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1 Introduction and summary

There are two known theories of quantum gravity with dynamical gravitons: string theory
(including M-theory) and higher spin gravity. The former has massless particles of spin
two and fewer, while the latter has massless particles of all spins.! The AdS/CFT duality
relates string theory on Anti-de Sitter space (AdS) to conformal field theories (CFTs) with
matrix degrees of freedom such as 4d N' = 4 SYM [2] and 3d ABJM theory [3], while
higher spin gravity is holographically dual to CFTs with vector degrees of freedom such as
the singlet sector of the critical O(N) model [4]. Such vector models are usually easier to
study, and AdS/CFT has even been recently derived for the simplest vector models [5]. A
key question in quantum gravity is if string theory and higher spin gravity are in fact limits
of the same universal theory, and if the derivation of AdS/CFT for higher spin gravity can
be extended to the richer case of string theory.

The ABJ triality of [6] proposes a precise relationship between these theories of quan-
tum gravity. String theory, M-theory and higher spin gravity are each conjectured to be
related by holography to different regimes of the 3d N' = 6 ABJ family of CFTs [7] with
gauge group U(N) x U(N + M)_j. The original ABJM paper [7] proposed that the large
N and finite k and M limit is dual to weakly coupled M-theory on AdSy x S7/Z;,, while the
large N, k and finite M and N/k limit is dual to Type ITA string theory on AdSy x CP3.2 In
both cases ABJ has a matrix-like large N limit, as both gauge groups become large. In [6]
a third limit of ABJ was considered, where M and k are large, while N and A = M /k are
finite. In this case only one gauge group becomes large and so the theory has a vector-like
large N limit. This is dual to an N = 6 theory of higher spin gravity on AdS,, where X is
dual to the bulk parity breaking parameter.

Another family of N/ = 6 theories, the SO(2)or x USp(2 + 2M)_j, family of ABJ
theories, also has a vector-like limit when M,k are large while A = (M + 1/2)/k is held
fixed.® In [9] it was conjectured that this was related to the same N = 6 theory of higher
spin gravity on AdSy as the one in the ABJ triality, but this time with an orientifold.

Unfortunately, ABJ theory is strongly coupled for all the ranges of parameters of
interest to the ABJ triality, except for the weakly coupled limit when X is small,* which
has made the triality difficult to study. Progress on probing the strongly coupled regime
of ABJ(M) has been made recently using the analytic conformal bootstrap, which was
originally applied to A/ =4 SYM in [12]. In particular, tree level correlators of single trace
operators are fixed at large N, or equivalently large stress tensor two-point coefficient cr,
in terms of single trace exchange Witten diagrams plus contact terms. For the supergravity

1Or an infinite subset of spins, such as all even spins. See [1] for a review.

2These two limits can be considered as different regimes of the more universal large N,k and finite
u = N/E® limit considered in [8], where small u recovers the strongly coupled (i.e. large N/k) Type ITA
string theory limit, and large p recovers the M-theory limit.

3For simplicity, we will use the same symbol X for both the U(N)x x U(N + M)_x and SO(2)2x x
USp(2 + 2M) _j, theories, which should be clear by context. The shifted A is the natural variable according
to Seiberg duality for the theory [9].

“More generally, the theory is weakly coupled when k is much bigger than N or M. See [10, 11] for
recent calculations in the weak coupling limit.



limit, which describes both the M-theory and string theory limits at leading order at large
cr, the only single trace operators have spin two and less, and their exchange diagrams are
completely fixed by superconformal symmetry [13, 14]. The contact diagrams are restricted
by the flat space limit to have two derivatives or less [15], and such contact diagrams are
in fact forbidden by superconformal symmetry. For the correlator (SSSS) of the stress
tensor multiplet superprimary S, higher derivative corrections to the supergravity limit
were then fixed in terms of a finite number of contact terms [16], whose coefficients were
computed in either the M-theory [16, 17] or string theory [8] limits using constraints from
supersymmetric localization [18, 19].

In this paper we extend these tree level calculations to the higher spin limit of (SSSS).
As in the supergravity limit, the tree level correlator is fixed in terms of single trace
exchange diagrams plus contact diagrams. Unlike the supergravity limit, the higher spin
limit has single trace particles of every spin, their exchange diagrams are not completely
fixed by superconformal symmetry, and the contact terms can no longer be fixed using
the flat space limit as it does not exist for higher spin gravity [20]. We will resolve these
problems by combining slightly broken higher spin Ward identities with the Lorentzian
inversion formula [21], as in the recent calculation of the analogous non-supersymmetric
correlator in [22, 23].% In particular, we will first compute tree level three-point functions
of single trace operators in terms of ¢y and another free parameter using weakly broken
higher spin symmetry, which generalizes the non-supersymmetric analysis of [26] to N = 6
theories.5 We then use these three-point functions to fix the infinite single trace exchange
diagrams that appear in (SSSS). Finally, we use the Lorentzian inversion formula to
argue that only contact diagrams with six derivatives or less can appear, of which only a
single linear combination is allowed by N = 6 superconformal symmetry. In sum, we find
that (SSSS) is fixed at leading order in large c¢r in the higher spin limit in terms of two
free parameters.

We then fix these two parameters for the U(N); x U(N +M)_ and SO(2)9; x USp(2+
2M)_j ABJ theories using the mass deformed free energy F(m4,m_) = —log Z(my,m_),
which was computed for these theories using supersymmetric localization in [19]. In partic-
ular, [8] derived two constraints that relate certain integrals of (SSSS) to 9, , F ‘mizo and

0%, 02 F|
m4=

O Following [27, 28], we compute these constraints and find them redun-

0
dant, so that they only fix one of the two unknown parameters. We then use the slightly
broken higher spin Ward identities to relate (SSSS) to (SSSP), where P is a pseudoscalar
that appears in the stress tensor multiplet. For parity preserving theories, such as ABJ
with A =0, %,7 the superprimary S is parity even and P is parity odd, so (SSSP) vanishes
in this case, but is nonzero for a generic parity breaking A\. We derive a new integrated

5See also [24] for a similar calculation of a spinning non-supersymmetric correlator, as well as [25] for a
more direct diagrammatic approach.

SNote that [26] applies to higher spin theories with only one single trace operator of each spin. This
excludes the A/ = 6 higher spin theories we consider, whose single trace spectrum includes one higher
spin multiplet of each spin plus the stress tensor multiplet, whose component operators includes multiple
operators of each spin.

"Seiberg duality make these theories periodic in A with period 1 [6, 27].



constraint that relates (SSSP) to 8, O, F(m, m_)‘mizo, and then use to this to fully
fix the second unknown coefficient in ($S5S5S). When written in terms of A and ey ~ M ®

our final result for (SSSS) in the tree level higher spin limit then takes the same form for
both the U(N)g x U(N + M)_ and SO(2)ax x USp(2 4 2M)_j, theories:

8 0B

S(%1)S(22)S(23)S(Z ree — 1o =
(S(#1)S(#2)S(#5)S(Ta))wree = T rmo iz

(2 = sin? (X)) Shee + sin? (TN Sk | - (1.1)
Here, B; are certain R-symmetry invariants given in (2.48), Sf.. is the connected part
of the correlator for a free N = 6 CFT (e.g. A = 0 ABJ), while S’.,, consists of scalar
exchange diagrams. In this basis, (SS5SS) is uniquely fixed by crossing symmetry in terms
of S' and &%, which for the free connected and exchange terms are

Sflree = 07 S?ree =
(1.2)
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2U - _ _
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where U, V are the usual conformal cross ratios, and the D functions are the usual exchange
diagrams for scalars. From (SSSS), we can use the superconformal Ward identities to
derive the result for (PPPP):

8 Yo, B

— ==L (2 — sin? (7)) Ple » (1.3)
er |IL‘12|4|$34|4( ( )) free

<P(fl)P(fQ)P(ES)P(f4)>tree =

which is written in the same R-symmetry basis as (SSSS). We define P}, to be the con-

nected part of the free correlator for (PPPP), whose independent terms up to crossing are

U(U -V —1)
V3

Our results for (SSSS) and (PPPP) are analogous to those of the quasi-bosonic and

quasi-fermionic non-supersymmetric correlators derived in [22], which we discuss further

Phee =0, Phoe = . (1.4)

in the conclusion.

We then compare our analytic tree level result for (SSSS) to non-perturbative pre-
dictions for this quantity coming from the numerical conformal bootstrap [29-31]. By
comparing the A/ = 6 numerical bounds on (SSSS) to certain protected CFT data known
exactly via supersymmetric localization, [28] conjectured that the low-lying spectrum of
the U(1)2ps x U(1 4+ M)_s9ps ABJ theory could be numerically computed for any ¢y ~ M.
We find that the large ¢ regime of this finite ¢y bootstrap result compares well to our
tree level analytic results at A = 1/2 for both protected and unprotected low-lying CFT
data,” as summarized in table 5. This nontrivial check of the conjectured non-perturbative
solution of the U(1)apr x U(1 4+ M)_2ps theory generalizes the analogous check of the su-
pergravity limit in [32], which matched the tree level supergravity correlator of [13] to the

8The precise value of ¢z in the large M limit can also be computed using localization, as we will discuss
in the main text.
9Note that our tree level result does not depend on N when written in terms of ¢y and A.



conjectured N’ = 8 numerical bootstrap solution in [33-36] of the U(N )y x U(N + 1)_9
ABJ theory in the large ¢p ~ N3/2 supergravity regime.

The rest of this paper is organized as follows. In section 2, we derive the general form
of (SSSS) and (SSSP) using the constraints of weakly broken higher spin symmetry. In
section 3, we use localization constraints from the mass deformed free energy in the higher
spin limit to fix the unknown coefficients in (SSSS). In section 4, we compare our results at
A = 1/2 to the numerical conformal bootstrap results of [28] for the U(1)ops x U(14+M)_2ps
theory. We end with a discussion of our results in section 5. Many technical details are
relegated to the appendices.

2 Weakly broken higher spin symmetry

In this section we discuss the constraints of weakly broken higher spin symmetry on any 3d
N = 6 CFT whose single trace spectrum consists of the stress tensor multiplet as well long
multiplets with superprimaries By for each spin ¢ > 0, which in the strict higher spin limit
become conserved current multiplets. We start in section 2.1 with a discussion of conserved
current multiplets for 3d N'= 6 CFTs. In section 2.2 we then discuss the constraints from
weakly broken higher spin symmetry at tree level. In section 2.3 we use these constraints
to fix the tree level three-point functions of certain single trace operators. In section 2.4 we
use these three-point functions and the Lorentzian inversion formula to fix the tree level
(SSSS) in terms of two coefficients a1 (\) and a2(A). Finally, in section 2.5 we use weakly
broken higher spin symmetry to relate (SSSS) to (SSSP), which is then also fixed in
terms of the same a;(\) and as ().

2.1 N = 6 conserved currents

The o0sp(6]4) superalgebra allows two kinds of unitary conserved current multiplets. The
stress tensor multiplet, which is a 1/3-BPS operator, contains conserved currents only
up to spin two and is found in all local 3d A/ = 6 theories. This multiplet contains two
scalars: the superconformal primary S,°(Z) with dimension 1, and the operator P,”(#) with
dimension 2, both transforming in the adjoint 15 of s0(6)r. We use indices, a,b=1,... ,4
to denote su(4) ~ so(6) fundamental (lower) and anti-fundamental (upper) indices. To
avoiding carrying around indices, we find it convenient to contract them with an auxiliary
matrix X, defining

S(z,X) = X,28%8), P X)=XLPAE). (2.1)

We normalize S(Z, X') and P(Z, X) such that their two-point functions are

<S<51,X1>S<52,X2>>=““§j(2), <P<fl,X1>P<f2,X2>>:“(f§(2>, (2.2)

where we define z;; = |Z; — Z;|. Apart from these two scalars, the other bosonic operators
in the multiplet are the R-symmetry current Ji'(Z, X), a U(1) flavor current j#(Z), and
finally the stress tensor itself, 74" (Z).



Type A Spin | Multiplet | so(6)g | BPS

Long | >Ap+£¢+1 / Long [a1azas] 0
A Ap+L+1 L (A1) [a1azas] | 1/12
(A4,2) [Oagas] | 1/6
(A,+) [0a20] 1/4

(4,-) [00as] 1/4
(A, cons.) [000] 1/3

B Ap 0 (B,1) [arazas] | 1/6
(B,2) [0agas] | 1/3
(B,+) [0a20] | 1/2
(B,—) [00as] 1/2
Trivial [000] 1

Table 1. Multiplets of 0sp(6]4) and the quantum numbers of their superconformal primary, where
AB = aj + %(ag —+ ag).

Unlike the stress tensor multiplet, all other N' = 6 conserved current multiplets are
semishort rather than short, and contain conserved currents with spin greater than two.
For every ¢ > 0, there is a conserved current multiplet'” (A,cons)g(ff}e whose supercon-
formal primary is a spin-¢ conserved current By(Z). The bosonic descendants of By(Z)
are conserved currents Hyy1(Z, X), Jpio(Z, X), and Tyy3(Z) with spins £ + 1, £ + 2 and
£+ 3 respectively. The bottom and top components By and Tyy3 are R-symmetry singlets,
while the middle two components Hy1q and Jyio transform in the 15. There is also a
scalar higher spin multiplet (A,cons)[fgo} whose primary By(Z) is a dimension 1 scalar.
This multiplet has the same structure as the £ > 0 higher spin multiplets, except that it
also contains an additional scalar Cy(Z) with dimension 2. We will normalize all of these

operators so that

T pn)(W1vn) (o
(TEHe () TP () = ( 2 races )
12
e, )00 )
(IC) (@1, X0)IC,) 7 (T2, X)) = tr(X1 X7) = —traces | , (2.3)
12
where I“l"'“"’jl"”/"(x )= (5#1"1 _ %> <5unun _ xllléllng)
12 5 e 3 )
12 12
for operators J; and K, transforming in the 1 and 15 of the s0(6)r R-symmetry
respectively.
We assume that the single-trace operators consist of a stress tensor multiplet, along
with a single higher spin multiplet (A,cons)%f?}e for each £ = 0,1,2,.... We list the

single-trace operator content of such theories in table 2. Observe that for each spin ¢ > 2

10WWe use the notation M, 4 to denote the N = 6 supermultiplet with shortening condition 7", whose
superconformal primary has spin ¢, conformal dimension A and transforms in the representation r under
50(6). A full list of unitary supermultiplets is given in table 1.



Higher-Spin Multiplet
Spin | Stress-tensor  Spin 0 Spin 1 Spin 2 Spin 3
0 15+ 15 1+1
1/2 | 6+10+10 6
1 1+15 15
3/2 6 10+ 10 6
2 1 15 15
5/2 6 10+ 10 6
3 15 15
7/2 6 10+ 10 6
4 15 15

Table 2. Single trace operators for higher spin /' = 6 CFTs.

the bosonic conserved currents come in pairs, so that for each By(¥) and Hy (%) there is a
Ty(#) and Jy(Z) respectively with the same quantum numbers but belonging to different
SUSY multiplets. As we shall see, these pairs of operators are mixed by the higher spin
conserved currents.

