | 104
We now examine whether higher-derivative corrections can be written as higher-order
Casimirs acting on 10d functions. We find that the answer is yes for the o2 correction,
but for higher corrections things are not so simple.

7.1 10d conformal symmetry at O(a’3)

Recently the 4-point correlators of all 1/2-BPS operators at O(a/3/c) have been obtained
in Mellin space [14-16] and translated to position space [13]. We now claim that these a/3
corrections can be written as a fourteenth order Casimir of the maximal bosonic subgroup

acting on a 10 dimensional function:

__ . D
(LLLLY |y, = €15 80021500) 7443(2’ O I (7.11)
L1324 | 194
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where the fourteenth order Casimir factors C(®t6) = ¢®)¢(®) into the above eighth order
Casimir C® times a sixth order Casimir C(®) which is defined similarly to (7.8) but in

terms of
1 L \3 B _
A© = 2 (DF+D;-Dy -D; )" + ((DH)*+(DF)*~(D; )2~ (D; )?)
3 (Pt
-5 (pf+pf-D;-15) . (7.12)

The form (7.11) follows naturally from the 10d structure of the free theory (7.3) and
the supergravity correction (7.10) together with the hint that dimensional analysis of the
corresponding term in the effective action translates into a Casimir of a certain order (here
sixth order beyond supergravity due to the dimension six coefficient o/®). Further just as
the supergravity correction can be expanded in 10d blocks [5] so can the ' correction.
On the other hand, the o3 correction arises from an effective 10d AdSsxS® scalar contact
Witten diagram [13], and thus the classic arguments of [34] lifted to the 10d situation imply
that only a 10d spin-0 block should appear. Indeed the logu part of Dy41; is precisely the
10d spin-0 block, just as the 1d CF'T correlators in the two-derivative sector arise from a
4d spin-0 block (4.35).

The precise form of the sixth order Casimir (7.12) was found by taking an arbitrary
linear combination of the Casimirs of order six and below (or more accurately Casimirs of
order 14 down to 8 containing a A(®) factor using the basis in (A.17)). We then evaluated
the action of these operators on the logu part of the 10d function Dy41; expanded into
4d superblocks. In fact, since the 4d blocks are eigenfunctions of the Casimirs and the
eigenvalues are explicitly known [48] this becomes simple algebra. The resulting anomalous
dimensions were then compared with the results for these anomalous dimensions found
n [12]. Matching the results gave the above unique Casimir.

The result (7.11) can instead be written in terms of the correlator of primaries via (7.7)

, D U, v
<0000>|a,3/6 N C]S?Q)’SO(I’S)XSO(G) [44;1(8)] ' (713)
T13T24 |14

One can also check explicitly that the component correlators agree with known results, for
example for the lowest component term one can check that

rTYY © (@ —2)(y—y)
CEE R

(u4D4411> = 60Dgqas - (7.14)

This then reproduces the result of [14] for this correction. One can also verify higher charge
correlators by comparing with the results in Mellin space derived in [12, 15] or in position
space derived in [13].

7.2 10d conformal symmetry at O(a’®)

We now wish to see if the above structure generalises to O(a/?). Similarly to the 6-derivative
sector in AdSyxS?, we will find that it is not possible to reproduce the predictions of the
effective action by acting with Casimirs on 10d conformal blocks except for a certain infinite
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class of operators. We then consider an alternative approach by constructing an integrand
with 10d conformal symmetry from the generalised Witten diagrams of the effective action.
Remarkably, here we do find a unique candidate possessing 10d symmetry at the level of the
integrand. The combination of terms in the effective action which possess this integrand-
level symmetry do not agree with the predictions arising from localisation results [25] in
N =4 SYM however. These results do provide an alternative point of view on the breaking
of 10d conformal symmetry by a/® corrections, which was first suggested by the structure
of anomalous dimensions obtained after unmixing [12], and will hopefully lead to a more
systematic understanding of how this symmetry is broken.

