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1 Introduction

In the last years, there has been a tremendous progress in studying four-point correlators
of half-BPS operators in four dimensional Superconformal Field Theories (SCFTs) with
conformal bootstrap techniques, in particular in the context of N' = 4 supersymmetry,
with the seminal papers [1, 2].] The half-BPS superconformal primaries O, are scalar
operators, of protected dimension A = p, transforming under the (0,p,0) representation

1Several results have been obtained also in the context of N' = 2 supersymmetry, started in [3].



of the SU(4) R-symmetry group. They are single trace operators made by the six scalar
fields of N' = 4 super Yang-Mills. The reason for these extensive studies is mainly twofold.
These operators preserve the highest amount of supersymmetry, their conformal dimension
as well as three-point correlators involving all such operators are protected, meaning that
they are fixed by symmetries and do not contain dynamical information. Moreover, higher-
point correlators are strongly constrained by supersymmetry, both in their space-time and
R-symmetry dependence. Remarkably, the existence of a chiral algebra, essentially linked
to the N' = 2 superconformal invariance, has been shown to emerge when studying the
meromorphic part of four-point correlators, thus this piece of information can be completely
fixed by the free-field values for Super Yang-Mills (SYM) theories. These properties have
been crucial in applying conformal bootstrap techniques to these correlators, numerically
and analytically, see the recent reviews [4, 5]. From a different perspective, the study of
these correlators is linked to amplitudes in the dual superstring theory description. In
particular, the half-BPS operator with the lowest conformal dimension, A = 2, is the
scalar component of the stress-energy supermultiplet, which is dual to the super-graviton
multiplet. The entire tower of Kaluza-Klein modes of the graviton are instead dual to the
A = p with p > 2 half-BPS operators. Thus the study of these correlators using conformal
bootstrap techniques, gives an operative method to explore super-graviton amplitudes on
AdS background, which have been inaccessible for several years, due to the increasing
complications intrinsic to perturbative methods in this setup [6-8].

Driven by the conceptual advancements and the plethora of results obtained by study-
ing this class of correlators, mostly in providing information on dynamical, coupling depen-
dent quantities, in this paper we would like to revive the study of quarter-BPS operators
in the context of N’ =4 Super Yang-Mills theories in four dimensions, with SU(N) gauge
group. These operators have protected conformal dimension, they transform in the (g, p, q)
representation of the SU(4) R-symmetry group and are a combination of a double trace and
a single trace term, the latter being sub-leading in the large N expansion. These operators
appear in all the context mentioned above, in particular they are present in the operator
product expansion of half-BPS operators.

In this paper, we start the study of four-point correlators involving at least one quarter-
BPS operator. We focus in particular on operators transforming under the representation
(2,0,2), since they are the first non-trivial ones and they appear in the operator product
expansion of Oy x Oy, making it possible to consider mixed correlator with such operators.
We exploit the power of the symmetries, using together the superconformal Ward identities
and the underlying chiral algebra, to constrain, at least partially, the protected structure
of such correlators. We computed free theory results and, by requiring the absence of
higher-spin currents and other mild assumptions, we managed to partially resolve the
ambiguities. In addition, using the inversion formula, we compute the sub-leading large- N
correction to the CF'T data, in the supergravity regime. We make contact with the recently
computed five-point function of half-BPS operators of protected dimension two [9], by
taking the OPE limit and projecting in the R-symmetry structure that we are interested
in, and we found perfect agreement with all the checks that we made.



The paper is structured as follows. In section 2 we introduce the quarter-BPS op-
erators, first from a representation theoretic point of view and then we specialize to the
kinematics of their correlators. In section 3 we briefly review the chiral algebra construc-
tion in order to subsequently apply it to our correlators of interest. Then in section 4
we consider mixed correlators involving the (2,0,2) quarter-BPS operator Opy, while in
section 6 we present large-IN results for the averaged anomalous dimensions of unprotected
operators appearing in their OPE, after a review of the method presented in section 5. In
section 7 we prove that the correlator with one Ogo and three O is protected at large N.
Finally, section 8 contains some discussions and future directions. Several technical details
are left to six appendices.

1.1 General idea

In this paper we focus on quarter-BPS operators O, transforming in the (g, p, ¢) represen-
tation of the SU(4) R-symmetry and which satisfy a shortening condition of the B type —
also known as BB type.

When considering operators transforming in these representations, it is important to
deal efficiently with all the R-symmetry indices that start appearing. To this aim, we
introduce auxiliary null vectors, satisfying precise properties, contracting SO(6) and SU(4)
(anti)fundamental indices

OPQ(S7 S’y) = (OPQ)Q%::;:Z?MlmMp Sm1 c. qu Sni. .. QM yM1 .. .yMp . (1'1)

This allows us to define all the tensor structures, now functions of products or combinations
of these vectors. This is necessary in order to construct correlators of these operators as
well as to analyze the different representations exchanged in the OPE.

When expanded in A" = 2 supermultiplets, the operators Op, contain half-BPS oper-
ators, which, according to the chiral algebra construction of [10], are of the Schur type.
It is essentially this fact that allows us to identify a protected subsector in their correla-
tion functions. More precisely, we are able to derive superconformal Ward identities for
the four-point functions under analysis by imposing that the correlator should be mero-
morphic when computed in a special, space-time dependent, configuration of the SU(4)
polarizations, with the operator positions restricted to a plane. This configuration simul-
taneously selects the specific N' = 2 half-BPS operator inside O, and performs the chiral
algebra twist

<OP1q1 Opzqzopsqs Op4q4> T(ﬁlv s 7774) f(z) +oe (1'2)

=17 (%),

yi'gg =3

Si-Sj = z2i—Zj+7iT);
In the above schematic equation the 7j; are some newly introduced SU(2) polarizations
that contract the flavor indices of the Schur operator inside Opq, T(71,...,74) is a tensor
structure? that scales as AP¢ when 7, — Afj; and z;,%; are the positions on the chiral
algebra plane of the four operators. The ellipsis denotes terms that scale differently in the

2In principle, there could be more than one structure, but in our cases there will always be only one.



7; polarizations. The function f(z) is meromorphic in z and is coupling independent, so it
can be computed from the free theory.

The basic idea behind these identities is that they provide a way to separate a correlator
in a protected part, encoding the information deriving from the chiral algebra, from a set
of unprotected and dynamical functions H,,. Unfortunately this splitting is not unique:
there exists always an ambiguity, namely a function that vanishes under the chiral algebra
map, but it is not responsible for the exchange of unprotected multiplets. In this paper we
fix this ambiguity as much as possible by imposing simple consistency requirements on the
conformal block expansion of the correlator.

1.2 Summary of results

In order to illustrate the construction outlined above, we first apply it to the well-studied
example of the correlator of four Oy operators, reproducing the well-known results [1, 2].

Then we focus on four-point functions containing respectively one, two or four Qg
operators. Given the presence of Schur-type operators in the N = 2 decomposition of Ogs,
one could think of using /' = 2 superconformal blocks [3, 11] to study these correlators.
Unfortunately, the N' = 2 half-BPS operator in O comes together with long multiplets,
for whose correlators an expansion in superconformal blocks is not known yet.

In analysing the various four-point functions, we start by fixing the protected part as
much as possible, then we extract corrections at large N to the OPE data of operators in the
OPE O3 x Qg2 and Og2 x Ope by means of the Lorentzian inversion formula. We cannot yet
compute the anomalous dimensions of the single eigenstates due to the inevitable mixing of
degenerate operators that will take place even at tree level. For this reason we only quote

the results for the averaged quantities
0 1
(1) E a( ) 0, (1) E a( ) (1.3)

where (1) is the first correction to the conformal dimension, a( is the i-th order OPE
coefficient squared and the sum is over all operators with same bare dimension.

By taking the OPE limit of the supergravity five-point function of all Os in [9], we
prove that (Op2O20203) is protected. This result was not known in the literature as far
as we are aware.> In doing this analysis, we develop a machinery to deal with five-point
tensor structures and to project them to four-point ones that can be easily generalized to
higher-points.

2 Generalities of quarter-BPS operators

2.1 Superconformal representation theory

Studying correlators of quarter-BPS scalar primaries involves various technical challenges,
mainly due to the rapid growth of R-symmetry tensor structures. In this section, however,
we would like to introduce the operators of interest from a purely representation theoretic

3 Although [9] argued for some OPE coefficient in their block expansion to be protected.



point of view, keeping the technical details to a minimum. The quarter-BPS operator O,,,
for ¢ > 0, is defined to be the superconformal primary of the following multiplet

BB[0; 0520 or Bl - (2.1)

where in the left we use the notation of [12] and in the right that of [13]. We will use
the former for the rest of the paper. When ¢ > 0 the operator satisfies a quarter-BPS
shortening condition because it is annihilated by four supercharges, namely
1,0,0 ~(0,0,1 1,0,0 ~(0,0,1
QUOY, Py, Qe gy (2.2)
where the superscript denotes the SU(4) representation and the subscript the SU(2) spin.*
Naively, the simplest such multiplet would be OQp;, which transforms in the (1,0, 1) of
SU(4) and has dimension two. However this operator only appears in free theories because
it has a higher spin conserved current at level six

Q*Q* Op1 ~ [3;3]"07. (2.3)

Moreover, given its conformal dimension, it must be built out of two fundamental fields
oY (x) with the gauge index contracted and the SU(4) index antisymmetrized.® This
contraction, without any additional indices, is vanishing. The next simplest operators are
011 and 091, which have dimensions 3 and 4 respectively. In this case, it can be shown that
the trace over SU(N) vanishes and therefore no such operators can be constructed [14].
Thus, the first non trivial operator that one can consider is Opyz, which has dimension four
and transforms in the (2,0, 2) representation of SU(4).

The superprimary of each of these multiplets can be built out of the six scalars o} (z).
As it is well known, the representations of the type (0,p,0) are obtained by taking a
symmetric traceless combination of the SO(6) indices M;, as follows

O, = tr(Th ... T™) gog\/[l - QDZIP) — traces. (2.4)

While the representations (g, 0, ¢) are built by antisymmetrizing the indices in pairs. More
precisely, we can make use of the six-dimensional rotation matrices (XMV), n (EMNym
defined in appendix A. These operators normally are a linear combination of single and
double traces [14, 15]. The coefficients of the linear combination are fixed by imposing
that the two-point function is unit-normalized and the operator is a short superconformal

primary. If, for the moment, we leave aside the SU(N) part, we can write

M-
Ong = tr(T7 ) tr (- T20) o2 ol (S0 )™ - (Bt dtag I, - (2:5)

The detailed expression will be given only for the operator under study, Ogo. General
operators O, with both labels nonzero are obtained with a combination of the two index
contractions presented above.

41f instead ¢ = 0 the superconformal primary is annihilated by two additional supercharges, namely
QS__I’I’O) and Qf’lﬁl , consequently, the shortening condition becomes half-BPS and indeed it yields the
familiar multiplet O,.

SRefer to table 9 in appendix A for the naming of the indices.

5This is proven in detail in appendix C for the interested reader.



In section 3 we will make use of the chiral algebra of [10] for finding the superconformal
Ward identities satisfied by the four-point functions of Op,. It is therefore beneficial to
learn how to expand these multiplets into N/ = 2 submultiplets, since the chiral algebra
is an ANV = 2 construction. In particular, we want to look for operators which satisfy two
equalities between the conformal dimension A, the spin 7, 7, the U(1)r R-charge r and the
SU(2)r R-charge” R

r=j5-17, 2A =j+7+2R. (2.6)

These are termed Schur operators. The quantum numbers r and R arise from the familiar
breaking of the SU(4) g R-symmetry group into

SU(4)R — SU(Q)R X U(l)R X SU(Q)F . (27)

The equalities (2.6) define a superconformal primary only if » = j = 0. In this case the
operator belongs to an N = 2 half-BPS multiplet. At level zero of Op, we find precisely
these multiplets, with a multiplicity of p + 1

D D, 5 2 ;0
BB[0;0527) 5 (p+1) BB[0;0]54 70 (2.8)

The multiplicity implies that the Schur operator extracted from O, is also transforming
in the charge-p representation of the flavor group SU(2)r which appears in (2.7). So, to
summarize, the quarter-BPS operator O,, contains, at level zero, an N' = 2 half-BPS
primary operator which has SU(2)r R-charge equal to 2¢ + p and flavor charge equal
to p. This is the operator that we will exploit in order to derive the superconformal Ward
identities.