Let us now consider three-point functions between the scalars S, P and a conserved
current J. Conformal invariance, R-symmetry, and crossing symmetry together imply that

)\¢¢jtr (XlXQ) Cg(;é'w (.%Z) even ¢
(P(T1, X1)p(Za, X2) T)H M (73)) =
0 odd /¢
(2.4)
/\d)d)’Ctr ({Xl, XQ}Xg) CZLAWK(:L‘Z') even {
($(T1, X1)$ (2, Xo)KCp" " (T3, X3)) = o
A¢¢;Ctr ([Xl, X2}X3) CZ;K;ZK(IEZ) odd ¢
where we define the conformally covariant structure!!
CHL ke (1) = (1/2)e li% _ 937!2% "Iiﬁ _ L% 1
i) = . .
A1Azl 20+2 ) x%g x%g x%S $%3 xlAQ1+A2*1x§32*A1+1x3A11*A2+1
(2.5)

Note that (SP.J) automatically vanishes when J is a conserved current, as Ca, a,¢ is not
conserved unless A; = As.
Supersymmetry relates the OPE coefficients of operators in the same supermultiplet.

By using the superconformal blocks for (SSSS) computed in [28], we find for every integer
[000]

¢ there is a unique superconformal structure between two S operators and the (A, cons), 10

" Our choice of prefactors multiplying Ce, ¢,¢ is such that the three-point coefficients A\, 4,0 match the
OPE coefficients multiplying the conformal blocks in (2.53).



supermultiplet. For even ¢ the OPE coefficients are all related to Asgp, via the equations'?

ASSB, = ASSHp 1 = ASSJpis s AssTs =0,
AppB, = —{AssB, AppH,, = —(L+1)AssB, , (2.6)
ApPj ., = —(0+2)AssB, , AppT, 5 =0,

while for odd ¢ the OPE coefficients are related to Asst,,

ASSHys1 = ASSJpi0 = ASSTyys 5 AssB, =0,
AppB, =0, AppHy, = (L +1)AssT,. s 5 (2.7)
APPJy s = (0 +2)AssT,,5 APPT, s = (L4 3)AssT,. 5 -

Note that Agsr,,, vanishes for even /¢, and Agsp, for odd ¢, simply as a consequence of
1 < 2 crossing symmetry. The superconformal blocks for the stress tensor and the scalar
conserved current have the same structure (where we treat the stress tensor block as having
spin —1), with the additional equations

Asss = ASST, Assp = Apps = Appp =0, 2.8)
Assc, = Appc, =0,

for the scalars S and P, and dimension 2 scalar Cj, in the stress tensor and the scalar
conserved current multiplet respectively.

Finally, we note that due to the superconformal Ward identities, Agsp, can be expressed
in terms of the coefficient of the canonically normalized stress tensor,'® so that

8
Asss = AssT, = —(— - 2.9
2 \/E ( )
For a single scalar or Majorana fermion ¢y = 1 in our normalization. The N/ = 6 free-field
theory (which in fact has N/ = 8 supersymmetry) consists of 8 scalars and 8 Majorana
fermions and so has e = 16.

2.2 The so0(6) pseudocharge

Having reviewed the properties of conserved current multiplets in N/ = 6 theories, we
now consider what happens when the higher spin symmetries are broken to leading order
in 1/cp. We will follow the strategy employed in [26] and use the weakly broken higher
spin symmetries to constrain three-point functions. Unlike that paper however, which
studies the non-supersymmetric case and so considers the symmetries generated by a spin

12The superconformal blocks themselves relate )\%SHZJrl or )\‘%STZ+3 to Agso and Assodppo for all su-
perdescendants O of B;. Although the superconformal blocks do not fix the sign of Asso, we can always
redefine O — —O so that Asso/AssB, or )‘SSO/)‘SST2+3 is positive.

13We define cr so that the stress tensor satisfies the Ward identity [37]

i/ [ 2 (@O0 . 0n(5)) = = (O 1) - 0.0:(3) . Ouli)

K3

for any arbitrary string of operators O;(y;).



4 operator, we will instead focus on the spin 1 operator H{'(Z, X'). While itself not a higher
spin conserved current, it is related to the spin 3 current 73(Z) by supersymmetry.
We begin by using H(z) to define a pseudocharge:

1

5(X0)0(0) =

/ ds - Hy(Z, X) 0(0) . (2.10)
|z|=r finite as r—0
The action of §(X) is fixed by the 3-points functions (H;O0O’). Because H}' has spin 1,
it must act in the same way on conformal primaries as would any other spin 1 conserved
current. In particular, it relates conformal primaries to other conformal primaries with the
same spin and conformal dimension.

Now consider the action of §(X) on an arbitrary three-point function. We can use the
divergence theorem to write:

3(X)(O1(1)O2(52) O5(i73))
— o [V m@E00 OO |

4 R finite 7—0

(2.11)

where R, is the set of ¥ € R? for which |¥ — ¢;| > r for each y;. If the operator HY'(x, X)
were conserved, the right-hand side of this expression would vanish and we would find
that correlators were invariant under §(X). When the higher spin symmetries are broken,
however, V - H; will no longer vanish and so (2.11) will gives us a non-trivial identity.

In the infinite cr limit, V - Hy will become a conformal primary distinct from H}'. In
order to work out what this primary is, we can use the A/ = 6 multiplet recombination
rules [28, 38]:

Lonel® s (Acon$ & (5, 1L
Long) N A 100 "oy (4, 1)1 for £>0 o
ongx A—>_€—>i- ( cons)Hl D ( )e+3/2,é—1/2 ore=9

From this we see that, unlike the other conserved current multiplets, the scalar conserved

2001 e only such mul-

current multiplet recombines with a B-type multiplet, the (B,1)s
tiplet available in higher spin N' = 6 CFT at infinite cp is the double-trace operator
S [“[bSC]d], whose descendants are also double-traces of stress tensor operators. From this

we deduce that
V- -Hi(Z,X)= _Lq)(f’ X) + fermion bilinears + O(c;.!)
ver (2.13)
with ®(, X) = X%, (Sbc(:f)Pca(a?) - P%(f)sca(f)) ,

and where « is some as yet undetermined coefficient. We then conclude that

5(X)(010:03) = /d3 (Z, X )01 0203)+fermion bilinears+0(cr~>/?), (2.14)

471',/CT

where we have left the regularization of the right-hand integral implicit.



We will begin by considering the case where Op, Oy and O3 are any three bosonic

3/2

conserved currents. In this case, (20;0203) ~ ¢/ and so

5(X)(010:05) = O(c7”?). (2.15)

We thus find that, at leading order in the 1/¢p expansion, these three-point functions are
invariant under & (X). This is a strong statement, allowing us to import statements about
conserved currents and apply them to Hj.

Consider now the R-symmetry current Ji, which has the same quantum numbers as
Hi, and let us define

1

T 4r

5(X)O(0) /|x:r ds - J1(x)0(0) , (2.16)

finite as r—0

which generates the s0(6)r symmetry. Because any correlator of both J; and H; is con-
served under §(X) and 6(X) at leading order, the (pseudo)charges 6(X) and §(X) form a
semisimple Lie algebra.!* The s50(6)p symmetry implies the commutator relations

[5(X)76(Y)] = QS([X, Y]) > [6(X)7S(Y)] = CS([X7 Y]) ) (217)
for some non-zero constant ¢, while
[S(X),S(Y)] = 45([X7 Y]) +275([X7 Y]) ) (2‘18)

for some additional . Note that both the second equation in (2.17) and the first term
in (2.18) are fixed by the same conformal structure in the three-point function (H;H;.Jy),
which is why they are both proportional to (. We can now define charges 67 (X) and dg(X)
by the equations

6(X) = ¢(60(X) + 0r(X)) , 0(X) = CLOL(X) + CrOR(X), 219)
with (=7 +1/¢2 412, Cr=7-1/C+2, |
which satisfy the commutator relations
[00(X),6(Y)] = 0([X,Y]), [6(X),0r(Y)] =0 (2.20)

[6r(X),0r(Y)] = 6r([X,Y]).

These are precisely the commutation relations of an s0(6) x s0(6) Lie algebra, where the
0r,(X) generates the left-hand and dr(X) the right-hand so(6) respectively.

As we have showed previously, three-point functions of bosonic conserved currents are
) (X) invariant at leading order in the large cp expansion. As a consequence, the higher
spin operators Hy(Z, X) and Jy(Z, X) will together form representations of s0(6) x s0(6).

“Note that this Lie algebra structure only holds when §(X) and §(X) act on spinning single trace
operators, so that (2.15) holds. In particular, equation (2.17) and (2.18) are true when §(X) and §(X) act
on such operators.



There are two possibilities. Either both operators transform in the adjoint of the same
50(6), or instead the operators split into left and right-handed operators

JF@, X) = cos(00)Ho(7, X) + sin(0,) Jo(%, X) ,

(2.21)
T, X) = — sin(0) Hy(%, X) + cos(0g) Jo(&, X ) ,
with some mixing angle 6,, such that
X)TF@Y) =Tl G (X, Y], dX)T FY) = I G X Y]). (222

As we shall see in the next section, it is this latter possibility which is actually realized in
all theories for which Agsp, # 0.

2.3 Three-point functions

So far we have been avoiding the scalars S and P. Because the H{'(Z, X) eats a bilinear
of S and P, correlators involving these scalars are not automatically conserved at leading
order, and so we can not assign these operators well defined s0(6) x s0(6) transformation
properties. The action of & (X) is, however, still fixed by the delta function appearing in
the three-point functions

(SOV - Hy) and (SOV - Hy)

when O and O are scalars of dimension 1 and 2 respectively. In appendix A.1 we system-
atically work through the possibilities, finding that!®

5(X)S(7,Y) = —%/\SSBOS(:J, (X, Y])

2.23)
. ) 1 ) 3 3 (
5(X)P(y7 Y) = Z)\SSBOP(yu [Xv Y]) + '%152(:% [Xv Y]) + HQSBO(:% [X) Y]) )
where we define the double trace operators
20— — va b (N Qc (7 1 a Q¢ (A Qd (=
S Y) =V (ST o) — 1075 DS D) )
(2.24)

SBo(4,Y) = Y*%S’. () Bo(¥)

172 and Ki ~ c}l. By suitably redefining the sign of the

and where Assp, = AssH, ~ ¢
conserved current multiplet operators, we can always fix Agsp, > 0.
Let us now consider the three-point function of two scalars with a spin ¢ conserved

current OF(¢,Y) transforming in the left-handed 15, so that

3(X)OF(F,Y) = CLOF (§,[X,Y]). (2.25)

B Throughout this section, we will abuse notation slightly and use Ao, 0,05 to refer to the leading large

cr behavior of the OPE coefficient, which for three single trace operators scales as 0;1/2.
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We can then consider the weakly broken 6(X) Ward identity:
d(X)(S (g1, V1) (52, Y2) OF (33, Y3))

(67

47['1/CT

o
47T\/CT

Defining the operators S(Z, X) and P(Z, X) to be the “shadow transforms” [39] of S(&, X)
and P(Z, X) respectively:

/d%: X (S (i1, Y1) S e(&)) (P a(E)S (52, Y2)OF (3, Y3)) (2.26)

/d% X (S (1, Y1)SC(E))(PPo(2)S (1, Yo ) OF (i3, Y3)) + 1 ¢ 2.

1 d3z - 1 d3z

S’(f,X):E MS(Z,X% P(@X):E mp(gvX)a (2.27)

we can then rewrite the Ward identity as:

0(X)(S(41,Y1)S (i, Y2) OF (i3, Y3))
=~ (P X VDS @, Y2)OF (7 ) + (S 0, Yi) P, X V) OF (7. 2) ) -
(2.28)

Our task now is to expand correlators in this Ward identity in terms of conformal and
R-symmetry covariant structures. Using (2.4), the Lh.s. of (2.28) becomes

8(X)(S (i1, Y1)S (12, Y2) OF (i3, Y3))
(2.29)

A =
= (g + = ) Assortr (V. Yal£[X, Ya]) Cuie(i7)

where [Y;, Y]]+ is a commutator when £ is even, and anticommutator when ¢ is odd. To
evaluate the r.h.s. we first note that, using both conformal and R-symmetry invariance,

(S(i1, Y1) P (i, Y2) OF (i3, Y3))
N ) ) (2.30)
= (N poptr (V1. VaJY5) + X (V1. Y ¥5) ) Craa(7).

for some OPE coefficients \:

SPOL- Because the operator OF (7, Y") is not conserved at finite

cr, this three-point function does not necessarily vanish at O(c;l/ 2). We can then compute

the shadow transform using the identity [40]

dz ol (2 2o @
W A1,A2,£(217x2a$3)

2320 (A — 3\ (R2=01+42) 1 (4420=A1 -2y (2.31)
- r(3<— 1Al)2I‘)(A§+2Ale>F)<2é<+A12A22+1> >Cé‘igﬁ‘fA2g(fl,fz,fg).

Putting everything together, we conclude that

A= (AssB, +4CL)0 Assorver -
SPOf —  m32D(0+ 1/2) o , POk

=0. (2.32)

- 11 -



So far we have consider the weakly broken Ward identity for the three-point function
(SSOFE), but it is straightforward to repeat this exercise with the variations

5(SPO}) = —— ((PPO}) - (S50F))
ver (2.33)
~ L _ 6% - L - L .
5(PPOF) = 7= ((SPOF) + (PSOP)) .
Expanding each of these correlators and using (2.31), we find that
4CL + ASSBO) 2 2 20[271'2
PPO; (4CL — Assp, /) 980 06 = Assny cr (2:34)

Applying the same logic to a right-handed operator Of(f, X), we immediately see that

4Cr + AssB, 20272

4Cr — AssB,

AppoR = ( ) Assor s 16¢% — Aésp, = (2.35)

In particular, taking the last equations of (2.34) and (2.35) and combining them with (2.19),
we find that

(L=—Cr=C(. (2.36)

As we saw in the previous section,  fixes the action of the R-symmetry charge 6(X), which,
unlike & (X), is exactly conserved in any N' = 6 theory. We can therefore relate it to the
three-point function (SSJp), and thus to the OPE coefficient A\ggs:

1 1
= ——\ =—=\ . 2.37
¢ 1SS 1\sss (2.37)

We now apply (2.34) and (2.35) to the operators Hy and J;. Recall that these operators
either transform identically under s0(6), or they split into left-handed and right-handed
operators. Let us begin with the possibility that they transform identically under so(6) x
s0(6), and assume without loss of generality that both are left-handed. Combining (2.34)
with the superblocks (2.6) and (2.7), we find that

As555 — AsSB ) , (ASSS — AssSB )
—1)°A =T A (1) hggy, = 25295 25580 ) N oo
(—=1)"AssH, ( Nsss T sgn, ) SSHE (—1)"Ass., S ——v— SSJ,Z |
2.38

Because Agss # 0, the only way to satisfy these equations is if Agsp, = 0. We know
however that Agsp, is nonzero for generic higher spin N/ = 6 CFTs, such as the ABJ
theory, and in particular does not vanish in free field theory. We therefore conclude that
is not possible for Hy and Jy to transform identically under so(6) x s0(6).