Conformal functions from 10d Casimirs. Let us then see if all 1/2-BPS correlators
packaged together can be written as Casimirs acting on 10d conformal functions at O(a/?).
More concretely, since the effective action at O(a’®) contains four derivatives (see [13]),
following the general arguments of [34] we might expect the 10d function to be related
to 10d spin-0 and spin-2 blocks (just as the O(a’®) correction was related to a 10d spin-0
block). Furthermore, since the o/® corrections correspond to 10-derivative corrections to
supergravity, we expect to act on these blocks with Casimirs of order 10 + 8 = 18. We
therefore propose the following structure (similar to the one proposed in 1d (5.16)):

- blockd=10 /(8+10) | blockg=10
LLLLY |05 /eliogu = C5 Y lz +C i (7.15)
< > ot ellos b2 X%2X§4 10d b2 X%2X§4 10d

where the 10d blocks can be found in [5].
Interestingly we find a unique and remarkably simple solution which correctly re-

produces all the 1/2-BPS correlators of the form (22pp) arising from the simplest four-
derivative effective action [d¥z(V¢.V)? (called S™™ in (5.9a)). The solution is

- 1 2\ [ blockd='% + 28blockd ="
LLLL |rnain|1 u = C(S)C(8) (2 — —C > <
< > og 1,2%1,2 91,2 X{‘QX§14

blockd=10
—72¢®)ct® <°> , (7.16)
22 X9 X3,

and we note that all the high order Casimirs reduce to products of the eighth order
Casimir (7.8) together with the quadratic Casimir Cg.‘l However it does not correctly
give the more general half BPS operators (p1papsps) resulting from Spyain. This is in com-
plete analogy with what happens in the 1d case (see section 5.3 in particular the last
paragraph) where as soon as derivatives first appear in the effective action, the 4d con-
formal symmetry is broken. Furthermore there is no solution of the form (7.15) which
yields the o/ /c correlators predicted by localisation in ' = 4 SYM [25], even for the case
of (22pp) correlators. It therefore appears that breaking of 10d conformal symmetry is

related to the presence of derivatives in the effective action.

“The quadratic Casimir is defined in a similar way to (7.8) in terms of A®® = Df 4+ DF — D, —Dy.
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A 10d conformal integrand. This leads one to ask whether instead the higher confor-
mal symmetry might remain at the level of the integrand of the sum of generalised Witten
diagrams derived from the effective action rather than explicitly at the functional level via
Casimir operators.®

It turns out that this is the case for a specific four-derivative effective action, although
this action does not apparently coincide with the actual one predicted by the localisation
results of [25]. We will write the result for a SCFT with general dimension d, corresponding
to higher dimensional conformal group SO(2,2d + 2). For N' = 4 SYM we have d = 4
whereas for the 1d CFT we have d = 1. In detail, we find that the following higher

dimensional effective Lagrangian:
Leont = (202, V2V ,160" — 2d(1 + d)V2V,40V 667 — 2d°V, V,6V, V4667
+4d(1 + d)V,V 16V 10V, 6 — (1 + d) (1 + 2d)vﬂ¢vﬂ¢vy¢vy¢) . (7.17)

has a corresponding Witten diagram expression which has integrand-level 10d conformal
symmetry.

Replacing each scalar in (7.17) by the higher dimensional bulk to boundary propaga-
tor (2.26) and summing over permutations yields the Witten diagram integrand

1
6d2(1 +d) (7.18)
. Ldp2pl X3, — HAP2PyPs X34 Xos + H24 P Py P3Py X34 X 12 — L PP} P} P}

5 P{PyP{ P} ’

where X;; :== X;. X;+Y,.Y;, P, .= P+ Q; = X.Xi +Y.Yi . We see that this can be written
entirely in terms of higher dimensional propagators P+Q = X .X;+Y.Y; and SO(2,2d+2)
invariants X;.X; + Y;.Y;. Furthermore it has uniform weight -4 in each of the projective
coordinates (X;,Y;). Thus the integrand possesses 10d conformal symmetry. Compare this
for example with the Witten diagrams arising from the simplest forms of the four-derivative
Lagrangians in (5.10) and (5.12) where the numerators can be seen to destroy the higher
dimensional conformal symmetry even at the integrand level. This is reminiscent of the
integrand level 10d conformal symmetry of perturbative half BPS 4-point functions [40]
noticed in [38].