2.2 Protected three-point functions

In this section, we collect known facts about three-point functions involving quarter-BPS
operators. In [16], the authors analyze three-point functions including quarter-BPS oper-
ators in a weak coupling expansions and they find that certain classes of correlators are
protected at order g2 for any value of N based on SU(4), SU(N) arguments and explicit
space-time computations. These are

1. (0,040), where O is a %—, %— or %—BPS operator.
2. (0pg0,sO3) either vanish because (q,p,q) € (s,r,s) ® (0,2,0) or can be related to

<Opq@(p—2)q02> ) <Opq@(p+2)(q—2)02> ) <Opq@p(q—2)02> ) (2.9a)
<Opq0(p+2)(q—1)o2> ) (OpgOpgO2) - (2.9b)

The three-point functions (2.9a) turn out to be protected since they are extremal,
namely that the dimension of one operator is equal to the sum of the remaining ones.
Then, the first one in (2.9b) can be proved to vanish based on a SU(N) and SU(4)
reasoning. Finally the last three-point function can be shown to be protected through
more complicated arguments.

"Note that our convention is to denote representations by their Dynkin labels, so spin-% would be R = 1.



3. Generic (Opq(T)rsOk> are protected at order g? if one of the following conditions is
satisfied
2s+r=2q+p+k
2¢q+p=2s+r+k extremality condition, (2.10a)
2q+p+2s+r==k

2s+r<k+p
“three flavours” condition, (2.10b)

2q+p<k+r
E<p+r “two flavours” condition . (2.10¢)

Specializing to operators with scaling dimension A < 7, the only three-point function
not included in the previous cases is (01301304), with O3 as defined in [15]. This
is proved to be protected as well.

4. (OpgOrsOy) with 2k+1 < 2g+p < 2s+r are guaranteed to not receive g? corrections
if they satisfy either the extremality condition

2s+r=2q+p+2k+1 (2.11)

or all of the “three flavours” conditions

2s+1r <2k+1+p,
2s+1r <2¢q+p—+1, (2.12)
2¢+p<2k+1l+s.

Notice that these conditions are for instance satisfied by (OQp2Qp20p2). Then among
quarter-BPS operators with dimension less than seven, the only three-point functions
left are

(002002022) , (002012033) , (002012013) , (2.13)
(002013032) , (0p2013014) , (2.14)

which are shown to be protected.

Similar analyses can be found in [17, 18].
A parallel and complementary study of three-point functions can be done resorting

8 The idea is that if, in a given three-point function, it

to the underlying chiral algebra.
appears only one structure that survives to the chiral algebra map, this directly implies
that the correlator is protected in the full N’ = 4 theory. We have performed this analysis
for the mixed three-point functions of Oy and Oy2 and for (Op2Op20g2). Proceeding in this
way, we confirmed the protected nature of (Op20203). Unfortunately, for the remaining
two three-point functions the chiral algebra argument is not that constraining. We find

that in (Op200203), the chiral map kills the only SU(4) structure not giving us any new

8We thank Xinan Zhou for suggesting this approach to us.



insight. The case of all Ogs operators is even different. Here, it turns out that a particular
linear combination of the appearing tensor structures is indeed protected, but this is not
enough to conclude that the entire function does not get renormalized as the weak-coupling
analysis is suggesting. It seems that the conditions imposed by the chiral algebra are weaker
than the ones outlined above. One of the reason can hinge on the fact that, differently
from the O, case, when decomposed in N = 2 supermultiplets, Op2 does not contain only a
Schur operator but other non protected ones. The presence of this additional operators can
possibly justify why the chiral algebra is insufficient or less powerful in studying correlators
containing this quarter-BPS operators.

2.3 R-symmetry structures
2.3.1 Polarizations for N' =4

Due to the high proliferation of indices and the complicated symmetrizations and subtrac-
tions that one needs to do in order to construct quarter-BPS operators, it is convenient to
introduce an index-free formalism for SU(4) structures.

The same idea was used in [19] to greatly simplify the computation of tensor struc-
tures, and has also been applied in the context of spinning operators [20-22]. In fact,
the embedding formalism in four dimensions differs from our setup simply by a signature:
SU(2,2) versus SU(4).”

We contract all SO(6) fundamental indices with a six-dimensional complex vector y™
and all SU(4) (anti)fundamental indices with a four-vector S™ (S,,). One can trade an
SO(6) index with an antisymmetrized pair of SU(4) indices using the Dirac matrices defined
in appendix A, thus we can also define

Vo = yu SN y =y M
These polarizations must satisfy some constraints following from the irreducibility of the
representation to which they are attached. The list of constraints reads

y-y=0, S-S=0, yS =0, yS=0. (2.15)
An operator in the (g, p,q) will be a field with homogeneity p in y and ¢ in S, S
Opg(AS, NS, py) = (AN 2P Opy(S, S, y) . (2.16)

In order to recover the tensor form of this operator we must differentiate with respect to
the polarizations. However, we need to be careful because the polarizations are constrained
and so their derivatives are not free. This problem can be solved by defining differential
operators which are interior to the constraints (2.15). With the aid of those operators we
can recover

(Opq)mlmmq M, = anl s anq 5m1 s gmq DM1 U DMPO;DQ(S: 5’7 y) . (217)

ny--ng, Mp-

9 Another obvious difference with the spinning structure formalism is that the six-dimensional vectors
there are positions, so they can appear in the denominator. Here they are polarizations so they cannot.



In (A.7) we show an explicit definition of Dy, 9,, and 9™, which previously appeared
in [19, 20, 22, 23]. This definition solves only the first two constraints and therefore can
be used only when either p or ¢ is zero, which is enough for our cases.!’

The various polarizations can be contracted into index-free expressions which then

combine to give the n-point tensor structures. A complete basis of such building blocks is'!

Yij = Yi " Yj Sij = Si-Sj,
Yirigig— = 0 (Vi Yo Yis =) 5 J;-]f...j2p =S¥ ViopSk (2.18)
K?f-"jzpﬂ = Si¥i Visprn Sk R?f---j2p+1 = Si¥j1 " Yizpsr Sk '
Eijkl = Emnpg S ST SLST Eijit = €988 in.SkpSiq »

With this notation, the most general two-point function of an operator O(Aq’p D of dimension
A transforming in the (g, p, q) of SU(4) and its conjugate can be written as follows:

(S12)9(S21)? .

P 7.p, y12)?
<O(quq)(l'1)og]pq)($2)> — ( 12) T
(z12)

(2.19)

2.3.2 Polarizations for N =2

We also need a formalism for dealing with R-symmetry and flavor indices of N' = 2 tensor
structures. This is again analogous to four dimensions, but in position space. Indeed, we
have su(2) @ su(2) which differs from so(3,1) by the signature.

We contract all R-symmetry indices with a complex two-vector n® and all flavor indices
with another two-vector ﬁ“/. Indices are raised and lowered with the Levi-Civita tensors
€ap and €,y The only possible building blocks are

Mg =i Mja> i = Tia’Tl - (2.20)

Clearly, due to the antisymmetry of €, the above expressions are nonzero for i # j. For
this reason, we do not need to put further constraints on these vectors and there are no
issues in taking derivatives. The two-point functions are also easy to write down. Given
an N = 2 primary Og r with R-charge R, flavor charge F' and dimension A one has

(m2)"® (f2)"

(Or.r(21)OR,p(22)) = (22,)2

(2.21)

2.3.3 Tensor structures as Casimir eigenvectors

Let us consider a four-point function of four quarter-BPS operators

G(pla q1; - - -5 P4, Q4) = <OP1111 (l‘lv Sl) Op2<12 (.732, SQ) OP3Q3 (Ii’n S3) OP4Q4 (.734, S4)> ) (2‘22)

where S; collectively denotes S;, S; and y;. This correlator can be expanded into a certain
number Ng, of functions. Each of these functions is multiplied by a combination of the

1071 principle there are also unconstrained parametrizations of y and S, 5 [24]. Since this is not strictly

necessary for our goals we have chosen not to pursue this direction.

H¥or six or more points, one also has to consider the Levi-Civita tensor EMNPQRS yf”yjlvvy,fy?yﬁy;?.



polarizations defined previously, which we call Ty, where each k is associated to a given
representation exchanged. The allowed representations are contained in the following tensor

product
R € (q1,p1,q1) ® (g2, P2, 62) N (g3,P3,93) @ (qa, P4, Ga) - (2.23)
We can therefore write the correlator as
Nstr
G, q1; - - -3 P4, qa) = Kogpy, .. 2qa+pa Z Ty gr (2, 2) - (2.24)
k=1

Above we defined the four-point prefactor K and the cross-ratios z, z, as follows

2 \3A12 ;2 N\ Az
<$%2)%(A1+A2)(x§4)%(A3+A4) ’ i = 2¢; +Di, ij — i T Ay, (2.25)

Kaironsn, =

2 .2 2 .2
T1g T3y L1473

=u=2zz,

=v=(1-2)(1-2).
23523,

at3 23,
One way to find the tensor structures Ty, is to first write down a basis using all possible
products of the monomials in (2.18), while making sure that they satisfy the scaling (2.16)
for all four operators, and then to rotate this basis to one that diagonalizes the SU(4)
Casimir operators. The eigenvalues associated to each tensor structure will tell us the
representation to which they correspond. In our cases of interest, the quadratic Casimir is
not enough because different representations can have the same eigenvalue. It is therefore
necessary to consider one higher order Casimir as well and for simplicity we use the quartic
one instead of the cubic.!?
Any operator in the SU(4) universal enveloping algebra can be represented in terms
of differential operators acting on the polarizations S;, S; and ;. Concretely, the three
Casimirs of SU(4) can be represented as [25]

1
Co(9s) = 5 Lun LM
1
C3(0s) = YR MNFPRRS 1\ Lpg Lgs (2.26)
1
C4(8g) = 5 Larn INF Lpg L@M

where Ly are the generators of SU(4). Since we want to act on the first two points, their
expression is

Lyn =1Li, N+ Lo mn,

o .9

. L0 o o . 0 (2.27)
Li yn = — | yim — 5" X MNm a5F SimEMN "5,
If Ty exchanges the representation (g,p,q) then it must satisfy the following eigenvalue

equations

Cr(0sy,0s,) Tr(S1,...,84) = C, Tr(S1,...,S4), r=2,4, (2.28)

12The reason is that the cubic Casimir contains an e tensor which makes the index contractions more
involved.
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with the eigenvalues given by [26]
_ 1/ _
Co=p(a+aq+4)+7 (3¢ +2(a+06)a+3a(a+4)) +5°,
1
Co=—((@+20+0>(@+2p+q+8>+24(G+2+q) G+2p+q+8) (229

16
—2(q— ) (G+q+2°+4(q(q+2)+q(g+2)*).

For this work, we implemented the Casimir differential operators in a Mathematica note-
book which can be made available upon request.

2.4 Relation with older superspace formulations

Quarter-BPS operators in N/ = 4 Super Yang-Mills have been studied in detail since the
early 2000s [14, 15]. In this subsection we will show how to connect our formalism to the
approach adopted in the past which made use of superspace.

There are various families of superspaces for ' = 4. Any given superspace formulation
is designed to make the shortening conditions appear “simple.” This means that imposing
that a certain operator is short simply amounts to declaring that it depends on only a
subset of the superspace coordinates. The most familiar example is a chiral multiplet
in a four-dimensional N/ = 1 theory. Without a formulation of chiral superspace one
would have to introduce a field O(z,6,0) and require D,O(z,6,0) = 0. But if we define
y = x + 1000 then it suffices to take an arbitrary (unconstrained) field O(y,#) and it is
going to be automatically chiral. Generalizing this idea to extended supersymmetry is the
main challenge that has been undertaken in the early nineties and that we wish to briefly
review now.