We now turn to the second possibility, that Hy and Jy recombine into left and right-
handed multiplets 7% and J under s0(6) x s0(6), satisfying

Asss + AssB,
As55 — AsSBy

As555 — ASSBy

2\ . 2.39
Asss + AssB, ) 857/ (2:39)

APPJZL: < )gASSJZL’ APPJZR: (
We can then use the superconformal blocks (2.6) and (2.7) to find that

Appr, = (—1)\ssm, , Appy, = (=1 sy, | (2.40)

- 12 —



and, from (2.21), we see that

)\SSJZL = AssH, costy + Assg, sin by, )\SSJZR = —AssH, sinfy + Ags, cos by
/\PPJZL = /\ppH[ COSs Qg + )\psz sin 9@ y )\PPJZR = —)\ppH[ Sineg + )\PPJ[ COS Qg .
(2.41)

Combining (2.39), (2.40), and (2.41) together, we have 8 equations which are linear in the
8 OPE coefficients. Generically, the only solution to these equations will be the trivial one
where all of OPE coefficients vanish. However, if we set

n
ngz—l——ﬂforneZ, (2.42)

4 2
then we find that the equations become degenerate, allowing non-trivial solutions. By
suitably redefining the conserved currents Hy — —H, we can always fix n = 0 so that

AssH, = 0, and can then solve the equations to find that

A .
3 555 Assg, Y 1is even
SSBo

ASSH, = (2.43)

A
5580 ) g5y, Cis odd.
Asss

To complete our derivation, we simply note that from the superblocks (2.6), (2.7)
and (2.8) that

ASSJpps = ASSHyy 5 Ass = Asss ASSH, = ASSBy » (2.44)

so that

Asss L is even
)\SSHZ+1 = (2.45)
Assp, ¥ 1isodd.

Let us now apply (2.45) to two special cases: free field theory and parity preserving
theories. In free field theory the higher spin currents remain conserved, so that o = 0 and
hence, using (2.34), we find that Agsp, = Asss. We thus find that each conserved current
supermultiplet contributes equally to (SSSS).

For parity preserving theories, supersymmetry requires that .S is a scalar but that P is
a pseudoscalar. As we see from (2.13), the operator H}" eats a pseudoscalar, and so is also
a pseudovector rather than a vector. Parity preservation then requires that Aggp, = 0, and
so we conclude that for parity preserving theories only conserved current supermultiplet
with odd spin contribute to (SSSS). Note that this does not apply to free field theory
(which is parity preserving), because H}' remains short.

We will conclude by noting that, unlike all previous calculations in this section, the vari-
ations 6(SSP) and §(SPBy) involve the double trace operators in (2.23). In appendix A.2
we use these variations to compute x; and ko, and find that

aAsss _ @AgsBy

4\/0?, K9 = 4\/@

R1 = (246)

~13 -



2.4 The (SSSS) four-point function

In the previous section we showed that the OPE coefficient between two .S operators and
a conserved current is completely fixed by H}' pseudo-conservation in terms of Agss and
AssB,- Our task now is to work out the implications of this for the (SSS.S) four-point func-
tion.

Conformal and R-symmetry invariance imply that [§]

) ) ) B, 1 o
<S(:L'1, Xl)S(:L‘Q, XQ)S(Z‘?,, X3)S(ZL‘4, X4)> = W Z S (U, V)Bz (2.47)
12434 ;=1
where we define the R-symmetry structures
B = tr(Xng)tr(X3X4) , By = tr(Xng)tr(X2X4) ,

83 = tr(X1X4)tr(X2X3) N 84 = tr(X1X4X2X3) + tr(X3X2X4X1) y (248)
Bs = tr(X1X2X3X4) + tI‘(X4X3X2X1) , Bg= tr(X1X3X4X2) + tI‘(XQX4X3X1) ,

and where S*(U, V) are functions of the conformally-invariant cross-ratios

2 .2 2 .2
Ti5T T4,T

U= ;2 34, V = ;4 33. (2.49)
Ti3Lo4 L13To4

Crossing under 1 <+ 3 and 2 <+ 3 relates the different S*(U, V):

SY(U,V)=US" (1,V> , 83<U,V):g81<V,U),
U'u v (2.50)
1V U ‘

5 _ (- ¥ 6 _ - c4

S*(U,V)=US (U,U> . SUYV) =S (VU

so that (SSSS) is uniquely specified by SY(U,V) and S*(U,V). The SY(U,V) further-
more satisfy certain differential equation imposed by the supersymmetric Ward identities,
computed in [8].

Another useful basis for the R-symmetry structures corresponds to the so(6) irreps
that appear in the S x S tensor product

15015 =1, ® 15, ® 15, © 20’5 @ (45, ® 45,) © 84, (2.51)

where s/a denotes if the representation is in the symmetric/antisymmetric product. We
define S, to receive contributions only from operators in the s-channel OPE that belong
to s0(6) g irrep r. This is related to the basis S'(U, V') by the equation [8]

St 10-12 0 &+ Sy,

S? 00 0 6 —4 4 Sis,

S3 _ (00 0 6 4 4 S1s, (2.52)
S* 00 0 —6 0 4 Sa '
S° 01 1 -3-1 _% S45,618,

S6 0-11-31 -2 Ssa,

— 14 —



Each S, (U, V) can be expanded as a sum of conformal blocks

S:(U,V) = 3 Nsso9ae(U. V), (2.53)

conformal primaries Oa ¢ »

where Op 4y is a conformal primary in S x S with scaling dimension A, spin ¢, and so(6)
irrep r, Agso is its OPE coefficient, and ga ¢(U, V) are conformal blocks normalized as
in [41]. Note that due to 1 <> 2 crossing symmetry, even (odd) spin operators contribute
to S only if r appears symmetrically (anti-symmetrically) in (2.51).

Our task is to write down the most general ansatz for S*(U, V) and S*(U, V') compat-
ible with both supersymmetry and with the constraints from weakly broken higher spin
symmetry computed in the previous section. As shown in [22] using the Lorentzian inver-
sion formula [21], S*(U, V) is fully fixed by its double discontinuity up to a finite number
contact interactions in AdS. More precisely, we can write:

i i L/ i —
S (Uv V) = SGFFT(U7 V) + E( exchange<U7 V) + Scontact(U7 V)) + O(CT2) ’ (2'54)
where the generalized free field theory correlator is
Skppp(U, V) = (1 UYoo 0) . (2.55)

The S!
Si(U,V), and with good Regge limit behavior so that the Lorentzian inversion formula

«change(Us V) term is any CFT correlator with the same single trace exchanges as
holds. Finally, S tact(U, V) is a sum of contact interactions in AdS with at most six
derivatives, which contribute to CFT data with spin two or less. We will focus on each of
these two contributions in turn.

Let us begin with the exchange term. In higher spin A/ = 6 theories the only sin-
gle trace operators are conserved currents, and their contributions to (SSSS) are fixed
by the OPE coefficients computed in the previous section. Let us define the s-channel
superconformal blocks'6

6étress tensor(Ua V) = ng’(Ua V) + gfh (U7 V) + g%‘g (Ua V) ’

A A A _ A (2.56)
EOHS,Z(U’ V) = gZBe(U7 V) + 97}[@_‘_1 (U? V) + g%]g.;,.g (U7 V) + gz’lﬂg+3 (U7 V) )
corresponding to the exchange of conserved current multiplets, and where
Z. i (100000) event
05,(U, V) =97,(U,V) = gey1,(U, V) x
0 odd /¢
(2.57)

) ) (—100011) even /
05,(U, V) =97,(U,V) = gey1,(U, V) x
(00001 -1) odds

16 A more general discussion of superconformal blocks is given in section 4.1.
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These superconformal blocks can be derived by expanding each S,(U,V) as a sum of
conformal blocks using the OPE coefficients (2.6), (2.7) and (2.8), and then using (2.52)
to convert back to the basis SY(U, V) of R-symmetry structures. We can now write

1 %
o exchange(U V) )‘%SS ( stress tensor(U V + Z Q5consf U V))
r | odd ¢ (2.58)
+ Nospy D Glonse(U, V) + crossing + double trace terms,

even £

where the double trace terms are some combination of contact terms required so that
txchange(Us V) has good Regge behavior.
To make further progress, we note that

<Q5;tress tensor(U V + Z 6cons N4 U V) + CI‘OSSng) = Sfiree(Uv V) ) (259)

where we define

SheelUV) = (000 & /U VD) , (2.60)

to be the connected correlator in the N' = 6 free field theory. This equality can be verified
by performing a conformal block expansion of (SSSS) in free field theory. Observe that,
as proved at the end of the previous section, each conserved supermultiplet contributes
equally. Because Sfiree(U, V') is a correlator in a unitary CFT, it is guaranteed to have the
necessary Regge behavior required for the Lorentzian inversion formula.

Having derived an expression for the sum of odd and even conserved current su-
perblocks, let us turn to the difference. Note that for ¢ > 0, each contribution from
By, Jo11, Hy and Ty41 appearing in an even superblock comes matched with contributions
from Ty, Jy+1, Hp, and Byy; from an odd superblock. We thus find that if we take the
difference between the odd and even blocks, the contributions from spinning operators will
cancel, leaving us only with the scalar conformal blocks

621:1‘655 tensor(U V + Z 6(:01156 Z Qjconsé U V - gS(U V) giBO(U7 V) : (2'61)
odd ¢ even /

On their own, the difference of two conformal blocks does not have good Regge behavior.
We can however replace these conformal blocks with scalar exchange diagrams in AdS.
Such exchange diagrams do have good Regge behavior, and the only single trace operators
that appears in their OPE have the same quantum numbers as the exchanged particle.
Using the general scalar exchange diagram computed in [15], and then using (2.52) to
convert from the s-channel R -symmetry basis to S*(U, V), we find that!”

2U0
Sscal(U’ V)= —le’lrzﬂ 1 ({UV), (2.62)
S (U V) = U[& L(UV) 4Dy, 1 (UV)] |
scal\“» 5/2 3:LL3 Lyl

Our conventions for D-functions can be found in appendix B.2.
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which has been normalized so that the exchange of S itself contributes equally to Sf... (U, V)
and SL_,(U, V). Using (2.9) to eliminate A\%gq in favor of ¢!, we arrive at our ansatz for

the exchange contribution:

1 .. 1 ) )
—Shehange(U.V) = — (16 = a1(0)Shee(U. V) + a1 (W) Skt (U V) (2.63)
T cr

where a1 () is related to Aggp, by the equation

crAésn
a1(A) =8 — TO . (2.64)
Because A\ggp, is always positive in unitary theories, a;(A) < 8.

Now that we have an expression for the exchange terms, let us now turn to the contact
terms. As already noted, S, i..¢(U, V) must be a sum of contact Witten diagrams that
contribute to CFT data of spin two or less. Furthermore, because our theory is super-
symmetric these contact Witten diagrams must also preserve N' = 6 supersymmetry. The
problem of finding such contact Witten diagrams was solved in [8], where it was shown
that there is a unique such contact Witten diagram that contributes only to CFT data of
spin two or less:

St (U, V) =4UV Dy 231(U, V),

cont

A _ 4 (2.65)
ShwlUV) = 40 (Draa(UV) = 5 D1aaaU.1))
Putting everything together, we arrive at our ansatz for (SSSS) in higher spin ' = 6

theories:

S(U.V) = Sker(U, V) + — (16 = a1(N)SheelU. V) + a1 (NSt (U, V)

cr A (2.66)
+ a3 (N)Siou (U, V) + O(e7?)

In section 3.3 we will use localization to fix these two coefficients. These localization
constraints however require us to compute not only (SSSS) itself, but also (SSSP) and
(SSPP). We can compute (SSPP) in terms of (SSSS) via superconformal Ward identities
derived in [8], and so we relegate this computation to appendix B.1. The correlator (SSSP)
however is not related to (SSSS) by these superconformal Ward identities, and so to fix
it we must turn once more to the weakly broken higher spin Ward identities.

2.5 The (SSSP) four-point function

Our task in this section is to use the weakly broken higher spin Ward identities to com-
pute (SSSP). We begin by noting that conformal and R-symmetry invariance together
imply that

6
— — — — T 3
(S(Z1, X1)S(T2, X2) (T3, X3) P(T1, Xa)) = ——— 3 T (U,V)B, (2.67)
L12234%14 ;5
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where the B; are defined as in (2.48), and where T%(U,V) are functions of the cross-
ratios (2.49). Crossing under 1+ 3 and 2 <+ 3 relates the different 7%(U, V):

T2(U,V) = U3/2T1<1 V) Bswv)=Lrw,

UU Vv (2.68)
)= (1Y) U, '
T°(U,V)=U T(U,U . T%U, V) VT(V,U),

so that (SSSP) is uniquely specified by 7'(U,V) and T4(U,V). By demanding the Q
supersymmetry charge [8] annihilates (SSSF), where F is a fermionic descendant of S
defined in [8], we can derive the superconformal Ward identities

TUV) = o (FUT V) + THUV) + (0 - D) TUV) + 274D, V)) | oo
2.69
TSU,V) = ;U (-UT U V) + (V= O)TAU,V) + VT3 (U, V) + 2V THU, V) .