Now the integration of this integrand is over AdS5xS® rather than the Weyl equivalent
10d flat space, and so the breaking of the symmetry must arise from this measure. In the
case of a3 given by a ¢?* interaction we found that the corresponding integral possesses
10d conformal symmetry, but only after acting with a sixth order Casimir (7.15). This
Casimir then presumably arises as a consequence of performing the Weyl transformation
from AdSs x S° to flat space. In the current case the Weyl transformation is no longer
so simple however (indeed notice that the weights in the integration variables X,V is non
uniform in (7.18)) and a Casimir acting on a 10d function no longer works.

Note that to obtain the Lagrangian in (7.17) we wrote down an ansatz involving all
possible 4-derivative Lagrangians (so all possible ways of acting with 4 non commuting

®We thank Simon Caron-Huot and Frank Coronado for suggesting this possibility.
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derivatives on 4 scalars) and imposed that the result be a function of P;, Q; through the
combinations P; := P;+(@); only. Interestingly, the result was then automatically a function
of X;.X;,Y,.Y; through the combination X;; := X;.X; + Y;.Y; only, without us having to
impose this condition directly. Using integration-by-parts the effective Lagrangian possess-
ing the integrand level symmetry (7.17) can be written as a specific linear combination of
Liain and Layp (5.9) as

Leont ~ (143d) ( — (142d)V 10V, 6V, 0V, 6 — 20V2V,6V,u660) . (7.19)

Putting d = 4 this combination is however not the one predicted by the localisation results
of [25] (compare with the combination in [13] eq. (71)). Thus we see that although there
is a unique four derivative effective action which implies an integrand with 10d conformal
symmetry, it is apparently not the one chosen by AN/ =4 SYM.

8 Conclusion

In this paper we explored two complementary approaches for computing correlators of
hypermultiplets in AdSyxS2. The first makes use of 4d conformal symmetry in the free
and 2-derivative sectors of the theory, which makes it possible to deduce 4-point correlators
of protected operators in the dual 1d CFT with arbitrary charges by lifting the lowest
charge correlator to 4d. Note that the dual CFT is defined only formally since we are
not considering gravity in the bulk. In order to realise 4d conformal symmetry, a crucial
role is played by Casimirs of the superconformal group SU(1,1|2). For example, we must
act with these Casimirs on free theory correlators before lifting to 4d, and after unmixing
correlators in the 2-derivative sector, the resulting anomalous dimensions turn out to be
eigenvalues of the Casimirs.

The second approach we develop is based on a 4d scalar effective action analogous
to the 10d effective action for IIB string theory in AdSsxS® [13]. Using the effective
action, one can compute generalised Witten diagrams which treat AdS and S on equal
footing, giving a whole tower of 4-point correlators corresponding to harmonics on the
sphere. Whereas the 10d effective action describes o/ corrections to supergravity, the 4d
effective action treats the 2-derivative sector (which arises from dimensional reduction
of supergravity) on equal footing with higher derivative corrections. We find that the
predictions of the 4d effective action are in perfect agreement with those of 4d conformal
symmetry in the 2-derivative sector, but are generally incompatible with 4d conformal
symmetry for higher derivative corrections except for a special infinite class of correlators.
Moreover, after unmixing the correlators obtained from the higher-derivative effective
action, we find that the resulting anomalous dimensions are no longer rational which
further suggests that 4d conformal symmetry is broken.