The family of superspaces that we wish to review was introduced in [27] and it takes
the name of (N, p, q) superspace. The construction roughly goes as follows: we start with
complexified super Minkowski space C44V on which we require that the z* coordinates are
real and 0,4 = (f7)*. Let us call this space M. Next we enlarge this space by a “flag
manifold” F, , defined as the coset space

SUWN)

Fra = SO x OV —p — @) x 0(@) (2.30)

This coset is parametrized by a special unitary matrix up™ such that the index m is acted
upon by the full SU(N') group and the index R by the isotropy group — i.e. the group at
the denominator of (2.30). All in all, this means that the coordinates of our superspace

are (z*, 00, Oma, ug™).

Superfields carry a representation of the so-called Levi subalgebra'?
[=sl(2]p) ®sl(2|q) @ sV —p—q)®C?. (2.31)

The bosonic parts of the first two summands and the last are the spin labels j,7. The
two complex dimensions are A and the r-charge — which for /' = 4 disappears and C? is

13The origin of this comes from interpreting the full superspace as a coset. This in turn follows from
interpreting Mr as a coset of SU(2,2|N).
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replaced by C — and the remaining parts are R-symmetry quantum numbers. Let us call
this representation R with carrier space V. Then superfields are defined as sections of a
Vr bundle over My = My x Fp, . Equivalently, they are functions from My, to Vz that
satisfy an equivariance property

f My — Vg,

(2.32)
flgz) =R(g)f(z)  Vgeexp(l).

In order to impose shortening conditions it is necessary to require that certain covariant
derivatives annihilate the superfield. The whole point of this construction is that, for the
fields of interest, requiring Df = 0 amounts to an holomorphicity constraint. So we do
not need to deal with constrained superfields but we simply have superfields that depend
on a subset of variables. There are two notions of holomorphicity: G-analiticity and
H-analiticity. A superfield which is both G-analytic and H-analytic is called CR-analytic
or simply analytic. A field is G-analytic if it satisfies'*

U, ™ Do f = D' (uh),” f=0, (2.33)

where D,; and Dfi are the covariant derivatives on My, the index r is on SU(p) and the
index 1’ is on SU(q). Next one defines left-invariant vector fields of SU(N), Dy, and splits
the indices R = (r,r”,7’) with r,r" as before and r” being on SUN — p — q). With this
definition a field is H-analytic if it satisfies

DS f=D"f=D."f=0. (2.34)

The operator of By B type, namely half-BPS (0, p,0) or quarter-BPS (g, p, q), are realized
as CR-analytic superfields.

Let us fix /' = 4 and take p and q as in [14], namely p = q = 1. By looking at (2.31) we
see that, other than the usual conformal quantum numbers, we have an extra su(2) index
(recall that for N' = 4 the last factor is just C). So fields are functions of the superspace
variables of the form

Vigeorn (2,00 O, up™) . (2.35)

The vector multiplet, in particular, has a single index and is CR-analytic
Wiz, 023 04123,u),  with (D%, Dy*, D,Y YW, =0. (2.36)

Observe that this superspace is not optimal for considering the vector multiplet as we
still have 12 supercharges instead of the expected 8. Indeed we still need to impose the
H-analyticity on W. Actually the H-analyticity follows automatically here as it will be
easy to check from the next paragraph. One could argue that there are more convenient
ways to study this operator, such as (N, 2,2) superspace [27] or the SUN)/U(1)? coset
superspace [28]. We will however stick with p = q = 1 in order to keep pursuing the
comparison with [14].

1Gee e.g. [27] for the explicit definitions of the derivatives.

- 12 —



The explicit form of the bottom component of the analytic superfield can be given in
terms of the more familiar ¢ scalars

W, (2,u) = uy™uy " Sprmn @™, r=1,2. (2.37)

As we can see, it is not so different from the principle of contracting indices with polariza-
tions. In this case only part of the SU(4) indices are “transferred” to the u dependence.
Consistently with the rest of our formalism, let us introduce a new SU(2) polarization x"
and contract the r index of W, with it

W(z,u, x) = Wy(z,u) x". (2.38)

In order to translate from these variables to the polarizations we are used to, we can
consider the two simplest cases: the (0,2,0) and the (2,0,2). For the former we have a
totally symmetric trace

Tr(WW) = x"u;" " Sarmn X u g 19 Snpg Tr (goMgoN)

— yarun Te(M o) (2.39)
It follows simply
yM = x"uy M, SN (2.40)
The case (2,0,2) instead requires a small computation
Tr (W, W) Te (W' W) = u,™u," Sasmn u'ju”y S
X ulm/urn/ YN min u4p/urq/ igq/ (2.41)
x Tr (™) Tr (9" 9%)

= (4.1a).

The matrices uz-j and uij are one the inverse of the other, so they yield a  of the external
indices which in turn contract a pair ¥, ¥ together. Then we use the definition (A.2) to
exactly match the right hand side, provided we identify

S™ = 4u™, 8, =4u (2.42)

m*

We should check that (2.40) and (2.42) are compatible with the constraints (A.5). This
can be done very simply

Y-y o< X X UMy Mg 19 €mnpg X €mnpguy ™ =0, (2.43a)
S-S ocu™ut =01 =0. (2.43b)
Sy o uy™ X Uy Uy P €mnpg X €mnpgtiy " u" =0, (2.43c)
Sy ocut,, X" Uy """ X 61 =0. (2.43d)

So, to summarize, for our purposes going to (N, 1,1) superspace is equivalent to choosing
a specific parametrization of the polarizations S, S,y given by (2.40) and (2.42).

~13 -



3 Chiral algebra and Ward identities

3.1 Chiral algebra review

Every four-dimensional N/ = 2 superconformal field theory admits a protected subsector
which is described by a vertex operator algebra or chiral algebra. This was discovered
in [10] and from that seminal paper there were many developments aimed at finding simi-
lar constructions in other dimensions [29-31] and also at better understanding the structure
of the chiral algebra and what it can teach us about the original superconformal field the-
ory [32, 33]. While this story has now taken on a somewhat formal route, its source of
inspiration came from a very concrete observation stemming from the results of [19]. The
seminal work [19] provided a solution to the superconformal Ward identities for four-point
functions of /' = 2,4 superconformal field theories. This solution is expressed in terms of
a meromorphic function of a single cross-ratio f(z), which can be obtained by evaluating
the four-point function with the R-symmetry polarizations in a specific z-dependent con-
figuration. The function f(z) was later interpreted in [10] as the four-point function in the
two-dimensional chiral algebra.

We plan to apply the same idea to our correlators of interest. However, let us first
quickly introduce the chiral algebra construction so that all subsequent steps in deriving
the Ward identities will be clear.

The first step is to choose a two-dimensional plane R? 2 C in R* along with a nilpotent
supercharge @. The supercharge is chosen in such a way that holomorphic transformations
in the two-dimensional plane C are @closed and the anti-holomorphic transformations are
Rexact. A concrete choice that satisfies these requirements is

Q=Q. + 5%, (3.1)

3 _4z*. Then, once an

with the plane C being 2! = 22 =0, 2 = 2® +iz? and z = «
operator O is restricted to such plane, its z dependence can be dropped by passing to the
@-cohomology. The operators surviving this cohomology are precisely the Schur operators
mentioned around (2.6), located at the origin.

The key aspect of this construction is that, in order to keep the operator holomorphic
when leaving the origin of the C plane, one has to move the position in lockstep with the
R-symmetry indices. This operation is known as twisted translation. In our notation it

simply means that the polarization n must become z-dependent in the following way

X[Osehur] (2) = 11 (2) - 105 () Ogine (2, 2) - (%) = (1,2). (3:2)

The equality is understood to hold inside correlation functions, in the sense that the z
dependence on the right hand side will drop out. The resulting correlator is necessarily
coupling independent because the chiral algebra is rigid under marginal deformations, thus
it can be computed from the free theory.'® In particular, we can apply the map y on

15Tn our examples we compute the protected function § by means of Wick contractions, made possible by
the Lagrangian formulation of our theory. An alternative approach can be found in [34, 35].
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four-point functions to obtain a meromorphic and protected function of a single cross ratio

X [(OSChur(xla nl)OSchur(x% UQ)OSChur(x& 773)OSchur(x47 774)>]
= <OSchur (1:17 nl)OSchur(l‘Za UQ)OSChur(-T?)a n3)OSChHI‘(‘T4a 774)>

et~ (0,0, 252k ZeZk)  (3.3)

nk —(1,z)
= ﬁR1R2R3R4 f(z) :
The prefactor R and the cross ratio z are defined as
(24) 27" (zaa) 20
213 214 212234 214 223
Ry hohaha = z = =1- 3.4
et 3(h1tha) 5(hs+ha) ’ 213 224 z13224 (3:4)
Zi2 234

where z;; = z; — 2.

This construction holds for all A/ = 2 four dimensional superconformal field theory.
Therefore, in particular, it holds for N' = 4 super Yang-Mills. The chiral algebra of N' = 4
super Yang-Mills contains a Virasoro subalgebra with central charge coy = —12¢ where ¢
is the four-dimensional central charge

N2 -1
YR

CcC =

(3.5)

The Schur operators we are interested in are the superconformal primaries of the multiplets
BBJ0;0] %R;O), as we previously mentioned. Furthermore, these primaries can transform in
a representation F of the flavor group SU(2). We denote them as Og r. Under the chiral
map X, the operators Or r are mapped to single traces of free symplectic bosons, each
being in a flavor doublet

€a'ty 51 J

X[OrF] = tr(q" - g 0) TG0E oy - i (2) 4 (0) ~ =, (3.6)

where Hgll',','_eg{ is a tensor responsible for contracting R — F' indices so that the end result
has R fields and transforms in the charge-F flavor representation.'® Thanks to this map,
computing f(z) simply requires taking all Wick contractions among the ¢’s by using the
singular OPE shown above. In order to obtain the Ward identities one has to consider
different variants of the chiral algebra construction considered so far. One is obtained by
exchanging the roles of z and z and one is obtained by exchanging the roles of the flavor

and the R-symmetry SU(2). Let us denote these four variants as

Xz,n = X Xz,7 » Xz,m s Xzm - (3'7)
The Ward identities then read

Xz [(O1- - O4)] = R Pyf(z,7), Xz7[(O1---O1)] = RPuf(Z,7),
Xz [(O1+-O4)] = 8 Puf(z,m), Xz [(O1- - O4)] = RP41(Z,m),
1Note that when Og, r is taken as an A = 2 sub-multiplet of an N = 4 multiplet O,, one always has

R = F. Thus, the tensor HZiZ’; is just a product of Kronecker §’s. In the Opq instead F' = 0 so the tensor

is a combination of Levi-Civita tensors that contracts all the indices.

(3.8)
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where the function f(z,7) is the same for all equations, R is the same as £ in (3.4) with z; —
Z; and, finally, P4 and P, are kinematic prefactors defined as follows, for non-increasing
F; [36]

L(P+F—F3+Fy) L(FI—F+F3—Fy) H(—Fi+F+F3—Fy) F,

D Ni2 i3 753 nyi i Fo+F3 > F+ Fy
4= 1o _ 1(p 1 )

7]{;2 77123(F1 F+F3 F4),'7124(F1 Fy F3+F4)77324( F1+F2+F3+F4) i F2 n F3 S Fl X F4
Py ="P4 ni—;

(3.9)
Often two out of four of these identities are redundant.