Acting with the pseudocharge §(X) on (SSSP), we find that

O(X)(S(1h, Y1)S (12, Y2) S (43, Y3) P(¥a, Ya))

= \;%(@5(3717 [X, YI])S@%33)5(5373/3)P(374,1ﬁ)> +1e24+1¢3 (2.70)

— (S0 Y1) S, Y2)S (3 Y3) S0, [X. Vi) ) )
To expand the right-hand side of this identity, we define

6
13 SiU,V)B;,

71, X1)S (T2, X2)S(Z3, X3)S(Z4, X)) = ——o—
<S(l‘1, 1)S($2, 2)5(%3, 3)8(1’4, 4)> $%2[E%4$14 v

] (2.71)
13 RY(U,V)B:,

(S(Z1, X1)S(Za, Xo)P(#3, X3) P (24, Xy)) = 57—
:B%2.%'§4x14 i=1

where S*(U, V) and R*(U, V) can be computed by taking the shadow transform of (SSSS)
and (SSPP). To expand the left-hand side, we use (2.23) and SO(6)r invariance to write

S(X)(S (1, Y1)S (92, Y2)S(¥3, Y3) P (¥, Ya))
= s, (S, Yi)S (0, Y2)S (3, Vi) PG, [X, Ya])
+ m1 (S (. Y1)S (@, Y2) S (35, Ys) S* (1, [X, i)
+ 1 (S(F1, Y1)S (5, Y2)S (G, Ya) S Bo(ii, [X, Ya))) -

(2.72)

The two double-trace terms can each be expanded at 0(0;3/ 2) as a product of a two-point
and a three-point function, so that for instance

(S, Y1)S (92, Y2) S (3, Y3) S Bo(¥s, Ya))

B (2.73)
= (S, Y1)S(§2, Y2) Bo(i74)) (S(#s, Y3) S (i, Ya)) + permutations + O(c;>?).
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We can then solve (2.70) to find that it fully fixes (SSSP) in terms of (SSSS) and (SSPP):

. . A2
THOV) = ———2 (R, V) + 8, V) - 55 T |
ASSBo\/CT 8 27
4 2a 54 54 Ness ( 1 > '
= 1 .
THUV) = oo (R U.V)+ 80 V) + =B (14—

To compute T*(U, V) for the various contributions to our {$SSS) ansatz, we must first
calculate (SSPP), and then find the shadow transforms of both (SSSS) and (SSPP).
Since both tasks are straightforward albeit tedious, we relegate them to appendix B.1
and appendix B.2 respectively. The only subtlety occurs for the scalar exchange diagram
contribution, where we have to include the effects of operator mixing between P and the
double traces S? and SBy. We can then furthermore use (2.34) and (2.64) to simplify the
prefactor!®

2cy 2@1 ()\)

1
—_— = 2.75
/\SSBO\/E ™ 8 — al()\) ( )
Once the dust settles, we find that
i N 1 2a1(/\)
TUV) == Vs —am
X ((16 - al()‘))mee(U’ V) + a1 ()‘)'Eical(Uv V) + a2(>‘)7::1;)nt(U7 V)) + 0(0%2) )
(2.76)
where we define
1 U3 U
1 _ 4 - _ - - _ _
7;ree(Uv V) - \/57 ’Eree(U? V) 2 < V U \/‘7> )
1( U3 U
1 . 4 _ 1+ Yoo g2
Ecal(Ua V) - —{—\/ﬁ, ,Tscal(Uv V) - 92 ( % U \/V> ’ (277)
1 8ri/2 _ _ _ _
Teont (U, V) = 3 uv (QUD2,3,2,2 +2VDi332—2D2232 — 3D1,2,2,2) ;
3271/2 _ _
Tt (U, V) = — 3 U? (UD3,3,1,2 - D2,2,1,2) .

It is not hard to check that each of these contributions individually satisfies the (SSSP)
superconformal Ward identity (2.69).

We conclude by applying (2.77) to parity preserving theories, where (SSSP) must
vanish. Using (2.77), we see that this is possible only if a; = 8 and ay = 0, and so
conclude that

S(U,V) = Sppr(U, V) + — (SkeelU, V) + Skea(U, V) ) + O(ez?) (2.78)

8
cr

18Because equation (2.34) gives an expression for o, it only fixes o up to an overall sign. Note that this
sign is determined by the sign convention for P, such that by redefining P — — P we can always fix a > 0.
This choice turns out to also be consistent with our conventions in section 3.
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in such theories. In particular, we see that

8(8 — al)

=0 2.79
=0, (2.79)

2 —
ASSB() -

just as argued at the end of section 2.3.

3 Constraints from localization

In the previous section, we fixed the tree level (SSSS) and (SSSP) in terms of two
coefficients a;(\) and ag(\) for 3d N = 6 CFTs with weakly broken higher spin symme-
try. We now determine these coefficients using supersymmetric localization applied to the
U(N)p x U(N+M)_j or SO(2)2 x USp(2+2M)_j, ABJ theories. We will start by review-
ing the relation of certain integrals of (SSSS) to 9y, log Z|,,, o and 95, 0%, log Zl . —o
derived in [8], as well as deriving a new relation between a certain integral of (SSSP) and
a3 +Omz log Z |mi=0' We then compute these derivatives of the mass deformed sphere free
energy in the higher spin limit of the U(N)g x U(N + M) _j, or SO(2)9 x USp(2+2M)_
ABJ theories following [27]. We find that as(\) = 0, while a1()\) is the same for each
theory, which completes our derivation of the tree level correlator.

3.1 Integrated correlators

In this section, we will review the integrated constraints derived in [8]. We will then extend
the results of that paper to include constraints on the parity odd correlator (SSSP).

Any N = 6 theory on S® admits three real mass deformations, preserving a N' = 2
subgroup of the full N' = 6 supersymmetry. We will focus on two of these real mass
deformations, m4, under which the S3 partition function for the U(N)y x U(N + M)_y
ABJ theory is [19, 42]:

Zyrnn(ma, m_) = /dM+NIudNV iR 13, 2)

[Licy 4 sinb® [ (i — g1;)] Mgy 4sinh” (v — 11)]
[T cosh (s — va) + 5] comhln(yi = v0) + 75

(3.1)

up to an overall mi-independent normalization factor. The ABJ mass deformations on a

unit-sphere take the form

my /Sg(u+ +Ky) +me /ss(”‘ +K_)+0(m2), (3.2)

where we define

1@ = YT 5@ X0, K@) = TP X, .

with X, = diag{—1,-1,0,0}, X_ = diag{0,0,1,—1}.

By taking derivatives of the S? partition function Z(m,,m_) with respect to m, and m_,
we can thus compute certain integrated correlators of S and P. Taking two derivatives of
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Z and then integrating the resultant two-point function over the sphere, we find that [43]

0% log Z

B 0?log Z
8m§r

2 ‘
m+=0 am_ m+=0

(3.4)

allowing us to compute cr as a function of the parameters in the ABJ Lagrangian.
Evaluating fourth derivatives is more involved. In [8], derivatives with an even number
of m4’s were evaluated, where it was shown that

0*log Z w2, -
ot | = am ST
m+=0
(3.5)
0*log Z _ 71'26% I, [37’]
2 5,2 — 911 - ’
oms.0m~ ma—0 2
where I,  [S?] and I, _[S?] are the linear functionals:
i 92 _
L= 22 g gy oz = 4
(3.6)

) 00 ™ St (1—}—7“2 — 2rcos@ 7“2)
I, _[S8Y] = d df sin 0 !
+-157] /0 7“/0 st 1472 —2rcosf ’

and where )\?B 2)l022] is the OPE coefficient of the 1/3-BPS multiplet whose superprimary
4)2,0
transforms in the 84 under so(6)p.

We now list the contributions of each term in (2.66) to both I [S?] and I, _[S]. For
the free term Sgee and contact term Scon these were computed in [17] and [8] respectively,
leaving just'® the exchange term S,e., which we compute in appendix C.2. In sum we
find that: ‘ ‘

Iy [Sflree} =4, I [Sflree} =0,
Iy [Ssical} =0, Iy {S;cal} = —7T2, (37)
4 ] . 2
Iy [S(Z:ont} = g? I [Sclzont} = gﬂ—Q :
We now have two constraints on the two coefficients a1 () and az(\):

1 4
o7 (3 ar(A) + 3a2( )) (372)[2(3(2)2] Ver
(\) + 2 ) = i 211 9tlog Z (3.8)
- = = lim
ay 30L2 cr—0 ey 3m18m%
m+=0
Note however that these equations are redundant, which implies that
0*log Z erm? ) .
a5 a. 7 = 16 2—A 0] 3.9
E)miam% me=0 211 < Ter ( (372)[2?32]>> + (CT) ) ( )

regardless of the values of a;(\), and so do not suffice to fully fix (SSSS) from localization.

Y The generalized free term Sgrrr (U, V) is fully disconnected and so does not contribute to the integrated
constraints.
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To find an additional constraint, we turn to the mixed mass derivative?’

0*log Z
8m§’r@m,

_ <( / P/ (7) + K+(a?))>3 ( / P/ () + K- (:E))) > . (3.10)

Unlike the previously considered derivatives, when we expand (3.10) using (3.3) we find
that it gets contributions only from the parity violating correlators (SSSP) and (PPPS),
rather than from the parity preserving (SSSS). Following the methods used in [8] to
derive (3.5), we simplify (3.10) in appendix C.3 using the 1d topological sector [34, 44, 45]
and the superconformal Ward identity for (SSSP). We find that

0*log Z ichm?

P om. _213\/§Iodd {Tz} ; (3.11)

where we define

Iyaq [7-1} = Toaa[T?) + Load[T?] + 21oaa[ T4,

00 T 2 3.12
Toqa[T7] :/0 dr/o d947rrsin07~i< 1 d ) ) (3.12)

1472 —2rcosf’ 1+ 1r2—2rcosé

() ()
free’ 7;c

In appendix C.4 we evaluate (3.12) on o1 and Tcont, and find that

Ioaq [ﬁiee} = —Ioaa [7:%\1} = -2, Toaa [7366} = —473. (3.13)

Using the ansatz (2.76) for (SSSP) derived using the weakly broken higher spin sym-
metry in section 2.5, we arrive at the constraint

ai(N) 2L 9*log Z
S—a(n) (8 = a1(A) + az(N))

= ). 14
wder PBmyOm_ +0(er) (3.14)

3.2 Localization results

In the previous subsection we saw that localization could be used to derive equations (3.8)
and (3.14) relating the coefficients a;(\) to derivatives of the S partition function. Our
task now is to compute the relevant localization quantities for specific A/ = 6 higher spin
theories, namely the U(N)g x U(N + M)_j and SO(2)2; x USp(2 + 2M);, ABJ theories.

3.2.1 U(N)i x U(N + M)_j, theory
The U(N)g x U(N + M)_;, S? partition function can be written as the integral [19, 28, 42]

T MNm._ 12 T(Ya—Up)
e 3 Zo N sinh® —22—2b2
Z Mo, m_ :—/ :
M,N,k( + ) coshV m;w 2p cosh [ﬂ(yak—yb) + 7T73+] cosh [ﬂ(yak—yb) _ WT+]
. _ . T(ya+i(l+1/2

. 11_\7[ eimyam—  M—1 sinh [W} (3.15)
5 | 2cosh (mya) 10 cosh [w(ya+ig+1/2)) B mgﬂ

8% log Z

20The constraint from S omy is equivalent.
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where Zj is an overall constant which is independent of m4. In appendix D we expand
this integral at large M expansion holding M/k = X fixed, generalizing previous work
n [27, 28]. We find that cp is given in terms of the Lagrangian parameters M, N and k
by the series

16Nk sin(m\)

cp = ———""L L AN?(3 4 cos(2mN))
T (3.16)
TN (16 — 18N? + (1 — 14N?) cos(2A7)) 5
- +O(k™7).
3k
We invert this series to eliminate k in favor of ¢r, and so find that
8(3 +cos(2m)))  64N?sin?(w\)(3 + 5cos(2mN))
>\ 022] =2+ - 2
(B:2)5 9 cr ct
512N3 (2 - 2L+ (44 - —) cos(2mA) + (23 + ﬁ) cos(47rx\)) sin?(m\)
B 3cT
vo () | (3.17)
and
1 otlogZ 7r sin?(7A)  7wNZ%(1 — 5cos(27\)) sin?(7 ) +O(cH)
2 0?mid*m_ 256¢p 64c. T (3.18)
1 ItlogZ 72'7'(4 sin(27\) n 5im* N2 cos(m\) sin? (7)) ) '
& Pmyom_ 512cr 32¢2. T

Note that for each of these quantities, the O(c;') term is independent of N, the O(c;?)
term is proportional to N2, and further subleading terms have more complicated N

dependence. Also, the O(c;?) correction to )\?B 022 is smallest for N = 1 and A\ = 1/2,
4)2,0

as expected from the conjecture in [28] that the U(1)ans x U(1 + M)_aps theory has the

minimal value of )\2 , for fixed cr.

[022
2, 0
3.2.2 SO(2)2r X USp(2 + 2M)_i theory

Just as for the U(N)y x U(N + M)_j theory, the SO(2)a, x USp(2 + 2M)_j S? partition
function can be written as a single integral [19, 28, 46, 47]

1 e'™=Y cosh [51] cosh G + 5]
; 1 3%+
Mg(my,m_) o cosh Wm+ / y sinh [ry] cosh [ + 5 ]
‘ » 3.19
) M sinh {%} )
1= cosh { (y—Hl) + mTﬂ ’

21This overall factor is expected for the following reason. The U(N); gauge factor is very weakly coupled
in the higher spin limit at finite N, so we can construct N? different “single-trace” operators of the U(M+N)
factor (which are an adjoint+singlet of SU(V), with the SU(V)-adjoint not being a gauge-invariant operator
in the full theory), and because of the weak U(NN) coupling the “double-trace” operators constructed from
pairs of each of these N? “single-trace” operators contribute the same, so we get a factor of N2. Note that
it is important to distinguish the single trace operators in scare quotes from single-trace operators in the
usual sense, which are gauge-invariant. We thank Ofer Aharony for discussion on this point.
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where the overall constant of proportionality is independent of m-. The higher spin limit

for this theory is given by the large M limit, where A = 21\24; L is held fixed. Just as
for the U(N)j, x U(N + M)_j, theory, when A = 3 the SO(2)a; x USp(2 + 2M)_j, theory
preserves parity as a consequence of Seiberg duality.

The large M expansion of (3.19) was previously considered in [28] for my = 0, where

it was found that

e — 32k sin(mA\) +16cos2(mA) — (15 + 29 cosg(ljﬂ)\)) sin(7w\) L0,
™
9 8(3 + cos(2A7))  32sin?(7\) (17 + 23 cos(27N)) _3 (3.20)
A(B,2)[;f32] =2+ cor B 2 +Oler).
We generalize to the mixed mass case in appendix D, finding that
1 o*logZ _774 sin?(m\) B 74(5 + 23 cos(27m\)) sin?(7\) +O(E)
2 ?my0?m_ 256¢7 128¢2. o (3.21)
1 9'logZ  in*sin(2m))  in?(30sin(2wA) — 23 sin(47))) o) ‘
2 Pmiom_ 5l2cr 512c2 T

3.3 Solving the constraints

We are now finally in a position to fully fix the coefficients a;(\) in higher spin
ABJ theory. Solving the parity even constraints (3.8) with either the localization re-
sults (3.17) and (3.18) for the U(N)y x U(N + M)_j, theory or (3.20) and (3.21) for the
SO(2)a9r x USp(2 + 2M)_j theory (the localization results are identical at leading order in
ct), we find that

az(N\) = gal()\) + 6cos(2Am) — 6. (3.22)

Substituting this equation into the parity odd constraint (3.14) and squaring both sides,

we find that
a1 (A)(ar(A) + 12 cos(2wA) + 4)2

2(8 — ai(A))

which upon further rearrangement becomes the cubic equation

= 32sin%(27)\), (3.23)

(ar(V) = 8sin?(7A)) (a1(A)? + 4(5 cos(2m) + 3)as(A) + 256 cos®(wA)) - (3.24)

This has three solutions for a;(\). However, two of these solutions are not real for all
A €0, %] and so we discard them as non-physically. We therefore conclude that

ap(N\) = 8sin?(7)), (3.25)

which in turn implies that
az(A\) =0. (3.26)

Substituting these values into our ansatz for (SSSS), we arrive at the expression (1.1) for
(SSSS) given in the introduction.