We then apply the lessons we learned in 1d to NV = 4 SYM, for which there is a
lot more data to compare to. Using superconformal Casimirs of SU(2,2/4), we find that

"3 corrections enjoy 10d conformal symmetry, similarly to 2-derivative interactions in

@
AdS;xS?, while o’® corrections generically break the 10d conformal symmetry, similarly

to 6-derivative corrections in AdSsxS2. So it is not in general possible to reproduce the
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predictions of the 10d effective action by acting with Casimirs on 10d conformal blocks
beyond o3, except for a special class of correlators. We do on the other hand find that
there exists a 6-derivative action (corresponding to a four-derivative scalar effective action)
for which the integrand of the corresponding Witten diagrams has 10d conformal symmetry,
although this combination does not appear to be consistent with the results of localisation
in /' =4 SYM at O(a/®).

There are a number of directions for future work. First of all it would be interesting
to have a more systematic understanding of the (breaking of) 10d conformal symmetry

3 corrections enjoy 10d conformal symmetry

by stringy corrections in AdS5xS°. Since o
and are described by a ¢* interaction in the effective action, the breaking seems to be
associated with derivative interactions in the effective action. It would be interesting to
derive the appearance of the sixth order Casimir at O(a/3) from first principles using a Weyl
transformation from AdSsxS® to flat space, and to use similar reasoning to understand the
breaking of 10d conformal symmetry at O(a’®) more systematically. In [5], 10d conformal
symmetry was also used to deduce the leading logarithmic part of all 4-point correlators
of 1/2-BPS operators in N/ = 4 SYM to all loops in the supergravity approximation, so
it would be interesting to use 4d conformal symmetry to do the analogue of this for 1d
correlators, which we expect to have a simpler structure. For example, whereas 1-loop
correlators in NV = 4 SYM have transcendentality four, recent results [35] suggest that

they should have transcendentality two in 1d.

Moreover since AdSyxS? describes the near-horizon geometry of extremal 4d black
holes, we hope this work will provide new tools for studying realistic black holes. As a
first step, it would be interesting to study correlators of graviton multiplets AdS,xS? and
their relation to A" = 4 SYK models [41, 42], N' = 4 JT supergravity and the associated
N = 4 Schwarzian theory deduced in [43]. Another important aspect of AdSs is that it has
two disconnected timelike boundaries. In this paper, we have only considered correlators
on a single boundary, but it would be interesting to generalise our results to correlators
connecting the two boundaries and explore the effects of higher-derivative corrections in
this context, which may have implications for black hole entropy [26, 44] or the weak gravity
conjecture [45, 46].
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A Casimirs

In this appendix we will derive various properties of superconformal Casimir operators in

1d and 4d.

A.1 The quadratic Casimir in SU(1,1|2)

Superblocks are eigenfunctions of the quadratic super Casimir at points 1 and 2 acting
on the correlator. To consider this we develop the formalism slightly in order to consider
the coordinates X; explicitly as sections on the super Grassmannian of 1|1 planes inside
a 2|2 dimensional vector space. Note that the formalism and super Casimir outlined be-
low generalises naturally from the supergroup SU(1,1|2) to any supergroup of the form
SU(m,m|2n) [27].

Our space is the Grassmannian Gr(1|1,2|2) , the space of 1|1 x 2|2 matrices u®4. Here
the small Greek indices refer to the local isotropy group GL(1]1) whilst the big Latin indices
refer to the global group GL(2|2). Explicitly, one can put coordinates on this Grassmannian

(X8 = 0
s = (5.0 wt= (T o= (50

as

We thus have u Bu = X¢ .. Then the generators of the superconformal group, SU(1,1|2),

ijct
(at point i) are given simply as

0
ZAa a °

The quadratic Casimir operator acting on the 4—p01nt function at points 1 and 2 is then
given as

Cry P = <D + D) (DPy + DE)). (A.3)

Acting with the Casimir on the supercorrelator in the form (B.3) and commuting
through the prefactor gives

20 50

SU(1,1|2
Cl,2( | )<\ij1\IIP2\IJp3\IIP4>:Pp¢ {<(p12_p34)< 7‘{’?/ By

Ep )+P34p12(93 y))f+ CSU(QD)J‘}

(A4)
To obtain this we used that sdet(M) = exp(strlog(M)) to deal with differentiating the
propagators g;; := sdet(X _-1) and then just applied the double derivative directly using
DA puss, = ulysd and D12Au —6u B fori =1 or 2.