3.2 Action on tensor structures

Now that we understand the construction of the chiral algebra in N'= 2 we can work out
the concrete action of the map y directly in the N' = 4 tensor structures. The break-
ing (2.7) can be seen explicitly at the level of the polarizations yM S™ §,.. Let us start
from the six-dimensional vector: we can study the breaking in its matrix form y,,,. The
decomposition amounts to subdivide this matrix in 2 x 2 blocks. The diagonal blocks corre-
spond to U(1), polarizations, which we do not need, while the off-diagonal ones correspond
to the two SU(2)s. More precisely, we can write

0 7o @ 7
S R L (el . 3.10

Another way to state the same equation is to take the first four components of y™ and
impose

YA T = Dol . (3.11)

One can easily check that this identification respects the constraint y -y = 0.'7 Similarly,
we can write mappings between the SU(4) fundamental polarizations and the 7, 7. This is
done by splitting the components in two halves

Sm — n* m=12 5 — Na m=1,2
" v m=3,4

ﬁa/ m = 3, 4 ’ Fa’
As before, this is compatible with S-S = 0. Based on the decomposition (2.8) we must
single out the charge-p flavor component. This is equivalent to selecting terms proportional
to A under the rescaling
In particular, if the operator under study transforms in the (g, 0, g), then one has to simply

set 7 to zero for that operator. To give a few examples, the simplest building blocks are

decomposed as follows

1 ~ ~
Yij = 5 ij i » Sij = nij + Mij - (3.13)

17Use Ggar - Oy X €apearyy together with nen® = nampe®® = 0.
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Assuming that there are only O, and Op, operators, meaning that we can throw away the
7 inside S™ and S,,, the other tensor structures can be decomposed as

ik _ ~ ~\ _ ik
K‘Zjl'“jQ'rH—l - O<77i777k) - K;jmjzm_l , (3.14&)
k o o o
35, g = (S 0341 T2 T2 Wi M~ o172 Mjzale + O (765 7Tk) - (3.14b)

When all operators have a nonzero p Dynkin label, it is possible to form cross ratios in the

yM vectors

o = Y13y ~ aa, oo Y14Y23 (1-a)(1-a). (3.15)
Y12Y34 Y12Y34

The decomposition of these cross ratios is remarkably simple as it suffices to send « and &

to the following ratios'®

_ 324 — 14 17147123 & =7 113724 — 14 714723 _

2734 Manzs’ 12734 712734

a=v (3.16)
When the map x is applied to the above cross ratios we get the familiar result of [19],
namely

x[v] = (3.17)

Q| =

This follows trivially from x[n;;] = Z;;.

When considering half-BPS operators one has a further Ward identity f(z,7 = 1/2) = k
with k a constant. This is equivalent to the topological twist of [37]. With correlators of
quarter-BPS operators this property is no longer true — in our specific cases trivially so
because f does not even depend on 7.

3.3 Ambiguity and Ward identitites

With the methods discussed so far we are able to obtain the Ward Identities. Note that
we have not proved that this represents a complete set, although for half-BPS it happens
to be the case by inspection. Let us start with any four-point function of quarter-BPS or
half-BPS operators G

<(91020304> =K g(Z, Z;8q, ..., S4) , (3.18)

with K being the kinematic prefactor defined in (2.25). We can expand G in the R-symmetry
tensor structures obtaining Ny, functions of the cross ratios

Nstr

Q(z,E,Sl, ceey S4) = ng(z,z) Tk(Sl, ey S4). (3.19)
k=1

The map x acting on the correlator will produce a function of z and the flavor polariza-
tions 7

x[(01020304)] = & §(2,1), (3.20)

B The equalities of the form 712734 + 71423 = N13 724 follow from €[ab€cja = 0.
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with the kinematic prefactor £ defined in (3.4). Similarly, the three other variants (3.7)
will produce their own Ward identity. This allows us to separate the functions gx(z, z) into
a contribution from f(z,7) and an unprotected piece

Ny
ge(2,2) = wi(z,2) + 3 Hn(2,2) 0™ (2,2), (3.21)
m=1

In the above decomposition, the vector @ contains the contribution of the chiral algebra

(m) )

result while the vectors 7™ = (v, ) span the kernel of the map x in the space of tensor

structures. This means that only the functions H,, will contain unprotected contributions
and N, denotes both the dimension of the kernel of x and the number of such unprotected

functions. By definition, the above vectors must satisfy these conditions'®

Nstr
X ZTkwk] =7(z17), (3.22a)
k=1
Nstr
X [Z Tkv,gm)] =0, form=1, ..., dim(ker x) = Ny. (3.22b)
k=1

Clearly this decomposition immediately leads to an arbitrariness given by

Ny
wi(2,2) ~ w(z,2) + Y An(z,2) 0" (2, 7). (3.23)

m=1

Our goal is to fix the functions A,,(z,2) as much as possible. For convenience let us
introduce this terminology: the vector w is called an “uplift” of the chiral algebra and the
functions A,,(z, z) are called “ambiguities” There are a few criteria that one can use to
partially fix the functional form of A,,(z, z).

1. When there are degeneracies in the tensor structures, meaning that there are more
T} associated to a given R, it could be that unitarity and Bose symmetry force some
of these structures to be zero.

2. The operator of dimension two transforming in the (0, 2,0) must be the superconfor-
mal primary Qs and therefore it must appear in @(z, z) with the same coefficient as
it appears in the free theory.?’

3. The identity, if present, must contribute with OPE coefficient 1 as a normalization
condition.

4. The disconnected O(N) part has to match the free theory computation.

9Here it is understood that also the equations for the other variants hold. Here for brevity we indicate
only the equations for x:,s.

20This is because it belongs to the same multiplet as the stress tensor, whose OPE coefficient and
conformal dimensions are protected. One cannot make the same reasoning for the stress tensor or the
R-current: see remark before equation (4.25).
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5. The correlator cannot exchange operators of twist two with spin higher than two due
to the Maldacena-Zhiboedov theorem later extended to four dimension by Alba and
Diab [38, 39].

In particular the last condition is very strong because the solutions to the Ward identities
W(z, z) will typically exchange operators of twist two that must disappear. Removing such
contributions requires adding towers of operators in other R-symmetry structures in order
to keep the full ambiguity within the kernel of .

Let us end with a few additional comments about these criteria: first of all, these re-
quirements solve any possible issue related to multiplet recombination involving the Konishi
operator. However for twist greater than two, these are no longer enough to achieve such
a recombination.

A second important remark regards whether or not these criteria fully incorporate all
the conditions dictated by unitarity of superconformal representations. As a general rule,
the answer is not: since we are expanding in usual conformal blocks, all the exchanged
primary operators manifestly satisfy the unitarity constraints just for the conformal group.
Exploiting the full power of superconformal symmetry would require using superconformal
blocks, which are known only for correlators of all half-BPS operators. Superblocks organize
the expansion in term of superprimaries, this allows really to tell if a given operator is below
unitarity, in the full superconformal sense, and hence must be canceled. Quite surprisingly,
it turns out that for (O202020,) criteria 1-5 are equivalent to the one imposed by the
full superconformal symmetry since they completely fix the ambiguity.

3.4 A familiar example revisited

In order to get acquainted with this slightly more general point of view for imposing Ward
identities, let us revisit a familiar example: the four-point function of the half-BPS operator
Q5. In this case the chiral algebra result § is given by

R R 1 ~2 .2 (2 — i
f(z,0) = f(z,7) + f(zz, 1- 17) , flz,0) = — + i 4V<(N2 _V)lz) . (3.24)
There are six tensor structures given by the first six polynomials in equation (B.14) of [19],
to give a few:

T, =1, ..., '1[‘6:(72—1—7'24—407'—%(0—1—7‘)4—%0. (3.25)
If we try to uplift the function f to the full correlator we find that there is just one ambiguity
degree of freedom, consistent with the fact that we expect only one H(z, z) function. The
ambiguity A in this case is obvious: it is just a redefinition of H — H — A.

In the well known derivation of the partial wave decomposition [40], the function
A(z,Z) appears as a consequence of the fact that the chiral algebra result needs to be
properly uplifted in order to get the protected contribution to the four-point function. In
other words: the correlator always admits a splitting as a constant, a one-variable degree of
freedom and a two-variables degree of freedom. The chiral algebra twist fixes the constant
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and the one-variable function. However, the protected spectrum contributes to the two-
variable function as well. The precise way in which this happens can be derived from the
knowledge of the superconformal blocks of short multiplets. Since we will not have this
knowledge for the cases of quarter-BPS operators, our goal for the rest of this section is to
obtain the same result as Dolan and Osborn without using the form of the superconformal
blocks. We will indeed see that criteria 1-5 of section 3.3 are sufficient for this.

Following the definitions above, the vectors @ and 7(!) can be chosen as

W= {x,...,%,0},

g — { 32222 -12227+41022—1222%46422—6024+1022—60Z+60

602222 ’ 3.96
(2—2)(2—2)(22—2—%2) 62222—15222+1022—15222+1022+10z2 (326)
42272 ’ 602222 ’
222—32—3246 zz—z—2z 1
62z ) 22z 76 [

where in place of the *’s there are some functions of f(z,7), f(z,v), f(z,7) and §(z,v) that
we will not specify here for brevity. For concreteness, one can check that the four-point
function comes out as expected, namely

6 __ _ _ _
Ty (wi (2. ) + H(z. 2 NN (az —1)(az — 1)f(z_,a)_+ (> aorz+2)
az—1)(az—1)(az—1)(az—1 _
CEES IS LRI Y

The fact that this choice satisfies (3.22) is readily verified by noticing that here y is simply
the replacement o — 1/z, a — .2

Now, the vector @ defined as in (3.26) contains higher spin twist twos and twist zeros
in all nonzero five entries. We can cancel them by adding various higher twist contributions
in the ambiguity A(z, ), which will contribute to the correlator as in (3.23) with NV, = 1.
These will appear in the other entries with lower twist thanks to the recursion relations
written in appendix E.1. For example, a single block g6 2 in A(z, Z) will contribute to the

representation (1,2,1) — structure Ts — as follows
A(z,2) = 96,2(2, zZ) = <02020202>|(172,1) = %g5,1 +6g53 + %97,1 + %97,3 . (3.28)

The other entries are more involved but they can be obtained with repeated applications of
the relations in appendix E.1. Notice that in the above example a twist-four contribution
was able to generate a twist-two contribution in a different representation, as advertised.
In order to do this more systematically we can take an ansatz for A(z, z) made of an infinite
sum of conformal blocks?? of twist four and six with arbitrary coefficients

o0

Az, 5) = Z Z (rip gT+g7g(z, zZ). (3.29)

7=4,6 /=0

2'We obviously need to match also all other chiral algebra limits, i.e. & — 1/z,& — 1/z and & — 1/Z.
Here for simplicity of notation we indicated only one of them.
22The convention that we use for conformal blocks is given in appendix A.2.
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Then we truncate this sum up to a maximal spin f.x and impose that the twist two and
zero up to £max cancel. Remarkably, the solution is unique for each £,,x. This will not be
true for quarter-BPS operators or for higher half-BPS operators O,. We can then easily
spot a pattern and extend this solution to the non-truncated equation. The coefficients
that enter in A(z, z) are the ones found in (3.11) of [40], modulo some factors due to the
conventions. For convenience we report them here

2((C+ 12 ((e+1)(C+2)+1)

Qa0 = 320+ 2)! ) (3.30a)
2((C+2))? ((+1)(C+4) - 2)

s = R . (3.30b)

After resumming these coefficients with their blocks, which can be done following the steps
described in appendix E.2, we reproduce exactly the known result

A(z,z) = ézQEQ (equation (2.31) of [2]). (3.31)

The overall factor with respect to [2] is due to a different choice of normalization and
conventions. By explicit inspection we see that

6
> T (we(z2) + Az, 2) o) (3.32)
k=1

is free of twist zero and twist two operators. We can therefore take #H(z, z) as having only
unprotected contributions with anomalous dimensions. Note that in this computation we
did not use at all the form of the superconformal blocks. In fact, it was not even needed.
In the subsequent cases having the superconformal blocks would instead be very beneficial
but, unfortunately, the blocks for external quarter-BPS operators are not known yet. We
therefore have no choice but using this method, which, as we will see, is still able to produce
some useful results.

4 Cases of interest

In this section we introduce the quarter-BPS operator transforming in the (2,0,2) SU(4)
representation, which will be at the center of our investigation. We proceed by discussing
in details various four-point functions including this operator. We report the results for
correlator with one, two or four Ope’s. The case (Op20020p202) is not very illuminating:
there are no constraints coming from the ambiguity resolution discussed in subsection 3.3
and it does not provide new information about unknown OPE data. Thus, although we
analyzed it, we decided not to include this example in the main discussion.