As discussed in appendix B.1, we can compute (PPPP) from (SSSS) using the super-
conformal Ward identities given in [8], and so can derive the expression (1.3) for (PPPP).
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4 Tree level CFT data

In the previous sections, we derived (SSSS) for U(N)i x UN + M)_j or SO(2)ax %
USp(2 + 2M)_; ABJ theories to leading order in the large M,k limit at fixed A\ and N,
where recall that A\ = M/k or A = (M + 1/2)/k for each theory. When written in terms
of ¢y and A, the answer is the same for all theories, and is a periodic function of \. We
now extract tree level CFT data using the (SSSS) superblock expansion from [28]. We
will then plug in A = 1/2 and compare to the numerical bootstrap prediction from [28] for
the U(1)apsr x U(1 + M)_ops theory, and find a good match.

4.1 Analytic results for general A\

Let us start by briefly reviewing the superblock expansion for (SSSS), for more de-
tails see [28]. We can expand (SSSS) as written in the R-symmetry basis (2.53) in
superblocks as:

S(U V)= . MN&j(UV), (4.1)
IeSxS

where A\? is the OPE coefficient squared for each superblock ®%(U,V), and the index
1= MX)&O encodes both the supermultiplet Mero,gD labeled by the scaling dimension Ag,
spin £y, and so(6) irrep ro of its superprimary, as well as an integer n = 1,2,... when
there is more than one superblock for a given multiplet (this index is omitted when the
superblock is unique). Each superblock is written as a linear combination of the conformal
blocks for the operators in its supermultiplet:

SIUV)= > anee9ax(UV),

conf primaries (42)

ro
OA,Z,I‘ S MAU,ZO

where the coefficients aIA ¢+ are related to the coefficients aa ¢, in the conformal block
expansion (2.53) as

aA,Z,I‘ = Z )\%GIA,Z,F ’ (4'3)
1

such that each coefficient aIA’“ is fixed by superconformal symmetry in terms of a certain
coefficient that we normalize to one. The list of superblocks that appear in S x S along
with their normalization is summarized in table 3, and the explicit values of the alA%r
for each superblock are given in the Mathematica notebook attached to [28]. Note that
the multiple superblocks that can appear for a given supermultiplet are distinguished by
their P and Z charges relative to the superprimary,?? where P is parity, and Z is another
discrete symmetry that is defined in [8].

The various long blocks are related to certain short and semishort blocks at the uni-
tarity limit A — £+ 1. These relations take the form

6Long[§i)g]’1 - 6(A,cons)[1(?go] ? QjLong[AOf)g]’2 = ®(B,1)[22780] ?
> N =
£>1odd ®Long[§?[?] ®(A,cons)gfill ’

22While not all 3d V' = 6 SCFTs are invariant under these symmetries, they can still be used to organize
superblocks for any theory.
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Superconformal block normalization P|Z
[000],n n=1: (aa01,aa+1,020) = (1,0)
Long 0
n=2: (aa01,%a+1,0:20)=(0,1) -
Long 1900 0 > 1 0dd a =1 T
Ag A+1,0+1,15,
n=1: (aaer1,0a+1,01,0a+1,15,) = (1,0,0) | + | +
000],
Long[A ¢ {=2even n=2: (aaer1,aa+1,01,0a41.015,) = (0,1,0) | — | +
n=3: (aA71g71,aA+1,e,1, aA+1,€,155) = (0, 0, 1) -~
n=1: (ap4s 411,005 04115, )=(1,0) + ]+
(A, DI 1> 1 0dd R
n=2: (W.,.%u%,p ae+g,e+§,155) =(0,1) + |-
011]
(A, 2)%12 4, £ >0 even ag+2.015, =1 + | -
(A, 2)2:210 ¢ >0 odd ary2,015, =1 + |+
020
(A7+)£z+2,]z’ — 3 = 0even @045, =1 *
002
(4, _)£+2,]E7 {—3>0even eeg ey, =1 "
(A,cons)g_l]g, ¢ >0 even apr1,01 =1 + |+
(A, cons)yy, €2 1 odd art2,041,15, =1 i
(B 1)[200] a2’0’20/ =1 + +
(B,2)35" azose = 1 il
(B, 2)[1(?(1)1] a1,0,15, — 1 + -

Table 3. A summary of the superconformal blocks and their normalizations in terms of a few OPE
coefficients. The values aa ¢, in this table correspond to aIA’“ in eq. (4.3)—we omitted the index
for clarity. Note that the (A, 4) are complex conjugates and do not by themselves have well defined
Z parity, but together they can be combined into a Z-even and a Z-odd structure.

> : =
f = 2 even: ®L0ng[§?;]’l ®(A,cons)£(_)i)’]g 5
5] [000] 2 =08 [100] & [000] 3 =06 [100],2 44
Long (4, 1)1’+3/2 12 Long AV 55012 (44)

which respect P and Z. Even though the blocks on the r.h.s. of (4.4) involve short or
semishort superconformal multiplets, they sit at the bottom of the continuum of long
superconformal blocks. All other short and semishort superconformal blocks are isolated, as
they cannot recombine into a long superconformal block. The distinction between isolated
and non-isolated superblocks will be important when we consider the numerical bootstrap
in the next section.
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We will now expand the tree level correlator (1.1) in superblocks. At large cp the CFT
data takes the form

1 _ 1 -
M =X grrr + EA%,tree +0(c;?),  Ar=Argrer+ gﬁl,tree +0(cz?), (45

and so using (4.1) we find that

Se(U,V)

=2

IeSxS

1 — r
)‘%GFFT + or (A%,tree + )‘%GFFTALtreeaA) + O(CTQ):| &7 (U, V)|A:AGFFT :

(4.6)
Comparing this general superblock expansion to the explicit correlator in (2.78) and (1.1),
we can extract the CFT data at GFFT and tree level by expanding both sides around
U ~ 0 and V ~ 1. Detailed expressions are given in appendix E. Note that there are two
cases where we cannot extract tree level CF'T data from the tree level correlator. The first
case is if a certain operator is degenerate at GFFT. As will be explained, this degeneracy
can be lifted either by computing other correlators at tree level, or by computing (SSSS)
at higher order in 1/cp. The second case is if an operator first appears at tree level. In
this case its tree level anomalous dimension cannot be extracted from tree level (SSSS)
because A%GFFT = 0, and so we would need to compute (SSSS) at 1-loop in order to
extract the tree level anomalous dimension.

We will now show the results of the CFT data extraction. For the semishort multi-
plets,?? we find the squared OPE coefficients:

w4+ 1) (0 +2)T(0 4 2)?
(A+)} B

>0 even: A2 002] 3
04+5/2,041/2 oT (ﬁ + %)

s ayr (1)

(2 — sin?(7\)) =5
m(t+2)T (0+3)

8
+ =
cr

+ sin?(7\)S +0(c?),

[002]
045/2,04+1/2

£>0even: P m(€+2)['(¢ + 1)I'(¢ 4 3)
> : _ 2
(A2)15k (20 + 3)T (g + %)

(A+)

8
_i_i
cr

22641(2¢ + 3)0 (%)QF (“73)2

— (2 —sin?(w
(2 — sin(7\)) i

+ SinQ(ﬂ)\)S(A72)EzT21]e + 0(6;2) >

ZWe already computed the short multiplet )\?B 2)l022] in section 3 using supersymmetric localization.
72,0
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rée+2)Ir¢+4
{>0o0dd: )\(“)[OH]: (¢4 2)I'(6 +4) !
s (22 470+ 6)T (04 3)
226+1(90 + )1 (4 +1)"

7wl <€+ %)2

+ s (2 — sin?(7\))

cr

+ Sin2(7T)\)S(A 2)[011] ‘| + O(C}Z) ,

%)et2.p
(>0 even : 32 . _ (0 + 3)['(£+5)
ADoi7/50182 T (E + %) r (E + %)
22Z+7F 2F +5 2
—I—ﬁ — (2 —sin?(7\)) <2) (2(>
cr Tl (+3)T(e+9)
+ SiDQ(W)\)S(A 1)[1002 + O(C%Z) ) (4.7)
et7/2,043/2

where the contributions S; from the scalar exchange term S’ a1 are given in table 4. Note

that we did not include the result for \? [100],1 , since it cannot be unambiguously
( ’1)e+7/’2,e+3/2

extracted from (SSSS) at O(cy') due to mixing with the single trace operators, as we will
discuss next.

For the long multiplets, we first consider the single trace approximately conserved
current multiplets with superprimary By, starting with ¢ = 0. For generic A when parity
is not a symmetry, we expect this multiplet at ¢ — oo to contribute to both n = 1,2
structures of the 6L0ng[AOOg]’n superblock at unitarity A = 1, where recall from (4.4) that

we can formally identify & Ong[ooo] =08 200] and (‘5 o)1 = & [0oo]. For each
1,0

(B.1)s.9 ong; o (A,cons)y o
structure, we find the OPE coefficients

64
/\i 0001 =—(1- sin2(7r)\)) + O(c}g) ,
ong;’ cr

, 4 X (4.8)

Alongooniz = 3 +0(er)
where the n = 2 structure starts at O(c%) since (5Long[1(?go],2 =06 (B,1)220) appears in the
GFFT, while the n = 1 starts at O(c;") since & 0001 = (6] (A cons)°% does not appear at

GFFT. Note that )\2 o00) 1 is what we called )\SSBO from section 2, and vanishes for the
Long,;

parity preserving A = 1/ 2 theory as discussed before. For N > 1 we cannot unamblguously
determine the O(CT ) correction to ALonggogOW using just tree level (SSSS),%* since we

cannot distinguish it from the correction to A 2000 which can be explicitly constructed
1+/2,0

%For N = 1, the unambiguous tree level correction will then be

4 8 4 . 32 . B
)\iong[ooo] 2 = 3 + g — §(2 — SIHQ(TF)\)) + 3.2 S1n2(7'r)\) + O(CTZ) .
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in any U(N)_ x U(N + M)}, theory with N > 1.2> To unmix these degenerate operators,
we would need to compute (SSSS) at O(cp?), in which case the O(cy!) correction to

)\i 00,2 Will multiply the anomalous dimension, so that it can be unambiguously read
ong; o

off. The O(c;l) anomalous dimension should be the same for either structure, but in

practice we can only extract it from tree level (SSSS) using the Q5L0ng[ooo],z structure,
1,0

because that is the only structure whose OPE coefficient is O(c%). From this structure
we find

128
Apgy =1+ sin?(m\) + O(cg?). (4.9)

m2er

For the ®Long[ooo],1 structure, the tree level anomalous dimension would first appear in
1,0

(SSSS) at O(cy?), since the leading order OPE coefficient starts at O(cy').

Next, we consider the single trace approximately conserved currents with superpri-
mary By and even ¢ > 0. For generic A, parity is not a symmetry and so we expect
this multiplet at ¢ — oo to contribute to both n = 1,2 structures of the ®Long[§0§]’"

superblock at unitarity A = ¢ + 1, where recall from (4.4) that we can formally identify

& (0ooj2 = & [100],1 and @LO ooj1 = & (oo} . For each structure, we find

Long, 'y 4 (Ao 5/.0-1)2 N&r41,e (Ascons),

the OPE coefficients

64
(>0even: A ogq = —(1—sin®(7\) + O(c;?),
Long, 1, cr ( )
04+ 2)D(L+3)T (0 +4 4.10
{>0even: M\ [000],2:7T(+ JL(+3)T(E+ >—|—O(c;1),
Long, , ; 3T (E + g) r (ﬁ + %)
h h = 2 0 3] —
where the n structure start at O(cy) since ®L0ng20fi]é2 (’5( A,1)£1+°§]/217£71/2 appears
in the GFFT, while the n = 1 starts at O(c}l) since & o001 = & ooo) does
ong,.y (A’COHS)Z+1,Z
not appear at GFFT. Note that \? oo 18 what we called Aggsp, from section 2, and

0416
vanishes for the parity preserving A = 1/2 theory as discussed before. We did not write
the O(c}l) correction to A2 (000,25 Since we cannot distinguish it from the correction to

Long, .y
A2 [100],1 , which we know exists for all N' = 6 theories [28], using just tree level
(A’1)£+7/2,£+3/2
(SSSS). To unmix these degenerate operators, we would need to compute (SSSS) at
0(052), in which case the O(c;l) correction to )\i 1002 Will multiply the anomalous
N811,e
dimension, so that it can be unambiguously read off. The O(c;!) anomalous dimension

should be the same for either structure, but in practice we can only extract it from tree level
(SSSS) using the @Long[ooo],g structure, because that is the only structure which contributes
0+1,0

#5In particular, at GFFT one can construct two (B, 1)[22’80] operators, one using adjoints of the SU(N)
gauge group factor and one using singlets. The latter (B, 1)[22730] is what is eaten by the conserved current
at tree level, while the former remains. For N = 1, there is of course no adjoint, which is why the extra

(B, 1)[2%80] does not exist. This nonexistence was in fact observed using the numerical bootstrap in [28§]
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at O(c%). From this structure we find

80(20 4+ 1)(2¢ + 3)%(2¢ + 5)(20 + 7)

E>0even: Aee) =+ L+ = 90+ 230 1 8)2er

sin?(m\) + O(cz?).

(4.11)
For the Longg_)? ]lil structure, the tree level anomalous dimension first contributes to (SSS.S)

at 0(0;2), as discussed above.
Finally, we consider the single trace approximately conserved current multiplets with
superprimary By for odd ¢ > 0. In this case there is just a single structure, which from (4.4)

is identified at unitarity with &, oo = & oo} - We find the tree level OPE
ong,.y (A,cons)prll
coefficient 64
) 2 _ b4 )
E > O Odd . )\Longg?f?y]z = or + O(CT ) N (412)

which is what we called Agsr, , from section 2, and does not depend on A as discussed
before. We would need to compute (SSSS) at O(c;?) in order to extract the tree level
anomalous dimension.

We now move on to the double trace long multiplets. We will only consider the lowest
twist in each sector, since higher twist double trace long multiplets are expected to be
degenerate, so we cannot extract them from just (SSSS). For twist two, we find that only

@L [0o0j,1 Teceives contributions for all even ¢:
ONgyioy
128(2¢ + 3)(2¢ + 5
¢>0 even : Ay =L+2— (20+3)(20 +5) sin?(m\) + O(cg?),

w20+ 1)L+ 3) (L +4)cr
7+ 4T+ 1)L+ 3)

Longl(yy' — or (e+3)T(e+3)
4.13)
N CARN G, (
+i — (2 —sin?(7\)) (2> (2)
cr T (e+3)T (e+17)
+ Sin2 (W)\)SL [000],1] + O(C}z) .
ONEyi 2.0
For odd ¢ at twist two, only QﬁL [ooo] receives contributions:
ONgpioe
(>0 odd : Ay =C+2+0(cr?),
32 w4 2)T (0 +4)
[0o0] —
Longras 9T (04 3)T (¢4 )
g0 (L4 1)1 (L4 2)° 4.14
+ Ll (2 — sin*(7))) <2 ) <2 ) (4.14)
cr T (e+3)T (e+3)

+ sin? (W)\)SLong [000]

42,0

+0(c;?),

where note that the tree level correction to the anomalous dimension vanished. For twist

three, we find that both &_ (o002 and & (0003 receives contributions for all even ¢,
Lon 0430 Longz+3,e
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though only the former receives an anomalous dimension:

128(20 + 5)(20(¢ +4) +5)
2+ 1) +3)( + D) +5)er
2 _ 70+ 3)D(€ 4 4)

Long/ 5" 3(2¢ 4 3)T (e+3)T(e+9)
43 20 ()1 (452)
3r(l+4)(20+3)0 (¢+ 1)

¢>0 even : A,(M) =(+3+ sin?(7\) + O(cz?),

8
+ —
cr

(2 — sin?(7w\))

+ sin? (ﬁ)\)SLong[ooo],Q‘| + O(C%z) ,

03,4
2 AT+ 2T+ 5)
Long 5" (20 4 3)T (e+5)r(e+9)

+ 3@ simma)t (2)r(5)r ()
cr w2 +3)0 (+5)T (¢+3)
+ sin? (W)\)SLongLooo]és‘| + 0(6%2) , (4.15)
+3,

where A/(e ) denotes that these are the second lowest dimension operators in their sector
that we consider, after the single trace operators with twist one.