We now consider the Casmnr actmg on f(Z) = f(z,y) = the conjugation invariant
function of the cross-ratio matrix Z, which is thus a function of the eigenvalues of Z only
as discussed above (B.5). By examining the action of the Casimir on arbitrary products
of traces of powers of Z, [], tr(Z%)%, and the corresponding expressions as polynomials of
eigenvalues we find that

€15 ) = | (55 - T2 ) -0y (g = 22 ) ()] Flaw) (A5)

T—y dy y—=x
Ty, ) xyf(z,y)
= W (fE Oe(1—2)0: —y ay(l_?/)ay) ﬁ (A.6)
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Putting this together, we then obtain the action of the quadratic super Casimir on the
correlator:

GO = By TN T

Ty r—y
A(2) — D:(Ep127p43) _ D}(J—Pm,—ms)
DP12p13) = 329, (1 — 2)0y + (12 + pag) w2y — propaza . (A7)

Similar (simpler) computations give us the Casimirs of the subgroups SU(1,1) and
SU(2) acting on the correlator as

Cls,g(lvl) _ PpiD:(cp127p43)Pp—il
C1S,g(2) = _Ppl_'13?5’71712,7;;43)pri17 (AS)

and so we can write the action of superconformal Casimir on the correlator directly in
terms of the Casimir of the subgroups:

SU(L12) _ L — Y (,SU(,1)  »SUQ2)\ 2Y
eyt = =% (c? crn”) "

SU(1,1 SU2)\
=1 (Cl,Z( ) 61,2( )) -, (A.9)
where in the second line we recall (3.9) and use that z19, 234, Y12, Y34 commute with Cjo.

A.2 Higher order Casimirs in SU(m,m|2n) CFTs

The above formulae in fact generalise very nicely in two ways (see [48] for more details).
All higher order Casimirs for 4-point functions in an SU(m, m|2n) CFT for arbitrary m,n
(where we are interested in m = n =1 for the 1d CFT case and m = n = 2 for the N' =4
SYM case) are given in terms of supersymmetric functions of the differential operators
DF defined in (3.10). A symmetric function f(z1,...,z,) is one which is invariant under
permutations of the n variables. It can equivalently be viewed as a function of an n x n
matrix M invariant under conjugation, f(M) = f(G~'MG). The equivalence of these
descriptions occurs by identifying the variables x; with the eigenvalues of M. Similarly a
supersymmetric function can be viewed as a function of an (m|n) x (m|n) supermatrix M
invariant under conjugation f(M) = f(G~'MG). In terms of the eigenvalues of M which
we label (z1,...,2m|y1,...,yn) the space of such functions is equivalent to the space of
doubly symmetric functions (symmetric separately in the two sets of variables z; and y;)
which also satisfies the additional constraint df(t,za,...|t,y2,...)/0t = 0 (see e.g. [49]
and references therein). A nice basis for the supersymmetric functions is provided by
super Schur polynomials.

Any higher order Casimir for a 4-point function in an SU(m,m|2n) theory (or more

precisely its action on conformally invariant functions) is simply a supersymmetric func-
+

tion f of appropriate differential operators D7,

conjugated with a super Vandermonde
determinant (and appropriate prefactor):

f@i L amlyy, - yn) = B, VUA(DY .. DY D, D, )V P, (A.10)
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where the super Vandermonde determinant is

—1 —1 -1 -1
B H1§i<j§m($i —Z; )H1§i<j§n(yi —Y; )
[h<icm(z; ' —y; )

1<j<n

Vv

(A.11)

The bosonic case (n = 0) of this result follows from the results of Shimeno [50] for BCy,
hypergeometric functions (see theorem 2.1) following the identification of the higher order
Casimirs for blocks with the defining system of higher order differential equations for these
hypergeometric functions in [48]. The supersymmetric generalisation is then naturally given
by the above expression. The corresponding eigenvalues for superblocks of this Casimir are
also given in [48].