4.1 The (2,0,2) quarter-BPS operator

Let us define in detail the quarter-BPS operator transforming in the (2,0,2) in terms of
free fields. It turns out that we need to take a specific linear combination if we want to
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end up with a quarter-BPS operator in the interacting theory as well. As before, we can
write both a single trace and a double trace version

oM (z,8) = tr (90M190M290M390M4) S-Sz S S Eamn, - S, (4.1a)
(’)(StQ)(ac,S):tr(go M2 pMs )S Sans S S Eanm, - S (4.1b)

In the single trace case there are, a priori, two possibilities. Whereas for double trace
we find

(’)(dt)(:v, S) =tr (goMlgoMQ) tr (goM3g0M4) S Sy SS T, S (4.2)
(st,2)

If we compute the two-point function of Oy,"”" we notice that it vanishes so the operator
must be identically zero, as explicitly shown in appendix C. Then [14, 15] teach us that
the correct linear combination that remains protected is?3

ol (z,8) + cf)(st D(z,8). (4.3)

This is also consistent with the fact that at large N the single trace operators disappear.
The orthogonal combination to this one, namely Oés;’l), is actually not a superconformal
primary. It is the Q?Q? superdescendant of the free Konishi operator as we will show in
subsection 7.3. As it is well known, this operator will be lifted by quantum corrections in
the interacting theory.

We want to define our operator such that its two-point function is given by (2.19),
with p = 0 and ¢ = ¢ = 2. A simple computation shows that the correct normalization is
the following

\/i

(’)02(33 S) N2 = 1) <(’)((gt)( 7S) —l— O(St 1)( ,S)) ) (4'4)

V3V/(N
For completeness, let us also give the normalized Qs operator

Os(z,y) =

4.2 Correlator <00202(9202>
4.2.1 Tensor structures

As a warm up, let us consider a four-point function with a single insertion of Ogo. The
correlator (Op2020202) exchanges three different representations. The label assignment
we chose is summarized in table 1 and the associated tensor structures are given below

1
T{ = *Jl (J32Y24 J%}ly23)a
T% = (2J32J 41Y24 + J24 (2-] Y23 — J32Y34)) (4.6)

T3 = ZJ 1d33y34 -

ZNote that this and the following expressions in the present section are exact in N.
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k 1 2 3
(¢,;p,q) | (121) (202) (020)

Table 1. Dictionary between the tensor structure T, and the representation exchanged in the
(12)(34) OPE of <002020202>.

1 2 3
4 4 2 4

f|odd even ¢=0 even

Table 2. Conformal primaries exchanged in the various structures gp(z,z) of the correlator
(Op2020205) in the free theory. We define 7 = A — £.

4.2.2 Free theory

With the definitions in (4.4) and (4.5) we can compute the free theory four-point function
by taking Wick contraction and performing the traces over the various indices. The result
can be written as follows

3
(Oo2(w1,81)O2(w2, y2) Oz (23, y3) O2 (x4, y4)) = Kazzz > gu(2,2) T}, (4.7)
k=1

We will not give the explicit expression of the functions gi(z, z) here. However, in table 2 we
provide a summary of the operators exchanged in each tensor structure. Let us emphasize
that the operators that we show are conformal primaries, not superconformal primaries.
To know the expansion in the latter one would have to use the superconformal blocks which
are not yet known. Note however that, unlike the following cases, no operators of twist
higher than four are exchanged. The reason for this is that the entire correlation function
is actually protected. Thus there are no long operators at threshold that are expected
to gain anomalous dimensions when the coupling is turned on. A detailed proof of the
protected nature of this correlator is given in section 7 and it follows from the study of the
OPE limit of the Oy five-point function.

The chiral algebra contribution to this four-point function can be obtained by applying
the chiral algebra map defined in section 3. The result is quite simple and it reads?*

09202050 ‘-
KUOROOON g y=- YT () =)

2v/3(N2 —1)

The contribution of f to the full correlator can be written as follows — we omit the subscript

(4.8)

R4222

for brevity

(0020,0:05) | _ ! 227 (2§(2) - zZf(2)) +1l 4(2%(z = 2)§(2) — 2°(2 — 2)§(2)) .

K 4299 f zZ—2z z—Zz

(4.9)

24 As a consistency check, here and in all the following examples, we have computed f(z) by applying the
chiral algebra map to the free-theory result in 4d as well as by direct computation of the 2d correlator by
means of (3.6).
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In a way, this is the same as making a choice of the vector @ introduced in subsection 3.3.
It can be checked that the action of x and all of its variants — see (3.7) — acting on the
expression above yield f.

4.2.3 Ward identity and ambiguity

Since the entire correlator is protected, the analysis that follows here is inessential. We
will however show the steps in preparation to the subsequent cases where they become
substantially more computationally involved. The Ward identities follow from requiring
that the chiral algebra map x applied on the interacting correlator gives the same result
as (4.8). This forces a generic unprotected contribution to gx(z, z), let us call it dgr(z, 2),
to satisfy

dg1(2,2) =0, 0g3(z,2) = —0g2(z, 2) . (4.10)

Following the notation introduced in subsection 3.3, this fact can be encoded by defining
the vectors 7™ and & as follows:

7MW ={0,1,-1},
VN? 4 {2252(25 —2—Z2) | 227 (2282 — 27— 272+ 22427 —2) } (4.11)
V3Nl (z-D(z-1) "~ (z-1)(z-1) '

’Ll_j:

There is only one ambiguity A;(z,z). In this case, since the correlator is protected, we
know that

VN2 —4 222(2Z—z2-Z+2)
TN I VR eV (12

and H; = 0. However, the criteria described in subsection 3.3 would not have allowed us

to conclude this because there are no twist-two operators that need to be cancelled.

By expanding @ in conformal blocks we see that in the (1,2, 1) we exchange only twist
four while in the (0,2,0) we exchange Q2 and other operators of twist four. In detail
we have

VN2 —4 & 280(0+2)! o

’LUl(Z; Z) = 7\/3(]\[2 — 1) €:§dd 4(26 T 1)' g@+47£7

_ VNZ — 4 2.0 2 20+ 2) 4
ws(z,2) = 7\/3(]\[2 — 1) ( — 495 + Z (20 +1)! 9£+4,e> :

(4.13)
£=0, even

4.3 Correlator (0p20p20203)
4.3.1 Tensor structures

Now we repeat the same analysis for all the other four-point functions. Let us proceed
with the correlator (Opa0p20203). It has ten different structures exchanging six distinct
representations. The label assignment we chose is summarized in table 3 and the associated
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k 1 2 3 4 5 6 7 8 9 10
(¢,p,q) | (040) (121) (202) (020) (101) (000)

Table 3. Dictionary between the tensor structure 'H‘,ICI and the representation exchanged in the

(12) (34) OPE of <0020020202>.

tensor structures are given below

T = %(30@2 S12K}? J31 + 30K5% So1 Ki? J5T — 56 K32 So1 S12 K, yaa + 30 (K3?)? (K§?)?
— 8591 (S12)*J31y34 — 8(S21)*S12J37ya4 + 5(S12)% (J31)® + 10S21 S12 131 J33
+5(S21)? (J31)% — 2(S21)%(S12)* (v34)?) ,

T = %(2R§2512K JZE 4+ 2KA2 S0 K32 J33 — So1(S12)? J2hyaa — (Sa1)2S12 33 y34
+(S12)* (J31)% + 2521 S12.3) J34 +(S21)? (J3)? — 2(S21)* (S12)% (v34)?) ,

TS = —é (S21J3% — S12J30) (AK32KI2 4+ 2S01 J33 + 2512 03] — 5S12S21y34)

1
T} = —@512 So1 (—10K32 K% y34 — 5591 J57 y34 — 5S12J3) y34 + 16512521 (y34)?

—10J31J37) ,
1
Ty = 30 (S12)?(—10S21 J3hy34 + 4(S21)* (ys4)® + 5(J31)?)

1
30 (521)2(—10512J§ZY34 +4(S12)* (y34)® + 5(J59)%)

1
T = —@512 So1y34 (—6 K32 K% — 3591 J33 — 35123} + 8512501 y34)

II _
T6 -_

1
Ty = —Esm So1y34(—Sa1J33 — S12J3) + 2512521 y34),

1
T§ = *512 So1y34(S12J31 — S21J331)
Tio = (S12)° (S21)* (y34)? (4.14)

4.3.2 Free theory
The free theory result can be written as follows

10

(Oo2(1,81)Op2(22, 82) 2 (w3, y3) Oa (24, y4)) = Kaszz Y gi(z,2) T}, (4.15)
k=1

Again, we will are not providing the explicit expression of the functions gx(z, z). In table 4
we show the summary of the operators exchanged in each tensor structure.

The result of acting with the chiral algebra map x reads

X [(0020020:02)] _ 3 NZ—4 [, 22
R4 = fOOQOOQOQOQ (Z) T 12 + 6(N2 _ 1) + :
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k 1 3 4 5 6 7 9 10
T=2h|h>2 h>2 h>2 h>2 h>2 h>1 h>1 h=0 h>1

Y4 even odd even even even  even odd ¥¢=0 even

Table 4. Conformal primaries exchanged in the various structures gx(z,z) of the correlator
(Op20020205) in the free theory. Structures 2 and 8 are zero.

4.3.3 Ward identity and ambiguity

The Ward identities are specified by an uplift vector @ and eight ambiguity vectors @™,
The nonzero entries of the vector w read

e (VO R )
wolz,z) = N2 _1 w9z, Z Wy 1371 )
) - (4.17)
(242) = 1+ Ty (010(22) =m0 (4. 57 )
wio(z,2) = Nz \Wolz2) =l o7 ) |
where we have defined 8
Wo(z,2) = - (2°2 + 22%)
i (4.18)
W10(2,2) = g(zQE + 222 — 227).
The expressions for the ambiguity vectors instead are given by
o™ (z,7) =60 + 0™ (2,2), m=1,...,8, (4.19)
with the nonzero entries of @,gm)(z, Z) being
(1) _ A7 1
—2U§0) = ”50) =30’
3P =2
@) _a5) _ o6) _ 8(z 7~ 27) (4.20)
9 = Uy =TV = 327
I @) .(5) _ .(6) 32Z—5bz—52+10
T3p Yo T Y0 T Y0 T 1522 :

As before, we can expand the uplift vector in conformal blocks to see what are the contri-
butions coming from the chiral algebra. We obtain the following result

N?Z -4 & 2300+ 1)
3(N2— 1) (20— 1) TR0

wy(z,2) =

£=1,0dd
’ (4.21)

i N2—4 2 202+ 0+2)((¢—1))°
wi0(2:2) = 900 = 3n7 =y 2 (25—1()! )

£=0, even

ge+2.0 -

The above expressions show the presence of a tower of higher spin conserved currents in
both protected structures. As we remarked in section 3.3, these should disappear in the
interacting theory. We therefore have to tweak the ambiguity such that all the twist-two
contributions vanish with the exception of spin zero, one and two, which all belong to the
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O multiplet. Furthermore we also have to make sure that the OPE coefficient of g2 in
the (0,2,0) is not modified. As before, in order to achieve this in practice we make an
ansatz with a finite number of blocks for the ambiguities A,,, we impose that the twist-two
contributions vanish up to a certain maximal spin £, and then we extrapolate our results
for infinite £iax-

The conjugation properties of the structures ']I',ICI allow us to set to zero Ag and also
to set A5 = Ag. Furthermore, since A4 and As exchange the same representation, we
can assume that they will be proportional to each other. After these remarks we can fix
the twist-four contributions of A4, A5 and Ag up to a single constant x and the twist-two
contribution of A7. On the other hand, we cannot say anything about A;, Ao and As.
Presumably the knowledge of the superconformal blocks would allow us to fix their twist-
four sector as well, but at the moment we do not have access to this information. All in
all, the ambiguities that could be fixed read

1 2(N? - 3) NZ—4 & 200+ 1)(¢+2)!
A5 — -/46 — EA4 — _(H — 2)(N2 — 1)94,0 - N2 1 éZ;even (2e+ 1)‘(,€ — 2) gé+4,£7
40
A7 = —m 92,0 -
(4.22)
The sum over spins can be performed with the methods described in appendix E.2. The
result is
As(z,2) = N4 [a(zi)lo (1—-2)+a(z,2)log(1 — 2)
5 9 _(Ng—l)(H—Q) ) g I g
9 (4.23)
— 241og(1 — 2)log(1 — 7)] — 2(N” —3)
og z)log z (H_2>(N2_1)94,07
with

a(z,5) = 22 (d(z)+&<

z—Zz

Z_1>) . alz) =12+ 2. (4.24)

Notice that, while we chose A7 such that the OPE coefficient of tr(y - ¢)? matches
the free theory value, we did not do that for the other twist-two operators, namely the
R-current J, and the stress-tensor 7},,. Indeed their free theory values extracted naively
are incorrect as they are contaminated by superdescentants of the free Konishi operator
trp? = Ay As[0; 0](%00) which are lifted in the interacting theory. More precisely, at levels
20 = 2 and 2l = 4 the Konishi operator has a “fake” R-current and stress tensor descendant,
respectively: Q'Q' tr p2. The true values differ from the free theory ones by a simple
multiplicative factor

1 32
>\002002Ju)‘(9202J‘L = g A%ZEOOQJuA%Z%QJu = _m s (425&}
1 ; 16
/\002(902TW/\(92(’)2TW = g )\é?)eQOOQTHV)\éBQe(QQTMV = 745(]\{2 — 1) , (4.25b)

where the OPE coefficient of the current is taken from the structure T§!, the other struc-
ture in the (1,0,1) being zero. Getting the correct OPE coefficient for the twist-two
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k 1 2 3 4 5 6 7 8 9 10
(¢,p,9) | (222) (311) (400) (121) (202) (210) (020)

Table 5. Dictionary between the tensor structure ’]I‘}CH and the representation exchanged in the

(12)(34) OPE of (0200200203). The representations (311), (400), (210) are meant in combination
with their complex conjugate.

contributions will be crucial for the results of section 6 because they give the only singu-
lar contribution to the crossed correlator, which is consequently the only one picked up
the dDisc.