4.2 Comparing U(1)2p X U(1 4+ M)_2pr to numerical bootstrap

In [28] it was shown that the exact formula for )\?B 022 in the U(1)oas x U(1 4+ M)_aonr
»2)20
theory, as computed from localization for finite M, was close to saturating the lower bound

on this quantity derived from the numerical bootstrap for all values of M .26 This motivated
the conjecture that in the limit of infinite numerical precision, the U(1)apr x U(1 + M)_apns
theory exactly saturates the bound. If this conjecture is true, the low-lying spectrum of
this theory for any M ~ cr can be read off from the extremal functional. In this section,
we will test this conjecture by comparing the numerical bootstrap results to the tree level
CFT data for the U(1)ops x U(1+ M)_9ps theory computed in the previous section, which
corresponds to the case A = 1/2. Note that the U(1)ops x U(1 4 M)_qops is special not only

because it has the minimal value of )\?B 2022 at fixed cr for all known theories, but also
%)2,0
because it is parity invariant due to Seiberg duality.
In figure 1, we show numerical bootstrap bounds for the squared OPE coefficients of
semishort multiplets in S x S that are isolated from the continuum of long operators. This
includes all semishort multiplets in table 3 except for (A, 1)%{:_)3]}2”. We include both the

general N' = 6 numerical bounds shown in black, the general A/ = 8 numerical bounds

26Note furthermore that at large cr, A 022) is smaller for U(1)om X U(1+ M)_2n than all other
0]

2
(B.2)}
U(N)i x UN + M)_j or SO(2)2r x USp(2 + 2M)_, theories, as can be seen by comparing the O(c,?)
corrections to (3.17) and (3.20). Hence if the bootstrap bound is saturated by a known theory then it must
be saturated by the U(1)onr x U(1+ M)_2nr.
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Figure 1. Upper and lower bounds on various semishort OPE coefficients squared in terms of cr,
where the orange shaded regions are allowed, and the plots ranges from the GFFT limit ¢ — oo to
the free theory ¢ = 16. The black lines denote the AV = 6 upper/lower bounds computed in [28]
with A = 39, the blue lines denote the N' = 8 upper/lower bounds computed in [35] with A = 43.
The red dotted lines denotes the spectrum read off from the functional saturating the lower bound

)\2
on (

5.2)102) in [28], which was identified with the U(1)ap x U(1 4+ M)_ap theory. The green
2<72,0

dashed lines denote the O(cy.') correction for the U(1)2as x U(1+ M) _gps theory computed in this
work, while the orange dashed lines denote the O(c;l) correction for the supergravity limit of
ABJM theory as computed in [13, 32]. The gray dots denote the GFFT and free theory values.
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CFT data | Numerical bootstrap spectrum | Analytic Tree U(1)aps X U(1+ M)_aps
/\?A 40, 11.9 84 4 1280 ~11.9145
5/2,1/2
13824 | 90112 .
)\(A +)é0/°f] » 18.7 o955 T 1aos.7 ~ 18.7332
)\(A o) —45 —8 250 ~ 472716
2 1024 _ 16384
)\(A 2011 —18 — 55 — Tz ~ —15.3374
A, 2o —6 - 19855 ~ —6.60775
2 4096 _ 524288 .
/\(A,z)[‘)“] —10 1998 — 375z ~ —11.1112
A1) —16 —19 ~ -16.2114
Ag,2) 16 173—28 ~ 12.9691
Table 5. The 1/cp correction to the scaling dimensions Ag; and Ag s for the lowest dimension
Long[ooo}’ and Long[O 0l.2 operators, respectively, as well as the OPE coefficients squared of various

semishort operators. The numerical bootstrap results come from a large cr fit to the numerical
bootstrap spectrum of [28] that was conjectured to apply to the U(1)apr x U(1 + M)_ops, and
corresponds to the dashed red lines in figure 1 and 2. The analytic tree level results were computed
in this work in the previous section.

from [35] shown in blue, and the conjectured U(1)aps x U(1 4+ M)_aps spectrum shown in
red. The tree level results for U(1)2ps x U(1 + M)_ops are shown in green, while the tree
level results in the supergravity limit as computed in [13, 32] are shown in orange. Recall
that the supergravity results apply to the leading large ¢ correction to both the M-theory
and string theory limits. As first noted in [32] and visible in these plots, they match the
large c7 regime of the N = 8 lower bounds.?” For A/ = 6, we see in all these plots that the
tree level results approximately match the conjectured U(1)apr x U(1 + M)_ops spectrum
in the large cr regime. Curiously, the conjectured spectrum approximately coincides with
the V' = 6 lower bounds for \? [020] and \? o1 With odd £, but not for A2

[011]
(At 52,0412 (A2)g04n (A

2)2 A4-2

with even £.28

The N = 6 numerics are not completely converged yet, which can be seen from the
fact that at ¢ — oo the numerics do not exactly match the GFFT value shown as a
grey dot. On the other hand, it has been observed in many previous numerical bootstrap
studies [33-35, 48-50] that the bounds change uniformly as precision is increased, so that
the large cp slope is still expected to be accurate, even if the intercept is slightly off. In
table 5, we compare the coefficient of the 1/¢p term as read off from the numerics at large
cr to the tree level results, and find a good match for all data. The match is especially

good for the most protected quantities, which are the 1/4-BPS )\?A o0 . In fact, this
Tet5/2,041/2
quantity is so constrained that it is difficult to distinguish by eye between the A/ = 8 and

2T"We have converted the N = 8 results in [32] to N' = 6 using the superblock decomposition given in
appendix D of [28].

28Recall that, as described in table 3, the superblocks for )\? (117 have completely different structures
e e+2
for even/odd values of .
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Aw,n Aoy

i 16
0.0 0.2 0.4 0.6 0.8 1.0 cr 0.0 0.2 0.4 0.6 0.8 10 cr

Figure 2. Upper bounds on the scaling dimension of the lowest dimension ¢ = 0 long multiplet in
terms of ¢p for the Long[AO?[?]’1 (left) and Long[AOO[?]’2 (right) superconformal structures, which for
parity preserving theories has the same and opp(;site parity as the superprimary, respectively. The
orange shaded region is allowed, and the plot ranges from the GFFT limit ¢ — oo to the free theory
cr = 16. The black lines denote the /' = 6 upper/lower bounds computed in [28] with A = 39, the
blue lines denote the N' = 8 upper/lower bounds computed in [35] with A = 43. At ¢p = 16 the
N = 8 upper bound does not apply for the A 5 plot, as the N = 8 superblock becomes a conserved
[OOO] 2 The red dotted lines denotes the spectrum read
n [28], which was identified with

current that does not decompose to Long,

off from the functional saturating the lower bound on )\(B )022
2,0

the U(1)2ar x U(1 + M)_ops theory. The green dashed lines denote the O(c;') correction for the
U(1)ap X U(1 + M)_aps theory computed in this work, while the orange dashed lines denote the
O(cp') correction for the supergravity limit of ABJM theory as computed in [13, 32]. The gray
dots denote the GFFT and free theory values.

N = 6 numerical and analytical results in figure 1. Nevertheless, the exact tree correction
for supergravity and tree level U(1)apr x U(14 M)_2ps are different. For instance, compare

the supergravity value 17220 — 5120 ~ 19 1121 from [32] for A2 to the corresponding

“9n2 27 At [020]
( )5/2 1/2
U(1)2ar x U(1 4+ M) _ops value & j + % ~ 11.9145 shown in table 5

Finally, in figure 2 we compare the conjectured U(1)2ps x U(1 + M)_ops numerical
spectrum to the analytic tree level results for the scaling dimensions of the lowest dimension

[000}, [000] 2

operators for the Long, and Long, structures, which are parity even and odd,

respectively, for the par1ty preserving theory we are considering. Recall that, as per (4.4),

[000],2 [200]

the unitarity limit of the Long, ;""" superconformal block is precisely given by the (B,1)5

superconformal block, so the bound on A g 5 that we find depends on the assumptlons we
make about the possibility of having a (B, 1)[200] multiplet appearing in the S x S OPE.
For the Ay plot, we assumed that no (B, 1)[2 0] appear, which as shown in the plot
excludes all N/ = 8 theories with 1? < .71 that were shown in [34] to contain an N' = 8
operator that decomposes to (B, 1)[200} 29 As with the OPE coefficient plots, we again find
that large cp slope of the numerics approximately matches the tree level result, as shown
in table 5. Note that the A ) plot describes the scalar approximately conserved current,
which is parity odd.

2The only known A/ = 8 theories that do not contain any (B, 1)[22!80] operators are the free theory with
2> =1 and the U(1)2 x U(2)—2 theory with ;% =.75.
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5 Discussion

The main result of this paper is the expression for tree level, i.e. leading large cp, (SSSS)
for any higher spin N' = 6 theory in terms of just two free parameters. For the U(NN); x
U(N + M)_j and SO(2)2r x USp(2 + 2M)_j;, ABJ theories, we used localization to fix
these parameters in terms of A, which is M /k for the former theory and (M + 1/2)/k for
the latter theory.?® We then successfully compared the CFT data extracted from this tree
level correlator at A = 1/2 to the large ¢y ~ M regime of the conjectured non-perturbative
numerical bootstrap solution to (SSSS) for the U(1)aps x U(1 4+ M)_ops theory [28]. On
the way to deriving these results, we derived superconformal Ward identities for (SSSP)
as well as an integrated relation between this correlator and ﬁfn N Om_ F |mi=0 which can be
computed using supersymmetric localization.

It is instructive to compare our N' = 6 correlators (SSSS) in (1.1) and (PPPP) in (1.3)
to the tree level correlator of the scalar single trace quasibosonic Oy and quasifermionic

Oy operators for non-supersymmetric vector models in [22]:

<qu(f1)qu(@)oqb(fS)oqb(@L))

U
¢+¢+¢V
2 . TAg _

— W—% sin? <2b> (UD
and

<Oqf(fl)oqf (@)Oqf (53)Oqf (Z4))

2.2
4”123334 CT

N\»—A

_ 1V
%(UV)"‘UD 111(VU) D17§7§(U,U>)‘|7

1 VU~V -1 UU+V -1 (5:2)
- —— [ W-V-U_ Jgw-ven- YU+ )}
T12T34 €T vs/ V2
For concreteness, we set % = % and Ay = tan(ﬂé"b) in [22] as in [51] for a U(Ngp)k,,

Chern-Simons matter theory with Ay, = Ngp/kg and one complex scalar for the quasi-
bosonic case, or one complex fermion in the quasifermionic case. The quasibosonic case
should be naturally compared to (SSSS), as both S and O, are scalars with A =1 at
tree level, while the quasifermionic case should be compared to (PPPP), as both P and
Oy are pseudoscalars with A = 2 at tree level. For all cases, the contact terms allowed by
the Lorentzian inversion formula vanish. For the quasiboson and (SSSS), the tree level
correlator consists of a connected free theory term and a scalar exchange term, while for the
quasifermion and (PPPP), only a connected free term appears. In our case both (SSSS)
and (PPPP) depend on ) as sin?(7\), while in the nonsupersymetric case only the quasi-
boson depends on Ay, and has the slightly different periodicity sinz(%).31 For both the
quasiboson and (SSSS), the exchange terms are given simply by scalar exchange Witten
diagrams, though the physical origin is quite different in each case. In the quasibosonic

3%We find that the tree level result is independent of N.
31The factor of two discrepancy in the periodicity between the ABJ case and the non-supersymmetric
case is discussed in section 6.2 of [6].
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case, [26] showed that for spin ¢ single trace operators Jy, all tree level (OgOgpJr) were the
same as the free theory except for Jy = O, which depends on Ag. The scalar exchange
then appears so as to compensate for the fact that tree level (Og,OgOgp) is not given by
the free theory result. In our N' = 6 case, we found that the tree level three-point functions
between two S’s and a higher spin multiplet were given by the free theory result only for
odd £, while for even ¢ they are all proportional to the same A\ dependent coefficient. The
contribution of the exchange diagrams for the even and odd spin single trace long multi-
plets, which at tree level coincide with conserved supermultiplets, exactly canceled so that
only the scalar exchange diagrams remained.

We showed that the contact terms allowed by the Lorentzian inversion formula for
(SSSS) vanished by combining localization with the (SSSP) four-point function computed
using the weakly broken Ward identity. There is in fact a possible alternative argument
that only uses N' = 6 superconformal symmetry, and so would apply to any N = 6 higher
spin theory. Note that A/ = 6 superconformal symmetry only allows a single contact term
with four or less derivatives, which thus contributes to spin two or less as allowed by the
large M Lorentzian inversion formula [21]. In [8], we used flat space amplitude arguments
to show that this four derivative contact term for (SSSS) actually becomes a six derivative
contact term in other stress tensor multiplet correlators like (SSJJ), where J is the R-
symmetry current, that are related to (SSSS) by supersymmetry. Since six derivative
contact terms generically contribute to spin three CF'T data in correlators of non-identical
operators [52], they would be disallowed by the Lorentzian inversion formula for correlators
with spin [53], which would then disallow the putative four derivative (SSSS) contact term.
In fact, the (SSSS) contact term contributes to a scalar long multiplet that contains a
spin three descendant. This happens to not contribute to the (SSSS) superblock [28],
but could well appear in the (SSJJ) superblock. It would be interesting to derive the
superconformal Ward identity that explicitly relates (SSJJ) to (SSSS), so that we could
verify this alternative argument for the vanishing of the contact term. Our tree level result
would then just be fixed in terms of a single free parameter, as in the non-supersymmetric
case of [22, 23].