Higher order Casimirs in the 1d SCFT. The supersymmetric functions in the case
m =n =1 (relevant for the 1d SCFT) are straightforward to classify: they take the form

Fe(@ly) = (@ - y)ay’, (A.12)

together with the trivial constant function. Thus we classify all higher order Casimirs in

the 1d SCFT as
Clat)SULR) _ p T =Y AGab) Y pe
1,2 Py r—y P

Al = (D - Dy ) (DF)*(Dy)". (A.13)

The case a = b = 0 is then precisely the 1d quadratic Casimir of (3.10) and higher order
Casimirs in 1d are considered in (5.17) and the following.

Let us compare this with the higher order Casimirs for the maximal bosonic subgroup
SU(1,1) xSU(2). These correspond to the product of the cases (m,n) = (1,0) and (m,n) =
(0,1) in the general case (A.10) and take the form

CPSULDASUR) _ b (piya(pyh Bt (A.14)

7 T

We then find the relation

a,b r—y a+1,b a,b+1 Ty
oy == F(oy o) (A.15)

of which (A.9) is a special case.

Higher order Casimirs in A/ = 4 SYM. The space of supersymmetric functions in
the case m = n = 2 (relevant for A/ =4 SYM) is more intricate, but a nice basis for them
is given by the super Schur polynomials, labelled by Young diagrams. They fall into two
classes: short and long. We only discuss the long ones as they are the only ones needed
here, but all cases, both long and short, can be found in [47]. The long supersymmetric
functions in the case m = n = 2 are spanned by the functions®

FeAD (2, 3ly,5) = (@~ y)(@ — 9@ - )@ - PEF + )T + PP . (A6)

5This basis is equivalent to but not identical to the Schur polynomial basis for long supersymmetric

polynomials.
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Noting that the first four factors translate directly to A®) (7.8) under the prescrip-
tion (A.10), we see that the space of corresponding higher order Casimirs is spanned by
the operators

(aalbp)sU2) _ 5 (=) @=9)(@=Y)(Z=Y) () A (aalbh)
C172 Ppi ( x.@yg(iﬁ—i‘)(y—g) ) ATA
rryy(r—7)(y—y) 51
“(eotm-at) P (410

ACTD = ((D)"(DF)" + (D) (DF)°) ((D,)"(D5)" + (D,)"(D5)') . (A18)

This is the basis of higher order Casimirs used to find the 14th order Casimir in the o
correction (7.15)—(7.12) as well as the higher order Casimirs considered at higher orders in
o/ in section 7.2.

Let us compare this super Casimir with the higher order Casimirs for the maximal
bosonic subgroup SU(2,2) x SU(4) which are obtained from the general formula (A.10) by
taking the product of the cases (m,n) = (2,0) and (m,n) = (0,2) and take the form

@b BiSUE2)XSUW _ ( TIYY ) Alaalbd) ((x—fz(y_—ﬂ)) pt A19
b P\ (z—2)(y—7) TTYy Pi (4.19)

where A(@:ab) i in (A.18). We find that super Casimirs are related to the bosonic Casimirs

via

laalbbsU24) _ <($—y)(x—y)($—y)(ﬂf—y)) C()BUE2XSUM)
1,2 = E— 1
(zzyy)

(zzyy)*
" <($—y)($—y)(ﬂf—y)($—y)> ’ (A.20)

where C’f*Q) is a linear combination of the bosonic Casimirs in (A.19) obtained by multiplying

by A®) and expanding, so the first and last terms for example are

C%) _ C£?2+2,a+2|b,5) N C%a\bﬂ,éﬂ) ' (A.21)

B Correlators of descendants

In this appendix we wish to compute the correlator of superconformal descendants
(see (2.5)):
0o, 0p, 80_3 80_4 <\I/p1 W, Wy \I}p4> ’91:9_1:0 (B'l)

and prove the result (3.8).