4.4 Correlator (0300200203)
4.4.1 Tensor structures

The correlator (O20p20p202) is a permutation of the previous one, therefore it also has
ten different structures. The label assignment we chose is summarized in table 5 and the
associated tensor structures are given below. Unfortunately, the expressions look quite

involved so we will write down only a few structures.?’

1 _ _ _ _
T = 5555 (—45 K3 Sa3 K3 J7% + 63 KT S50 KI? U35 — 736 K3 S Sa3 K y1a + 9 (KT?)? (KF?)?

+ 230 532 (523)2 J%i Y14 — 1120 (532)2 523 J%i Y14 + 16 (523)2 (J?i)Q — 133 532 523 J%i J?i

70 (S32)? (J3)? + 2276(Sa2)? (S29)* (v10)?)
1

T = oY (=K Sa3 KP U317 + 3K S5 K32 U35 — 16 KT S50 503 KPP yia + (KP?)2 (K3?)?
— 10S32(S23)? J32y14 — 2(Sa3)? (J33)% + 15532 S03 J3% I3 4+ 28(S32)?% (S23)? (Y14)2) ,
T = ﬁ (2K Sgo K T — 4KP? Sa3 Saa KPP y1a + (KT*)? (KT?)? — (S23) (J71)°
— 255353217 J5% + 4(S23)? (S32)° (y14)?)
Tio = ﬁ(R? K3 4 Sa3J77 — 2523553 Y14)2 : (4.26)

4.4.2 Free theory
The free theory result can be written as follows

10
(Oa(x1,y1)Ov2(w2, S2)Ov2 (3, S3) O2 (24, y4)) = Kosaz > gi(z,2) TR, (4.27)

k=1
This is just like the previous correlator but in a different ordering. Since our convention
is to always consider the OPE (12)(34), here we are doing the conformal block expansion
in a different channel. Of course, crossing will relate the following results with those of
the previous subsection, but in a nontrivial way that will be explored in subsection 6.1. In

table 6 we show the summary of the operators exchanged in each tensor structure.

Z5The remaining ones will be provided in an ancillary file attached to the arXiv version of the paper.

_ 98 —



structure 1 2 4 6 7 8 10
T=2n+2 n>2 n>2 n>2 n>1 n>1 n>1 n=0 n>0
12 all all all all all all 0 all
excluded (A, ?) (4,0) (5,1) (4,0)

Table 6. Conformal primaries exchanged in the various structures gp(z,z) of the correlator
(0200200205) in the free theory. Structures 3, 5 and 9 are zero.

The result of acting with the chiral algebra map x reads

X [(0200200202)] 1 521
ﬁ2442 = f02(902002(92 (Z) = ﬂ (f(Z) +z f <Z>) , (4.28)
with N4 4 1o
2 - z z

4.4.3 Ward identity and ambiguity

The Ward identities are specified by an uplift vector @ and eight ambiguity vectors (™).
The nonzero entries of the vector w read

(2.7) 2272 3(22z—2z—2) N2—4( +3)
we(2,2) = - z2+Zz
o1 (z—12(z-12\2(z-12(-12 N2—1 ’
_ T2z 322 (1022 + Tz + 7z — 24)
_ 4.30
w3 = C e o) ( 2(z— 1)2(z— 1)2 (4.50)
N2 4
+ m(7225 + 7222 — 24zz + 24)) .
The ambiguity vectors instead can be expressed as follows
v,gm)(z,é):5g‘+ﬁ,gm)(z,2), m=1,...,5, (4.31)
v,gm)(z, Z) = O34y + @,gm)(z, Z), m=26,7,8, .
with the nonzero entries of @,gm)(z, Z) being
1) 3(42%Z — 5z —52) (1) 3(5062% — 12252 — 12257 + 4200)
, = — v =
6 102z ’ 10 502z ’
52 _ 2 s2) 214
6 5’ 10 25
~(3 3 (3 321
Ué):—g7 Ugo):—%a
ol =14,
6) _ 63
o= a5
ﬁ%) =9,
o® = 54, (4.32)
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i 1 2 3 4 5 6 7 8 912 13
(¢,p,q) | (404) (412) (420)  (222) (230) (303)  (040)

] 14-21 22-25 2634 35 36 37 3841 42
(¢,p,q) | (311) (121) (202) (210) (020) (101) (000)

Table 7. Dictionary between the tensor structure TLV and the representation exchanged in the
(12)(34) OPE of (Op2002002002). The representations (412), (420), (230), (311), (210) are meant
in combination with their complex conjugate.

From the vector @ we can obtain the conformal blocks expansion of the protected sector.
Here is the result

= [(N2-4 —22
we(2,2) = Z N2 {6 +ds | 9o i

=0 ) , (4.33)
. 168(N%2—4) 55 X (N?2—4 92
wio(z,2) = Wgz,o +Z% mcm-i-dlo ot
with
. 2071001 (0 + 3)!
ST DR+
g (—1)H1263 (0 4 2) 01 (£ + 3)!
0~ (20+1)! ’ s
720710+ 2)(TL(L + 3) + 24) ()2 '
Cl0 = — )
(20 +1)!
p 72073 (=)0 4+ 1) (€ + 2)2(1T0(0 + 3) + 72) (£1)?
10 = .

(20 + 1)

The only twist-two operator exchanged is precisely O since the representation ex-
changed in the structure TiY is the (0,2,0). One can check that the coefficient is the same
as in the free theory so we do not have to modify anything. The other contributions are of
twist four and therefore we cannot say anything about the ambiguities A,,.

4.5 Correlator (Oy2002002002)
4.5.1 Tensor structures

The correlator (Op20p20020p2) has 42 different structures exchanging 19 distinct repre-
sentations. The label assignment we chose is summarized in table 7 and the associated
tensor structures are given below. Here we introduce a shorthand notation

S?1j1k111 = H SlinSZjnS3kn,S4ln . (4.35)

i2j2kal2
n=1,2
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For example S3143 = (S12)%(S21)%(S34)%(S43)?. Unfortunately, the expressions look quite

involved so we will write down only a few structures.?6
1
T = 5oes0 (22483}1}13 + 22483313 — 2183443 + 11283353 + 22483335 + 22483375 — 2154133

— 2182308 + 11282240 — 2182142 4+ 3S31595 + 11282312 — 1008S2312 — 504S%5,5 — 100883553
— 50483312 — 50452321 — 25287321 + 1482541 — 50452438 — 25282112 + 1482115 — 25283112
— 50483412 — 100883122 — 50483121 — 1008S3135 — 50483128 + 11283122 4 1483142

+ 10080S3333 + 252083312 + 252083321 4 252083131 4 630S3412 + 630S3121 — 50453442

— 2525443} + 1483133 + 252053} + 63054313 + 63084331 ) |

1 ; ; -

T = oo (053413 — 6743 — 3531 — 65313 + 6T — 3SR - ashll) — 3shiiE + 2581
1

T = ryqq (S38 + SH + s34 + 3143 - s3ifR).
1

T = 155 (ST - St - 3l + s318)

T = shi (136)

4.5.2 Free theory
The free theory result can be written as follows

42

(Op2(21, 81)Op2(x2, S2) Opa2(x3, S3) Op2 (24, S4)) = Kaaaa > gi(2,2) T} (4.37)
k=1

Computing the free theory value of this correlator is somewhat challenging because each
operator is a sum of two terms each being a product of four fields (4.4). The number of
Wick contractions grows factorially and furthermore one has to take the traces over SU(N)
and SO(6) indices. In practice we computed the correlators with n (’)((gt) and 4 —n Oézt’l),
in some ordering, and then found the full correlator by permuting the points in the results.

In table 8 we show the summary of the operators exchanged in each tensor structure.

The result of acting with the chiral algebra map x reads

0020020020 p 7
X[< 0 ﬁ2i4402 02” = §002002002002 (Z) =1+ f(Z) + f<z i 1) ’ (438)
with 4 9
flz)=2"+ BV — TN +13) (= +2%). (4.39)

3(N2 —4)(N2 1)

The rational function of N above will appear in the next subsection as well, so let us define

a shorthand for it
N*—7N? +13

(N (V2 -1)

26The remaining ones will be provided in an ancillary file attached to the arXiv version of the paper.

Ry = (4.40)
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structure 1 2 4 6 7 11 12 13 18
T =2n n>4 n>4 n>4 n>3 n>3 n>4 n>3 n>2 n>3
14 even odd even even odd even odd even even
structure 20 24 25 30 32 33 34 35 37
T=2n n>3 n>3 n>2 n>2 n>2 n>2 n>3 n>2 n>1
14 odd even odd even even even odd odd even
structure 40 41 42
T=2n n=2 n>3 n>1 n>1 n=0
l £>2,even even odd{¢ even (=0

Table 8. Conformal primaries exchanged in the various structures gi(z,z) of the correlator
(002002002002) in the free theory. Structures 3, 5, 8-10, 14-17, 19, 21-23, 26-29, 31, 36 and
38-39 are zero.

4.5.3 Ward identity and ambiguity

The Ward identities are specified by an uplift vector @ and 40 ambiguity vectors (™). The
nonzero entries of the vector w read

W41(Z,5) =336 <1Z)41(Z,Z) — ’(2241 <Z, _Z>) s
z—1"z—-1

_ (4.41)
(2,2) = 1+ tha(2, 2) — oo | ——, ——

w42\ =, 42\~ 42 2_1;2_1 )

where we have introduced two functions which, calling 2 = z+ z and using Ry from (4.40),

read 8
Wa1(2,2) = 222 (22 + 22) + - Ry 22 (2 + 1),
. 3 A (4.42)
ar(2, %) = 5 2% (2% —222 - 222(2 - 1)) + gRsz(z —1).
The ambiguity vectors instead can be expressed as follows
o™ (z,2) =6 + 0™ (2, 7). (4.43)

The expressions of the nonzero entries of @,E:m)(z,i) are quite lengthy so we report them

in appendix B. From the vector w we can obtain the conformal blocks expansion of the
protected sector. Here is the result®”

o T2 —1)!

w41(z, 5) = —_— (5 — 2)6 + 96RN (52 + l— 1) ge+2,0 5
a3 -1 ( )
_ 20 262 [(—1)4 (2 + 0+ 12
wia(2,2) = goo— Y 3(<2£), (< )4(12 ) +8RN (P +L+1) | grrav,
=0, even )

(4.44)
with Ry defined in (4.40).