There are several ways we could improve our comparison between tree level higher
spin (SSSS) and the numerical bootstrap results in [28] for the U(1)aps x U(1 + M) _ops
theory. Numerically, it would be good to improve the precision of the numerics and compute
predictions for more CFT data. In particular, we will likely need much higher precision
to probe the single trace multiplets with superprimaries of odd spin, since their OPE
coefficients squared scale as O(c}l) and so are hard to see numerically, unlike the even spin
case that scales as O(c}). Analytically, we will need to generalize the large cr analytic
calculation of (SS9S) to order 1/c% if we want to extract anomalous dimensions of the
odd single trace higher spin multiplets even at tree level, due to the O(c;l) scaling of
their OPE coefficients squared. This 1-loop calculation can in principle be computed from
tree level CFT data [54], but would require one to unmix the double trace tree level CEFT
data, which is difficult even in the non-supersymmetric case [55]. This unmixing would
similarly be required if we want to compare to numerical results for unprotected double
trace operators with non-lowest twist, which are degenerate.
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We could also generalize our tree level higher spin correlator calculation to a wider
class of theories. For instance, the ABJ quadrality of [9] considered not just the 3d V' =6
SO(2)ar X USp(2 + 2M)_j, theory considered in this work, but the wider class of N' =5
O(N1)2r x USp(N2)_ ABJ theories, which also have approximately broken higher spin
symmetry when Np, k are large and No, A = Nj/k are finite (similarly for N7 <» N»), and
so are conjecturally related to A/ = 5 higher spin gravity on AdS4. From the string theory
perspective, these theories are obtained by orientifolding the brane construction of the
U(N)g x U(N + M) _j, theory, so that the O(N7)ax X USp(N2)_j theories are dual to type
ITA string theory on AdSyx CP?/Zs. In the string or M-theory limit, orientifolding changes
the single trace spectrum, such that certain tree level correlators vanish, and the 1-loop
corrections are suitably modified [56]. In the higher spin limit, however, the orientifold
does not affect the single trace spectrum aside from reducing the supersymmetry when
Ny # 2 from N = 6 to N = 5, so we expect that the general structure of the NV = 5 tree
level correlator should be very similar to our A/ = 6 result. The precise dependence on \
could still be different, as that depends on the Lagrangian of the specific theory, as well
as the specific form of the AN/ = 5 version of the A/ = 6 integrated constraints discussed in
this work. It is possible one might also need to consider integrated constraints involving
the squashed sphere, which can also be computed using supersymmetric localization as
in [10, 42, 57, 58].

The numerical bootstrap has been used so far to find conjectured numerical solutions
to the U(1)aps X U(1 + M)_2ps and U(N)2 X U(N + 1)_o theories, which at large cp are
dual to higher spin gravity and M-theory, respectively. These N’ = 6 and N = 8 solutions
were found because they conjecturally saturate the lower bounds of bootstrap studies with
the respective amount of supersymmetry. Ideally, we would like to numerically solve the
N =6 UWN)g x UN + M)_j, ABJ theory for any N, M, k, which would require us to
input three exactly known CFT data into the bootstrap, and then see if the new bounds
are saturated by known theories by comparing to a fourth known quantity. So far, we

know how to input two quantities: cr and )\% which can be computed exactly from

B2
o2, F|._,and 8, F|,_,, respectively. A third quantity could be 8%1+8,%1_F|¢:0, which
is related to a certain integral of (SSSS) as shown in (3.6). A fourth quantity could
be a similar integrated constraint from the squashed sphere, or the tree level correlators
computed in this work and [8, 13, 17]. Once we can study ABJ theory for any N, M, k,
we will be able to non-perturbatively understand the relation between the higher spin and
supergravity regimes. In particular, it will be interesting to see how the approximately

conserved currents at finite IV and large M, k disappear as IN increases.

All the discussion so far has concerned the CFT side of the higher spin AdS/CFT du-
ality. This is mostly because supersymmetric higher spin gravity is still poorly understood.
The only known formulation so far is in terms of Vasiliev theory [6, 59-65], which is just
a classical equation of motion with no known action, and so cannot be used to compute
loops. Even on the classical level, it has been difficult to regularize the calculation of var-
ious correlation functions [66, 67]. Recently, a higher spin action has been derived in [5]
for the O(N) free and critical vector models, which manifestly reproduces the correct CFT
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results to all orders in 1/N. If this construction could be extended to N’ = 6, then it is
possible that the bulk dual of (SSSS) could be computed and the absence of contact terms
understood from the bulk perspective.
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A Pseudocharge action on S and P

Our task in this section is to derive the action of §(X) on the scalars S and P. In ap-
pendix A.1 we derive (2.23), which gives expressions for §(X)S(y,Y) and 6(X)P(y,Y) in
terms of A\ggp, and two unknown coefficients, x; and k2. We then compute these coetli-
cients in appendix A.2.

A.1 Constraining the pseudocharge action

Our task is to derive (2.23). We begin with 6(X)S(%,Y), which we can compute by
evaluating

1

T 4r

BOSO.)0@) = o [ dS - (1 X)S0,V)0) (A1)

finite as r—oo0

for general operators O(é3) located at és = (0,0,1). We first note that the right-hand side
of (A.1) is only non-zero if O is a scalar with conformal dimension 1. For this special case,
conformal invariance implies that

<H1 (fv X)S(07 Y)O(é?))) = fSOHl (X7 Y)Cﬁl,l(oa é37 f)

_ fsom(X,Y) <(és —z)t gt > 1

4 &3 — a2 |2l Jzlle —és]”

(A.2)

where fsom, (X,Y) is a function of X and Y whose exact form depends on the so(6)r
properties of @. Substituting this into (A.1), we find that

. X 1
(0(X)5(0,Y)0(es)) = — fsom (X, Y). (A.3)
The only two dimension 1 scalars in higher spin N' = 6 theories are S(7,Y) itself and
By(Z). For S, we apply (A.3) with O(é3) = S(é3, Z) to find that

G050 Y)S (65.2)) = _/\SSHltrEl[Y, Z1X) _ _)\SZHl (S(0,[X,Y])S(e5, 2)) . (Ad)
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while for By we find that

B )\SBOHltI"(XY) _ )\SBOHltT(XY)

(5(X)S(0,Y)By(és)) = 1 4

(Bo(0)Bo(es)).  (A5)

However, as we will now show, Agp,q, = 0. To see this, we compute:

. ~ A tr(XY

SX)(S(0.Y)SH) = (B)S(0.Y)S ) + - = =SB )61y 1

(A.6)

where the additional terms come from the variations of the second S and H;, and from
the multiplet recombination. Note that 6(X)(S(0,Y)SH;) contains a term proportional
to )\%Bo 7, t1(XY). But it is straightforward to check that no additional term appears in
either <S(O,Y)5(X) (SH1)> or in (SPH;) with the right R-symmetry structure needed
to cancel such a contribution, and so conclude that Agp,r, = 0. Having exhausted the
possible operators that could appear in & (X)S(y,Y), we conclude that

S8, Y) = -5 5, [x,v]) =~ [x,v)). (A7)

We can constrain §(X)P(%,Y) in much the same way, except now we have to consider
not only the single trace operators P and Cp, but also double-trace operators built from S
and By. The most general expression we can write is

O(X)P(7,Y) = roP(§, [X,Y]) + w1S*(§,[X, Y]) + k25 Bo(7, [X, Y1)

A.
+ Mltr(XY)Ol(g) + /LQOQ(g7 {X7 Y}) + /1'35(277 X)S(y7 Y) ) ( 8)

where O;(y) is some linear combination of S59,5%, and Bg, and Oy is some linear combi-
nation of P, S? and SBy. By computing (JPP) we find that

1 1
Ry = 71)\PPH1 = E)\SSHl . (Ag)

If we instead consider (SP(’)Z), we find that p; are proportional to OPE coefficients App,,;,
but can then check that the & (PPH,) Ward identity is satisfied if and only if ; = 0. This
leads us to (2.23).

A.2 Computing k1 and kg

We now compute &1 and ko using the variations §(SSP) and 6(SPBy). Let us begin with

d(X)(SSP). As listed in equation (2.8), supersymmetry forces both (SSP) and (SPP) to
vanish. Expanding the left-hand side of the higher spin Ward identity, we thus find that

0(X)(SSP(ys,Y3)) = k1(SSS* (s, [X, Y3])) (A.10)

while expanding the right-hand side we instead find that

5(X)(SSP(ys, Y3)) = ———(SS5(fi, [X, Va]) (A.11)

Jer
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Equating these two expressions, we conclude that

aAsss

- 4./er

The variation 6(X)(SByP) is a little trickier, as (SPBp) does not vanish at 0(0;1/2).
It is instead related by supersymmetry to the three-point function (SPH1), so that

(A.12)

Asem _ 284D (A.13)
/\SPBO A A1 '

where A is the conformal dimension of By. We can then in turn relate Agpp, to a using
the multiplet recombination formula (2.13), and so find that

2
Jer

Now that we have computed Agpp,, let us turn to S<SPBQ>. Expanding this us-
ing (2.23), we find that

1
ASPBy = _§>\SPH1 = (A.14)

O(X){(S (91, Y1) P(42, Y2) Bo(¥3))

1 L, L, ., L, L, .,
= §>\SSBO<S(?J1, Y1) P (52, [ X, Y2]) Bo(¥3)) + k2(S (%1, Y1)SB (42, [ X, Y2]) Bo(¥3)) -
(A.15)
But if we instead use the multiplet recombination rule, we find that
-~ . . . o . ~ .
S(X)(S (51, Y1) P (32, Y2) Bo(h)) = ——= (S5, Y1)S (3, [X, Yal) Bo(3is) ), (A.16)
ver

where we dropped <]5PBO> as it vanishes due to supersymmetry. Equating the two expres-
sions and solving for ko, we conclude that

_aAssBy,

4\/CT .

K9 =

(A.17)

B Scalar four-point functions

B.1 (SSPP) and (PPPP)

Conformal and R-symmetry invariance imply that the four-point functions (SSPP) and
(PPPP) take the form [8]:

— — — g 1 : i
(S(&1, X1)S(&a, X2) P (%3, X3) P(F4, X)) = ——— > _R'(U,V)B;,
L12%34 ;1
X 6 (B.1)
(P(&1, X1)P(Z2, X2) P(&3, X3) P(Z4, X4)) = —— >_P"(U,V)B;,
L12%34 ;4
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where the R-symmetry structures are defined as in (2.48), and where R’ and P* are func-
tions of the cross-ratios (2.49). Crossing symmetry implies that

R3U,V) = R2<g ‘1/> RO(U,V) = R5<g ‘1/>
PYU, V) =U*P! ((1] ‘U/> PS(U,V)—‘U/ZP%V, U), (B.2)

P U, V) = U2734(1 V) POUV) = U—2P4(V U)
’ U'U ) v AP
so that (PPPP) can be uniquely specified by P*(U,V) and P*(U, V), while (SSPP) is
uniquely specified by R (U, V), R*(U, V), R*(U,V), and R>(U, V).
As shown in [8], the N/ = 6 superconformal Ward identities fully fix (SSPP) and
(PPPP) in terms of (SSSS). Applying these to the various terms in our ansatz (2.66),
we find that for the generalized free field term:

Réppr(U, V) =1, Rippp(U, V) =0fori=2,...,6
(B.3)
Pérrr(U, V) =1, Péprr(U, V) =0,
for the free connected term:
; UXU -V —1)
) _ 1 _ 4 _
free(Ua V) - 0> Pfree(Ua V) - 07 Pfree(Ua V) - W ; (B4)
for the scalar exchange term:
4U 20U -V —1
Rscal(Uv V) =0, Rscal(U V) = 2 Rscal(Uv V) = ( 22V ) )
B.5
o U’Dyp1 _1(UV) (B:5)
Rscal(U, V)= =y + 5,572 , SCal(U V)=0.
Finally, for the degree 2 contact term (SSPP) is given by
i 4U?
Reont (U, V) = 3 <4D2211 —6D229922+15D42135+ 15D32293 —30D3212)

R2 (U V) =4U? (53,2,2,3 - 21—72,2,2,2) ,

Reont(U. V) = 4U? (5D3,2,2,3 - 2D2,2,2,2) ,
U2
R (U V) = = (8D2 911—36D9222+15D2233—36D3219+30D3293+15D42 ) .

(B.6)
B.2 Shadow transforms of 4pt correlators

In this appendix, we explain how to compute the shadow transforms of (SSSS) and
(SSPP), which, using (2.71) we can express in terms of functions

3 3 7 ($§2|f3_z‘2 |i’1—2‘|2a:§3)
S~Z(U V) . 1'34.’1314 d z x§3|f275‘2’ x%3|i‘272|2
g A7|Z — Ty |75 — Z]? ’
13 4 32
. 2 H2 2 |2
3 pi (mEQ\mf—ﬂ r}4\m3—z| )

d°z |#1—Z21%w3, |T1—Z]?23,

3
5i _ T347%14
RUV) = 13 /47?]2

— 2|2 |2y — 2Z]4
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Let us begin with free connected term, for which
Sflree(U’ V) = R%ree(U7 V) =0, (B'8)
so that the only non-trivial computation is

- 1
St V) = muwwxM

134293 47T\z—x4\4 |71 — Z||7e — 2]

We can evaluate this integral using the star-triangle relation

3z B ﬁ r (5 — Ai) 3/2 (B.10)
T~ APBT, - APReTy - APAe \ TR ) e ahe tos

and so find that

~ U3
Shee(U, V) = —=

A7 (B.11)

Next we turn to the contact term. By definition, the D functions are related to the
quartic contact Witten diagram

T - i "
D7‘1,7‘2,7‘3,7‘4($l —/ dZHG Ba(z,l') = (2_(,)_‘)2) (B12)

AdS, i=1

via the equation

2 Z 17T o
_ = T 2 H I'(r
‘DT17T27T377”4(U7 V) = 1 24 g L Z 247‘ e 3iz:( Z) ] D7’1,7’2,7’3,7’4 (xl) .
xf4 i=1 % 1 4$§4 =111 3 4’/T2F( 21-:1 ’L)
(B.13)
Because the shadow transform of a bulk-boundary propagator is another bulk-boundary

propagator [68]:

3/2 _3
d3y . I'(r
/WG%a(%y) 1“(7~))G ' (2,7) (B.14)
we see that the shadow transform of a D-function is another D-function:
dy 3/2[‘( — 5)
/ #Dﬁ 2,73,74 (fh f27 fS? g) = —Drl r2,73,3—74 (f17 527 f?n f4) .
= gloore e D) e
(B.15)
When we write ‘
cont(U V) and RZ(U’ V)
x%ﬂ:zm x%zx§4

in terms of D-functions, the result is a sum of D-functions multiplied by rational functions
of :U . Using the identity [69]

2 2
47’17’23}12DT1+17T2+1,T3,T4 - 47’3T4$34DT17T2,7’3+1,7’4+1 (B 16)

= (7"1 +ro—1r3— T4)(3 —T1—Tr2—="7T3— r4)DT1,T2,T3,T4 .
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along with its crossings, we can always rearrange the integrands in (B.7) into a form such
that we can apply (B.15) term by term.