We must first understand the general form the supercorrelator must take according
to the superconformal Ward identities. Superconformal symmetry SU(1,1|2) fixes the
correlator in terms of a conjugation invariant function of a cross ratio matrix (see [27, 47])
The general arguments in [27, 47] show that superconformal symmetry SU(1,1|2) fixes the
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correlator to Py, X f(Z) where f(Z) is a conjugation invariant function (f(Z) = f(G1ZQ))
of the cross-ratio matrix Z

_ _ x 2 0
7= XXy X3 Xzt = = § ., Xy =Xi-X;,  Xio=(2"). (B2
£y 0; yi
It thus becomes a function of the eigenvalues of Z only, &, ¢ so
(Up, Uy Up U, ) = P, x f(2,9) (B.3)
where _ _
T=x+ & J=y+ & (B.4)
=Yy r—y

That the eigenvalues of Z are given by (B.4) can be easily checked by verifying that they
give the same super trace and super determinant:

ste(Z) =z —y==2—7,  sdet(Z) = (z—E&&/y)/y = 2/9. (B.5)

Plugging these definitions into Mathematica with the help of the Grassmann pack-
age [51] to deal with the Grassmann odd variables one finds that the Grassmann odd
derivatives acting on f are consistent with the following differential operator:

NN o 1 00)  ~00)Y) LY .. . .
0o, 09,05,05, F (2, 9)1g,—5,—0 = P — (Dj D, ) ryu gf(x,y). (B.6)

Pulling this through the prefactor then gives the action on the correlator itself:

90,099,050, (Y1 ¥py Vs Vi )9, —6.~0

By, o — oy
—_ "Pi (plp2ps) _ pl-pi2,=pa3)) p-1 AR AR AR .
L12234Y12Y34 ( z Y ) pi T — y< p1 *p2 *p3 p4>|9i:9i:o
1 ,SU(L,1]2
=7 l(:‘1,2( | )<qlp1q/p2\1/p3\1/p4>‘9i:0_i:07 (B'7)

with Z defined in (3.9). This is precisely the result claimed in (3.8). It would be interesting
to understand in a more direct way precisely why the Casimir appears in this context.

C Further unmixing examples

In the end of section 6.2 we described some simple examples of unmixing in the 2-derivative
sector. In this appendix, we will describe more complicated examples. First we will describe
unmixing in the 2-derivative sector with non-zero SU(2) charge p and then we will describe
some examples in the 6-derivative sector.

C.1 2-derivative sector

The simplest case with p > 0 is (A,p) = (2,1), for which there is only one exchanged
operator in the double-trace spectrum, O1Os. Performing the conformal block expansion
of Hi212 and comparing to (6.8), we find that the coefficients for (A, p) = (2,1) are

0 1 2
A§2)12(27 1) - Z: M1(2%2<27 1) =1L (C-l)
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The unmixing equations in (6.10) are then solved by

1
W =4, o) =3 (C2)

Next, let us solve the mixing problem for (A, p) = (4,1) where two types of operators
are exchanged, 01005 and O203. Performing the conformal block expansion of the relevant
correlators then gives

0 2 2

A(0) _ A§2)12 0 _ 8% 0 r(2) _ M1(212 M1(2%3 _ 2% %

A= 0) =10 2 s My =\ 3 @) =3 7). (C3)
0 Adsps (4,1) 30 M55 Myzss (4,1) 3 15

Solving the unmixing equations gives the following anomalous dimensions and OPE coef-
ficients:

@ 0 V5 _ /5
3v30 3v15

Note that there is only one non-zero anomalous dimension, as expected.