=1 = —1)L+1)--- (£ +n —2) is the Pochhammer symbol.
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Here, as in the (Qp2Op20203) case, we have to resolve an ambiguity. Indeed there is
a tower of twist-two operators coming from the protected function f. In order to resolve
this ambiguity we impose that the twist-two contributions completely vanish and also that
the OPE coefficient of g in the (0,2,0) is the same as the free theory one. Furthermore,
we can make an assumption similar to the one made before. Namely, since structures
26—-34 are associated to the same representation, we can assume their contributions to the
ambiguity to be proportional to each other. Actually, structures 28 and 31 can be set
to zero altogether since their tensor structures T5Y and TLY are purely imaginary under
complex conjugation. Furthermore, if we assume also structure 34 to be proportional to
the others, the resolution of the ambiguity requires it to be set to zero, so we will directly
omit Asg from the ansatz below.?® This does not fix all the structures and leaves us with
a large ambiguity. We will however see in subsection 6.2 that some OPE data can still be
fixed unambiguously.

After the above remarks, we find that a minimal ansatz for the ambiguity reads as
follows

o
L (33) (33)
As3(2,2) = agy gao+ Y agiie9eas
(=2, even

o0
Am(2,2) = Amal’s) guo+ km Yl gerae,  m=26,27,29,30,32, (445)
(=2, even
4 7

A2 =Ny

92,0 -
for some constants x,, and A,, — we have defined two independent sets of constants for the
spin zero and spin £ > 2 part since the former does not follow the same pattern of the latter.

The coefficients aXnZ) that follow from imposing the points discussed in subsection 3.3 are

given by
33) 143 (512 (N? — 3)?
T T D[ (V- (V2 — 1) (4.46)
(33) 21450 2¢01(0 4 1)! :

U= D ]) (@1 D] (32 +30+1) Ry + (¢ = 1)), (>2,

with
D({km}) = 1662 — 19305 kos + 77220 ka7 + 77220 kg — 64922 k30 — 3198 K33 . (4.47)

As before, this expression can be resummed using the methods of appendix E.2, leading to

Ass(z,2) = afg) g0 + D({im}) [ZZE (a(z, Z)+ Ry b(z,z) —a(z,z) — Ry b(z, Z))

—Z

— 1716 - (51)? Ry log(1 — 2) log(1 — z)] : (4.48)

280ne can see from table 8 that this structure is different as it exchanges operators from twist six onward.
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with

—_

z —

(u@z):—abwo-QUQ(mz)+a< z ))lqﬂl—z%

M&z):—JAB-GDQQQ—%sz+B< fl)>lmﬂ1—2), (4.49)
a(z) = 2%,

b(z) = (2 + 22).

I3

The requirements discussed in subsection 3.3 also impose that 449 exchanges no twist-two
operators at all. The other components remain in principle arbitrary, including possibly
contributions to Aag, ..., A34 that have twist higher than four and thus not proportional
to Agss found above.

Just like the discussion before equation (4.25), also here the OPE coefficients of the
stress tensor and R-current get a simple multiplicative factor with respect to their free
theory naive value

2 1 free 2 7- 28
()\002002‘]#) - § (AOOQODQJH) = m, (450&)

s 1 32

free 2
=3 ()\OOQOOQTHV) = my (4.50b)

()‘OozoozT;w)

where the OPE coefficient of the current is taken from the structure T}, while the other
structures in the (1,0,1) do not have any twist-two contribution. As before, this is a
consequence of carefully studying the constraints stemming from the ambiguity resolution.
In this case the twist-two operators are not the only ones giving a singular contribution
in the crossed channel, and therefore the anomalous dimensions may depend on other
unknown terms. It is still true, however, that the large spin asymptotics is fixed and it
depends on these factors of 1/3 and 1/5.

5 Lorentzian inversion formula

5.1 Review of the Lorentzian inversion formula

Let us consider again a generic four-point function of quarter-BPS and/or half-BPS oper-
ators as in (3.18)

Nstr
G(2,2,81, ..., S4) = > _ gi(2,2) Th(S1, ..., S4)
k=1 (5.1)
gk:(za 2) = Z ak,A,fgﬁ};AM (Za 5) .
AL

The Lorentzian inversion formula [41] allows us to extract the s-channel OPE data directly
from the double discontinuity of the correlator in terms of the sum of two functions, analytic
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in the spin, depending on the two other channels contributions

cr(A,0) = (A, 0) + (~1) e (A, 1), (5.2a)
¢ ’%(AAﬁ’AM)( 2)¢ 1 dzdz Azg—Aqp
(A, 0) = 5 /0 S 1= =2)]" = x (5.2b)

7—
X K130 (2) HzA;Qi’zAzM dDisc [ % g (2 2)] :
)

At ~<rs> r(&

where we have introduced h = ==, 27r2F( - 1)F ) and
7,8 -Tr +s
() = P (0 B ) (53)

The function c}}(A,¢) can be easily obtained by its t-channel counterpart by replacing
Ay < Ay and gi(z, z) with

(=20 =) oo o (0 575) ] (54)

where M, ; is the change of basis matrix between the original tensor structures and the
one with the indices ¢ and j exchanged

Ty = (Micss) o T - (5.5)

The function ci(A, ) encodes the OPE data: it is constructed in such a way that for
fixed integer spins it develops poles in correspondence of the dimensions of the exchanged
operators, whose residues represent the OPE coefficients according to

N
A N (56)

Notice that the reconstruction of the OPE data through the inversion formula can be in
general trusted only for spin ¢ > 2 [41]. However, in a large N expansion, higher orders can
suffer of worse ambiguities thus invalidating the results for a larger though finite number
of low spins [42]. The double discontinuity appearing in (5.2b) is defined as the difference
between the Euclidean correlators and its two possible analytic continuations around z = 1,
namely

dDisc [gx (2, 2)] = cos (1) g2, 2) — =™ g (2,2) — e "¢ (2, 2),
_ Az — A
5 .

Similarly to what was done in [42, 43], in order to reconstruct the s-channel OPE

(5.7)

we would like to employ only the information coming from the protected contributions in
the cross-channels and in our case encoded in wy of (3.21) together with the associated
ambiguity (3.23). To do so, we will not consider directly the dDisc of the correlator as it
is in (5.2b), but we will use crossing symmetry to re-express gx(z, z) as

A1+Ao

M lae(l-21-Fa0s, - )

(1=2)(1-2) 2

gk(2,2) =

— 35 —



The same transformation has to be performed in cf!. At this stage, it is important to
mention that differently from the all half-BPS case, we might not be able to construct the
full tree-level correlator in this way. This is due to the fact that the only contribution
we can completely fix is the one coming from twist-two operators and the identity, when
present. Nonetheless we will try to draw some interesting conclusions about the anomalous
dimensions and OPE coefficients of non-protected operators appearing in the OPE involving
our quarter-BPS operators.

Let us now briefly review how the inversion formula is applied to our cases of interest.
First of all, the only terms with non vanishing dDisc that we are going to encounter are

dDisc [(1 ; Eﬂ = dDisc[e*e(F7)] = (1 ; Z)A 2sin(7A)sin(r(A +a)).  (5.9)

Also log(1 — 2) appears in our expressions, but it is straightforward to see that its dDisc
vanishes. All the relevant integrals appearing in ¢}, (A, £) then are going to be of the form

1 dz Agg—A A 1-= g
/0 ?;:(1 B 2)%ﬁ§}£,§34(5)27%dD1s0 l( Z Z) ] X

y (5.10)
z B34=812  Ajy A ~ -
|G- ) f(R), 200, log 2)
for some generic function f depending on the variables z(\) = zf%(lf Z)A, z(A) =

A ~
2~ 732 and possible log z. Explicit computations of these integrals can be found in ap-

pendix D. We will further consider a large central charge ¢ expansion for our correlators. At
¢ — oo the dimensions and OPE coefficients of non-protected operators acquire corrections

with the respect to their bare values of the form?’
7(1)
Ay =AY 4 B L O2) (5.11a)
c
(0) al(cl)A ¢
Uae =g+ = O(c?), (5.11Db)

where we have defined the anomalous dimension ’Y;(fl)A ¢~ Accordingly, (5.6) gets expanded as

(AL 0) ~ 1< al(g(,))A,e > 1 <1< a;(g(?)A,ﬂz(i)A,e >+ 1< a;(cl,)A,z >> +O(c?), (5.12)
2\ AR e\ (- AT 2\ - AT ’
where the brackets stand for averages over all the possible degenerate operators with the
same twist. From this formula it is clear that at order ¢ we expect simple poles for
the h of the exchanged operators, whose OPE coefficients should recover the free theory
results computed at ¢ — oo. At the next order, double poles arise in correspondence
of those operators developing an anomalous dimension. Notice that the information one
can extract for this type of poles are not exactly the anomalous dimensions, but rather the
products <a,(€0)A ﬂ,gl)A ¢)- Determining the 'y,il)A ;s by themselves would indeed require solving
a mixing prébfem%‘é order ¥ able to distir;g{lish all the possible degeneracies. Finally the

simple poles at order ¢~! take into account the corrections to the OPE coefficients.

2 Notice that we have slightly changed notation, from axv)e to ak,Ae-
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5.2 Half-BPS case

In the same spirit of subsection 3.4, let us first review the well-known example of four
half-BPS Os operators and let us apply the inversion formula to this correlator without
relying on its expansion in superconformal blocks.

The way to proceed is the following: we start by considering the large ¢ expansion
of (3.32) and then we plug this in (5.2b) after passing to the crossed channel as explained
before. The u-contribution can be obtained similarly. At order ¢ we should be able to
recover the free theory coefficients and indeed we find that the exchanged operators have

(0)

twist four and higher and the corresponding a, A , are exactly the expected ones. After

this preliminary check, we can try to extract corrections at order ¢~!.

The anomalous
dimensions arise from those terms in the correlator proportional to log z once passed to the
t-channel. These are in fact the only contributions in (5.10) that can develop double poles.
Let us denote szé = (a,(c(?)A,ﬂl(i)AJL with A = 2h + ¢, for each tensor structure k in (3.25)

and let us define

=(A12,A34) _ r (t B %) r (t + %)
= =

0,0)
AT (2t — 1) ’ '

[1]

ﬁ
Il

w

(5.13)

Then our results read

4 1
Ihy= —55h+esh_12€(1 +(-1)% (h4 — 6Rh% 4+ 27h? — 54h + 36) forh>2.0>4,

3
% = —4Z,E5-12°(1 — (-1)%) (h4 — 6h% + 23h® — 42h + 32) for h >2,0>3,
Dhe = —gzh,HEH?E(l + (-1 (h4 — 6h% 4 21h% — 36h + 8??) for h >2,0>2,
Fi,@ = _?Eh—klzh—l#(l + (DY (h—-2)(h—1) (h2 —3h+ 6) forh>3,0>2,
T50 = =824 En12'(1 = (-1)")(h = 2)(h — 1) (h? = 3h + 4) for h>3,0>0,
Fg,ﬂ = _§Eh+éEh—12é(1 + (-1)(h = 3)(h — 2)(h — 1)h for h>4,0>0.
(5.14)

For all the other values of the twist the anomalous dimensions simply vanish, while for the
remaining values of the spin our results do not agree with the ones of [11].3° Notice that
the exchange of either spin even or spin odd operators depends on the symmetry property
of the corresponding tensor Ty under the exchange 1 <+ 2. To conclude, let us comment on
the anomalous dimensions of the operators transforming in the (0,4,0) representation of
SU(4), also known as 105, for which we do expect to recover the well known results — see
for example [42, 43]. In this case we can write

(agA oA (h—3)(h—2)(h — 1)h (5.15)
@,y  C+DRh+e-2) '

30T his is not an inconsistency since we recall that the inversion formula can fail for low spins.
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which does agree with (2.13) of [42] modulo shifting h — h + 2 and renaming h = n + 2.
At this same order the inversion formula also predicts corrections to the OPE coefficients.
According to (5.12) these are encoded in the residue associated to the simple poles. Quite
remarkably, they take a very simple form

1 1
(s e) = 5Ol (5.16)
with the exception of

8
(agA ) :—§E2+z(1+(—1)€) for h=2,0>2,

— _9= _ (1) _
Z) - 2‘—'24*@(1 ( 1) ) for h = 276 Z 07 (517)

+(-1)%) forh=2,0>0,
+(—1)£) forh=3,£>0.