Finally, we turn to the exchange term. To compute the shadow transform for this
term, we first note that when A; + Ag + Az + Ay = 3,

/d3:t: H
2224
1 7 (B.17)
3/2 3-2A1-2A4 ,3-203-2A4 )
_ il 14 34 DA, ag,n5,8,(U V)
F(Al)F(Ag)F(Ag)F(A4) :E??) 2A43§§4A2 1,82,A3,84 ¥ .
We thus find that
22, |F— 22 |71— 2202,
-2 x34x14x12 D, 1,%,% (x§3|fz—z127 x§3|52—2|2)
Sbcal(Ua V) 5/2 4 4 =3 =2
T e W\z—x4] |Zo — Z]
1 x%2x14m34 / d3z d3w
27T \z—x4\4\w—x1\ ‘w—f2‘2‘w—f3|’117—§"5—f3‘ '
(B.18)

Performing the integral over z using the star-triangle relation (B.10), we then find that the
integral over w can also be performed using the star-triangle relation, and so

Sscal(U’ V) = \/ﬁ (Blg)

We can evaluate S* a1 i & similar fashion, finding that

1 1

1y <1+) , B.20

2 vV (B.20)
Now we turn to computing R*(U,V). Because ultimately our goal is to compute

(SSSP), we only need R (U, V) and Rscal(U7 V), as these suffice to compute 7(U, V)

and T4(U,V). But R._,(U,V) =0, and R:_,(U,V) can be computed by using the star-

triangle relation on each term by term, so that

Sscal(U7 V) =

scal scal

(VU -VV -1)
2V '

RY U, V)=0 R'= (B.21)

C Computing integrated correlators

In this appendix, we compute the integrated correlators needed in section 3.1. Many of
these calculations are performed most conveniently in Mellin space, and so we begin by
first reviewing this topic.

C.1 Mellin space review

Holographic correlators take simple forms in Mellin space. For (SSS.S) we define the Mellin
amplitudes M’ (s,t) through

: 0 dsdt s u_ s t ul
SY(U,V) :Lim (42 Usvair? {1 - 2] I? {1 - 2] r? {1 - 2} M'(s,t), (C.1)
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where u = 4 — s — t, while for (SSSP) we define the Mellin amplitudes N’(s,t) through

Ti(U,V): / (Z‘:rd)t ( )Us/2vu/2 1

(g ()2 () (- 2)r ()

where u = 5 — s — t. In either case the two integration contours are chosen such that?3?

(C.2)

Re(s) <2, Re(t) <2, Re(u)<2, (C.3)

which include all poles of the Gamma functions on one side or the other of the contour [70].
Crossing symmetry implies that

(C.4)

with identical formulas for N(s,t), as can be derived from the crossing equations (2.50)
and (2.68).

The Mellin transform of the disconnected term S&ppp(U, V) and free connected term
St (U, V) are singular, while for ! ,(U, V) and 8!, (U, V) we find that

L)L ) T

Mscal( - 7T5/2F(%>’ scal( 7T5/2F( ) 7I_5/2F<2T)7 (C.5)
Mot = (t-2(=2),  Miuls)= (-2 (s~ 3).

For (SSSP) the Mellin transforms of Tgee and Tgcar are singular, but for the contact term
we find that

or1/2 9r1/2
Nowls,t) = === (t =D =2),  Niwls,) = —=5—(s=2°.  (CH)
C.2 Computing I;_[S!_,] and I [S’ )]

We begin with I, ([S!

i .1, which as noted in (3.6) computes the coefficient of A2

(B, 2)[022]

OPE coefficient in (SSSS). The (B, 2 )[O 2] superconformal primary is an 1/3-BPS operator
transforming in the 84. But by inverting (2.52), we find that Ssca1,84, vanishes for the scalar
exchange diagram, and so conclude that

I++[Ssical] =0. (C7)

32This is the correct choice of contour provided that M?(s,t) does not have any poles with R(s) < 2 or
R(t) < 2 or R(u) < 2. If this is not the case (such as for the exchange diagram), the integration contour
will have to be modified in such a way that the extra poles are on the same side of the contour as the other
poles in s, t, u, respectively.
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To compute I, _[S! we first use the Mellin space form of the integral

scal] ’

a [ dsdt 2T
191 | e g O

gl e S T

derived in [8]. Using (C.5) and then performing the change of variables s — 4 — ¢t — u, we
find that

; 4 [ dtdu secw(t;u) 2—t t—1 2—u u—1
I+—[ scal] = _7/ . r r r r .
w ) (4mi)2 (t —2)(u — 2) 2 2 2 2
(C.9)
Using Mathematica, we can evaluate this integral numerically to arbitrary high precision,

(C.8)

and find that, to within the numerical error,

I, [Si.)=—7%. (C.10)

scal

C.3 Parity odd mixed mass derivatives

In this appendix we derive (3.11) from (3.10). To do so, we first note that, as explained
in [8], we can write

dr = . . . 1
47r/ 1+ %21‘](5”) = /d3x\/§(zj+(gg) + K4 (%)) + (Q-exact terms), (C.11)

where J(x) is defined by

. \2 .\ 2
14 11—
X (i)sf(o,o,x) - (13262)521(0,0,95) +511(0,0, ) — S5%(0,0, )
(C.12)

We can hence replace the i.J, + K terms in (3.10) with .J, and so find that

Eﬂk%ji—(mﬂ3<</ﬁ dx j@g>3(/}Px¢§@14f)+za4f»>>. (C.13)

Pmyom_ 1+ %

Next note, again as explained in [8], that correlators of J(x) are topological. We can thus
place the three J operators at 0, 1, and infinity, so that

o*log Z
d3myOm_

::fhﬁ<janjquan)</}ﬁx¢§uj(f)+}((f»)>. (C.14)
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Next we expand the right-hand correlator using (3.3), (2.47) and (2.67). The (JJ.JJ_)
automatically vanish, and so

O*logZz icgm? 3z 7 1 |72
Pvom_ ~ 2] Gr A\ \F- el 7 &P
1 Eil 1 Eil
2 3 C.15
+5T (:E’é3]2’|fég|2>+T <|fég|2’|fég|2 (C.15)

1 Z|? 1 Z|?
Y (L PV (R S
|7 — é3]?’ |7 — é3] |& — é3]? |7 — é3]

where é3 = (0,0,1). We can then use the superconformal Ward identity (2.69) to eliminate
79, so that the integral then simplifies to:

d*log Z _ ichm? /d3a‘:’ 972 1 |z
83m+8m_ 213\/§ ’f — 63’2, |f — ég|2

1 z|? 1 Z|?
+27° | =— o0 5| +4T! | =—= i 51
|Z — é3]?” |7 — és] |& — é3]? | & — és]

Switching to spherical coordinates & = r (sin(0) sin(¢), sin(6) cos(¢), cos(d)) and then inte-

(C.16)

grating over ¢, we arrive at (3.11).

C.4 Computing I,qq[7T"]

We will now compute Ioqq[7?] for the various terms contributing to (SSSP) at O(ct).
Let us begin with the free connected and scalar exchange terms. Using (2.77) and (3.12),
we can directly compute

i . sin 0 N 3
Toaa [ Ti] = ~Toaa [T = 4 [[drdp 2" — —2x. (C.17)

To evaluate I,4q[7"], we find it most convenient to work in Mellin space. By using (C.2)
to rewrite 7" in terms of its Mellin transform N'(s,t) and then integrating over 7 and 6,
we find that

T[T = —87r9/2/ dsdt N'(s,t)csc(ms) csc(mt) cse(mu) (sin(rs) + sin(rt) + sin(mwu)) .

(47i)? (s —2)(s—3)
(C.18)
We can now use (C.6) to compute
; 647° [ dsdt . : .
Loaa[Toont] = 3 ) amie csc(ms) esc(mt) esc(mu) (sin(ws) + sin(wt) + sin(7wu))
ds di (C.19)
= —64n° / Bl
647 (ami)? csc(ms) esc(mt)
= 473,
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D Localization in the higher-spin limit

In this appendix we evaluate the U(N)g x U(N 4+ M)_; and SO(2)qx x USp(2 4+ 2M)_
sphere partition functions at large M. We begin with the former case, evaluating the

integral
_TMNm_ =12 T(Ya—Yb)
e 2 Z N sinh® =22
Zy N (Mg, m-) :—m/d
cosh? 5t a<b cosh [Ly“k_yb) + mTJ“} cosh [Ly“k_yb) — TrmTJr}
i 7 (yati(+1/2))
N gimyam_ M1 sinh [k
H D.1)
2 cosh (my, H v +i ’ (
Ya) =0 cosh [ (ya—i— S‘H/Q)) _ 7W2n+]
at large M, holding A = M /k fixed. To begin, let us define
N
i
Fi(x) = Z log tanh M —log R(x),
—
Mot (D.2)
2 l
Fy(x) = Z log cosh M
[=—M=1 k
2
where R(x) = cosh (wx) if M is even and R(x) = sinh (7wx) if M is odd, and
k sinh? TZ 2 4 I —
G(z,m4) =log 5 Zﬁsec [ T T sec { mr Wer] , (D.3)
2 20k 20k

where . = k= /2m_. After a change of variables y, — Vk (wa ”2\/[ ) we find that

P 1 .
Zn N (g, M) o ——N e / T H — xp)? exp (G(zq — xp,114))
cosh ok a<h
X exp <Zimjam_ + F (wa\/g) + F (l’a\/E) (D.4)

()

We now expand Fi(z), Fa(z) and G(z) at large M and k, holding x, m4 and X fixed. The
large M expansion of Fj(x) has already been computed in [27], where it was shown that

M-—-1
= 7(z +il) cos 220 A
Fi(z) = log tanh —— — R(z) ~ k_Jogtan — (D.5)
l_zjv;_l k sinh % 2

2
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The right-hand expression should be understood as a formal series expansion, which can
be written more verbosely as

X (—1)" fon (K, \) 22

" (D.6)
42— 4")Byy opron-1 A '
where f2n(k, A) = Z W&)\ ].Og tan ? s

p=0

and so we find that

4
P (a:\/%) = cons. — 27 csc(m\)z? + %W3(cos(2)\7r) +3) csc3()\7r):% + 0k, (D.7)

Next we expand Fy(z) using the Euler-MacLaurin expansion, finding that

M-—-1
2 l
F (z) = Z log cosh 77(331:1)
S (D.3)

ra?tan % 2732%(22% + 1) sint B
k k3 cos mA

+O0(k™?).

Finally, we can expand G(x) by simply using the Taylor series expansion around k12 =0,
so that

72(822 + 3m?) N (2242 + 36022m% + 15mY)

12k 1440k2 +O(). (D)

G(l’,m+) = —

Putting everything together, we find that

1

N (Mg, M) ¢ ————ee /dN.T H(za—mb)Q exp | —2m csc(mA) Zmi + Ok )| .
cosh 7;7; it P

(D.10)
where all higher order terms are polynomial in = and m+. We thus find that to compute

gritnz Zn N g (11, 1)
om m+8n2m_

(D.11)

m+=0
at each order in k™!, all we must do is evaluate Gaussian integrals of the form
/dNa:p(xa) H (zq — xp)? exp (—277 csc(m) Z xi) , (D.12)
a<b a

where p(z,) is a polynomial in z,. These are just polynomial expectation values in a
Gaussian matrix model. They can be computed at finite N as sums of U(N) Young
tableux [71], as described in detail in appendix B of [10]. After computing these integrals,
we find the explicit results given in (3.16), (3.17). and (3.18).

— 49 —



We now turn to the large M expansion of SO(2)gx x USp(2 + 2M)_j, sphere partition
function

e'™m=Y cosh [5¢] cosh [J£ + 5]
VA 2k 2
Mk (Mg, m h UL / Y sinh [ry] cosh [F¢ + T+
M sinh |: (%—]L-zl):| (D13)
X w(y+il) mmy |’
= cosh[ S+ 2*]
this time holding A = 222t fixed. Defining
M .
- l
Fi(x) = l_z_: log tanh 7r(a:2—l:z) — logsinh (7x) ,
m(x +il)
Z log cosh ok ; (D.14)

G’(x,er) ~log (cosh [2\/%} cosh [”(3‘;}:#]) |

TN w(2z+1h4)
cosh 2\/£ cosh[ 2\@* }

and then performing a change of variables z = k~1/2y, we find that

Znrj(my, m_) /d:v exp (im”h,x + G(z,1y) + Fi () + Fy(z) — Fy(x + m+)) .
(D.15)
Each of Fy(z), Fa(z) and G(z,7m_) can be expanded at large k with 2 and 774 fixed in a
completely analogous fashion to Fj(x), Fa(z) and G(x,m_) respectively. We find that

Zng(my, m_) /d:c exp (—77 esc(mA)z? + . ) (D.16)

where at each order in k~! and 4 the terms in the exponent are polynomial in . Deriva-
tives of Zys (m4, m—) at my = 0 reduce to a number of Gaussian integrals at each order in
k=1, After computing these integrals, we find the explicit results given in (3.20) and (3.21).

E Expansion of conformal blocks and Drl,rz,m,r‘l(U, V)

In this appendix, we review the U ~ 0 and V ~ 1 expansion that we use to extract CFT
data in section 4. First we expand the superblocks as defined in (4.2) at small U as

SHUADEEDY aMrZU*“ V), 1)

conf primaries

0
OAygr S MAO 2

where the light-cone blocks gg ,(V) are given explicitly in [72]. In our conventions, the

lowest couple are

T(0+1/2)

A+l A+ )
48/l ’

(1-V)am ( AF01-V

gEAO],Z(V) = 9 9
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U (v) = D(0+1/2)(1 - V)2
) 2(20 — 1)(2A — 1)42 /70!

x {2(£+A)(£+A—25A)2F1 <A+;_2,A;£,A+E,1—V)
— (1 +V)(AZ 4 2(2A — 1) — 20(A% + A — 1))
% oF) (A;E,AQH,AMJ—vﬂ. (E.2)

The expansion in U ~ 0 organizes operators by twist, and we can then also expand in
V' ~ 1 to organize operators by spin. After taking the A derivative in (4.6), we see that
the anomalous dimensions come multiplied by log U, while the OPE coefficients have no
such coefficient. We can then compare this U ~ 0 and V' ~ 1 expansion to the explicit tree
level correlator given in (1.1). The expansion of the connected free term is trivial. For the
exchange term, we use the U ~ 0 and V ~ 1 of Dy, 1y, (U, V) given in [73], which in our
case takes the form:

VUT (2mA4n+1) I'(m+3)T(2m+n+2)
mln!

oo UM —-V)" (F(eré)r(m*"*%)Q F(m+1)2F(m+n+1)2)

Y

2
_ c [20(1= V)T (m+ ) (m 4 n)t?
D%’l’l’%(U’ V)= 20 m!2n!T (2m +n+ §)
m,n= c fee 2
3
X <¢(m+n+1)—w<2m+n+2>
1 1
) i [\/%Um(l—V)"I‘ (m+3)T@m+2n+1)
D1, 1 (UV)=
Lzls e gmnmindl (2m +n + 3)

X (2@!) (2m+n—|—g> —2Y(2m+2n+1)

—w(m—i-;) +w(m+1)+log(4)) —i—;logU] ,

where () is the Digamma function, and note the log U dependence in the last two expres-
sions. It is then straightforward to compare these expansions to the superblock expansion
around U ~ 0 and V' ~ 1 to get the CFT data given in the main text.
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