C.2 6-derivative sector

Let us first consider t = A—p odd. For the simplest case (A, p) = (1,0) only one exchanged
operator 010 contributes. Performing the conformal block expansion of H 1(?)11 in (5.14),
we find that the coefficient for (A, p) = (1,0) is

6
Ml(l%l(la 0) =4. (C.5)
The unmixing equations are
6 6 0))2 2) ~(0) ~(6 0) ~(6
M§1(1,0) =13 (¢9) + 2931919, 0=cFcf}. (C.6)
We can solve these equations using (6.15), which yields

1,0
(-9, =4, cif=o. (c.7)

For (A, p) = (3,0) there are two possible exchanged operators, 0209 and 019?0;. In
this case we find

o (MEE MY (B dmea)) o
o = g angts) o~ 405+ Co) §Bs+500)

Solving the unmixing equations using (6.17) then gives

© _ [16 64 ~(6) 5% o
V3,0, = 3(137 +15Cy), 3 Cs0= (=1 +3Ch) N . (C.9)
273 27V/3

Recall that Cj is the coefficient of the ambiguity in (5.8). While there is only one non-zero
anomalous dimension for each (A,p) in the 2-derivative sector, we see that there are two
non-zero anomalous dimensions in the 6-derivative sector for (A, p) = (3,0).
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The first example where square roots appear in the 6-derivative sector is (A, p) = (5, 2).
In this case there are four class A operators, {(9182(’)3,(’)2(’)4,(’)282(’)2, 0303}, and one
class B operator, 02003. Class A and B operators do not mix with each other and the
class A operators will have square roots in their anomalous dimensions after unmixing.
Performing the conformal block expansion of the relevant correlators at O(a/c) then leads
to the symmetric matrix:
6 6 6 6 6
Migls My Mgy Migy Mi3y,
My My, Mygyy My,

e — LG - ar6) - r(6) (C.10)
5,2 2222 2(%3“53 2(%33 ‘
M3333 M3(2§3

M2323 (5,2)
Z(774+35C))  £(416+35C)) (942 +35Cy)  22(90+7Cy) 0
2=(3910 + 441Cp)  25(90 + 7Cy) 2862+ 7Co) 0
= -(1955 + 56C0) 15:(1707 + 112Cp) 0
22 (657 +56Ch) 0

672
25
Solving the unmixing equations then gives
(6) 5,2 . 2 (6) 5,2 . é _
(Y )070 = 5 (545 +51C0) (4 )170 = 17 (415 — V2881),
©\>2 _ 8 (6)\*2 _ 1008
(VA )0’1 = 75 (415 + V2881), (me)l == (C.11)

Note the appearance of square roots, which signal the breaking of 4d conformal symmetry.
Finally, let us describe a few examples of unmixing for ¢t = A — p even. At weight
(A,p) = (3,1) there is only one operator present, 01002, and we get

0 2 6 16
A§2)12(3, 1) = 15’ M1(2%2(37 1) = 9 (C.12)
Solving the unmixing equations then gives the anomalous dimension and OPE coefficients
©V_40 o 2 A6
(vBte)LO -5 Gl=\g. al=o. (C.13)

For (A,p) = (5,1) there are two operators that contribute, 010°0Os and 02003, and
performing the conformal block expansion of the relevant correlators gives

0
flg)% _ <A§2)12 (?)) > — <412 8 )
7 0 A2323 (5,1) 0 175

6 6
N 1(2%2 M1(2%3 _ % % (C.14)
5,1 M(G) M(G) 104 1872 | - '

1223 2323/ (5 1) 25 125

Solving the unmixing equations for this case gives the anomalous dimension

( <6>)571 _ 5096
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For this case again, as for the whole p = 1 sector, there is exactly one non-zero anomalous
dimension, which corresponds to the operator with igte = 1, rgte = 0. Going to p > 2,
there will be two non-zero anomalous dimensions, the additional one being for the operator
with igte = 1, Tgte = 1.
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