6 Results

6.1 OPE data in the Oy x Oy OPE

The OPE data in the Oy x Oz can be extracted by studying the correlator (O2Op20p202).
However, the method of the inversion formula outlined above requires the knowledge of
the protected parts of its u- and t-crossed version. Therefore also (Op2Op20209) will be
needed. Explicitly, we have to consider

~(—2,2) ¢ _
R (—2)° [ldzdz 2 - _
(A, 0) = %/0 S5 (1= 2)(1 = D k25 () e (2)
. |Z—= (22)3 T . _ (6.1)
x dDisc [ 27 ((1 _ Z)(l _ 2))4 (MHR—)H)kk, Wk’(l —z,1- z) )
W]i/(z, zZ) = wli(’g020020202>(z7 zZ) + Ali(?020020202>(z’ 2) ,
where M. 11 allows to pass from the Tgl to the ’]I‘,Ifl basis. Similarly
~(2,2) ¢ _
_2 1 d d
(a,n = B P o222, (ko)
2 0 2%z
N (22)° T u . 6.2
x dDisc [ A= 20-9) (Mlﬁg)kk, W1 —2,1-2)] , (6.2)

Wi (2,2) = (1 — 2)(1 — 5) w9200200202 (z o 1) ,
where in the third line we have used (5.4) with M., = 1. Interestingly, by tracing back
the contributions to cZ’“(A,E) from W,iu(z, z), one discovers that the only operators that
contribute are the twist-two terms and the identity in (Op2O0p20202), which we were able to
completely fix. This consequently implies that there is no dependence on the undetermined
constant s.
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Retracing the same steps of the all O case, we have first of all checked that we were

31 Then we

able to recover the disconnected OPE coefficients as given in the free theory.
can pass to the study of anomalous dimensions. These can arise only from (6.1) since it
is the only piece containing log z terms once passed to the crossed channel. Excluding the

structures 3,5 and 9, which simply vanish (see table 6), we find

The= —%(—2)55213’2)5(12{2)(h — 3)%h? for h >4,
Iy, = —2(—2)6521252)52121”2)(11 —3)h (h2 —3h+ 5) for h >4,
Th,= —%(—2)4521?2)52121’*2)(11 ~3)h (h? — 3+ 8) for h > 4,
r$, = %(-2)45212,5’2)52‘_21"2) (n? = 4h+6) (h?— 2k +3) for h >3,
7, = —8(-2)= 2Y=>"? (2n* — 12h% 4+ 38h% — 60h +25)  for h >3,
5, = —8(-2) =0 2Y=> 72 (h* — 6h° + 21h2 — 36h + 21) for h >3,
L0 = —%(—2)@ 202022 D opt 193 1+ 46h% —84h +63)  for h> 3. (6.3)

Among all the possible representations exchanged in the OPE, the (1,2, 1) seems rather
special. Indeed c¢(A,¥¢) vanishes at any order in the 1/c expansion and as a consequence
all the OPE data we can extract from the inversion formula will depend only on the
(020p20204) correlator and thus take a very simple form

(0)
<%’,A,z
0
<aé,)A,£>

WAd (B2 4h+6) (B2 — 20 +3)
B (+1)(2h+1—2)

. h>3. (6.4)

This observation suggests that this representation might be interpreted as the analogous of
the (0,4,0) in the all Oy case. Namely a representation where the superconformal block??
can be written as a single conformal block, possibly with shifted quantum numbers.

Let us now analyze the correction to the OPE coefficients

_ACED (1) (0+4)

A1 -

R R 1 j
_W—Tﬁ-QahFh! h=5
8(—1)* ((hwj)(hm - (h72)1(h71)) + 3000} h>6

31 As discussed in appendix D, the inversion integrals contributing to ¢} are not well defined for h = 1,2,
in these cases we have resorted to the standard conformal block expansion to fix the agf)A, .

32By superconformal block in this context one usually means the familiar u72gA+4’e that appears in
the unprotected part of the Oy correlator. Here we are talking about the same object but expanded
in the full four-point function. In the all O; case, all representations but the (0,4,0) have superblocks
consisting of sums of conformal blocks, each associated to a different superdescedant. The (0,4,0) is the
only representation where there is only a single superdescendant contribution, namely Q*Q*®, which has

the same spin as the superprimary and the dimension is increased by four.
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12D (D) _ o
v
4(—1 + + 188 1 1
1) >_(_2)£:(—272):(—2,2) @+3)(e+4)  ~ "3 +30h Iy,
- Thtt Th-1 2= () (48) 22 4 1o, 1)
(0+4)(0+5)

—24(-1)" ((h+f—1><h+4> - (h—2><h—1)) +50nT

C12(=1)*(e+1)(6+4) 16
(0+2)(€+3)
_ACED D (46) U2 4 1g,11
(a(l) ) = (_2)4:( 2,2)=(=2,2) (E+3)(e+d)
4,A0 —h+¢ —h-1 2(=1)°(e+1)(¢+8) 136

1
(AN (A) 8hF

v

v

24(-1)" ((h+€f%)(h+£) - (h72)(h71)) +500L}
—16 + $0nT},

1)y _ (_gy(-22z(-22) | =15 + 30T
< > - (_ ) —h+¢{ —h-1 136 1
8hfh y

+§ahrh,£

108(—1)*(¢+1)(¢+4
- ((54;2%(“%() b 240+ SLANY
36(—1)¢ (¢4+1)(¢-+6) |
(@) ) = (-2)/=(-2DE(2D) ) T D 496 + 30T,
—h+ —h— 18(—1)*(¢+1)(¢+8
-3 (214(4)(“)5() L5444 Jo,T},

216(—1)" ((h+z_b(h+e> - (h—2>1<h—1>)

36(=1)°(¢+1)(¢+4) 1
o T, LT 2T
— D (e+1) (+ 15 1
(@) ) = (-2’5 2AE3A ) | e — 272+ 30T

= —h— 6(—1 +1)(/+8 1
Srn@s 212+ 50T

+ 3000}

v

v

~72(-1)" ((h+£f%)(h+2) - (h72)1(h71)> + 30T},

108(—1)¢(¢4+1) (444
— ey — 560 + 50uT},,

_ 36D (1)(e46) 2960 4 19,7},
<a(1) ) = (_2)5:( 2,2)=(-2,2) (E+3)(¢+4)

10,A,¢ Thtt Th—1 ) 18(=D(L+1)(¢48) _ @ + 111
(0+4)(0+5) 3 T 30l

216(-1)" ((h—o—é—%)(h—%) - (h—2)1(h—1)> + 3000}
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Notice again the simplicity of the OPE coefficient associated to the (1,2, 1) representation.

6.2 OPE data in the 002 X 002 OPE

The analysis for the OPE data contained in the Oga X Qg2 OPE proceeds analogously,
with the difference that in this case we will consider only (Op20p20020p2). The relevant
ingredients are given in subsection 4.5.3. Another important difference with respect to
the previous case is that the twist-two operators and the identity are not the only ones

contributing to the dDisc, at order ¢~!. This makes the answer not completely fixed
and it introduces a dependence on the unknown coefficients x,,, A\, of equation (4.45).

Remarkably, these constants do not appear in c¢i(A,¥): the function corresponding to
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the structure (4,0,4). For this reason and to avoid clutter, we will report explicitly the
anomalous dimension and a,(:)A ¢ just for this interesting case.?> We find that, starting at
twist 7 = 10 (h > 5) the operators exchanged in Opz x Opa transforming in the (4,0,4)

acquire an anomalous dimension

1 _ =
(% A )= §(—2)f (1 + (-1)4) SheZn_1(h — 4)g ((h 40— 2)4(h? — 3h —2)

- %(16(h+€—1)(h+£) +(h—5)(h+2)B(h+ —1)(h+0) —2) - 8)) .

(6.6)
The first term corresponds to the contributions coming from the identity and the twist-two
operators and it is the leading one at large spin. The second term, on the other hand, may
receive corrections from twist-four operators that we could not fix in the ambiguity — for
instance the scalar of dimension four in the (0,4,0), or Tllg For this reason we quote the
large spin asymptotic of the above result after having factorized away the free theory OPE
coeflicient

0 @D 9

a _ _ _

( 1,A(,€;71,A,e> tsoo,  (R—=4)(h+ 1)2(h 3h —2) for h>5. (6.7)
<a1,A,€> ¢

6.3 A note about the MRV limit

The simplicity of the result (6.7), and the fact that it does not depend on the Ky, Am
constants, suggests that the representation (4,0,4) is the analog of the (0,4,0) in the
all Oy case, in the sense explained around footnote 32. Also note that the anomalous
dimensions start from twist ten, contrary to the ones in the other structures that start
from twist eight, which is the twist that one expects for a [Op2 Op2]or operator. This is
indicative of a shift in the dimension of the conformal block. Roughly speaking, this means
that we expect the superconformal block in the structure "]I“Ilv to be proportional to gay2 .

The analogy with the all half-BPS case can be made even more precise here. Indeed
we can devise an analog of the Maximally R-symmetry Violating (MRV) limit introduced
in [44]. In the s-channel this limit consists in sending y; — y2. In our more general case
we have

Y1 — Y2, S — Sa, S1— Sy. (6.8)

Taking this limit on the tensor structures TE/ yields
lim T} = 6k1 (S23)*(S32)°(S24)*(Sa2)? (6.9)

namely it sends all structures to zero but the first, which is the one we are considering
here. Even though we did not study these correlators in Mellin space, analogously to the
findings of [44] we expect a zero in u at twist eight when taking the u-channel limit (which
is 1 — 3 instead of 1 — 2). Note that here we expect only one zero instead of two zeros.

33The results for all the other structures can be found in an ancillary Mathematica file attached to the
arXiv version of this paper.
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We further note that the same reasoning will not work for the (O20020p202) because
no particular structure is isolated by taking the MRV limit. In that case however — as we
have seen in section 6.1 — the anomalous dimensions start from twist six anyway, so we
do not expect any additional zeros in Mellin space. Finally, taking the MRV limit (6.8) on
(Op20020204) precisely isolates the (0,4,0) representation. This is consistent with one’s
expectations since the long multiplets in that OPE will be the same as those exchanged in
the all half-BPS case.

7 Double trace correlators from higher-point Witten diagrams

7.1 Five-point function and the OPE

In this section we want to prove that the correlator (Qp20202052) is protected at lowest
nontrivial order in the 1/N expansion. This is not surprising since this correlator is “next-
to-extremal” but there is no available proof of it yet because the usual arguments only
apply to the half-BPS case [45-47]. In order to achieve that, we will look at the five-point
function (O202020203). The procedure will involve two steps: first we need to decompose
the five-point function into tensor structures that correspond to the exchange of a given
representation between the first two operators and secondly we need to take the OPE limit
and extract the most singular piece. Since, in the interacting theory, Ops is the lightest
operator in the (2,0,2) sector of the Q2 x Oy OPE, the leading singularity as z1 — z2 is
guaranteed to give us the correlator that we need.

The five-point function was studied up to order 1/N3 in the supergravity limit in a
recent paper [9]. Let us report here their results for convenience. The free theory value at
finite N reads

(Oa(z1,91) - Oa(@5,y5)) g0 = Gib (@10, 5 Y1, -, y5) =

—9 2 l Z Aijk,im i 2 Z Aijkim (7.1)
= 2.2 .2 (.2 2.2 .2.2 .2 |°
Nz -1 perm xz’jxjkxki(xlm)Q NZ -1 perm Lij kLT imTmi
where we defined
Aiiim = Yij Vit Yei Yon » Aijiim = Yij Yk Yl Yim Ymi » (7.2)

and the sums > .., are over all inequivalent permutations of five elements, each counted
once. The large N result in the supergravity approximation (namely the 't Hooft coupling
A being sent to infinity) instead is given by

1
(Oa(1.30) -+ O2(w5,45)) | gz = Givee| 1 + 773980 (7.3)

sugra

where Qégéra is given in an auxiliary file of [9] and is a linear combination of the following
D-functions

gs(iéra D {Di1123, Di1233, Dii112, Di1222, permutations} . (7.4)
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The D-functions with n labels represent an n-point contact Witten diagram or, in other

(W)A . (7.5)

The four-point function we want to match is shown at zero coupling in equation (4.7).

words, the integral of n bulk-to-boundary propagators

® dz .
DA1~~~An(xla~-a$n):/o ;/}R4dxH

=1

Since we only need to extract the most singular piece in the OPE we need only the follow-
ing term

Oa(w1,51) X O2(3,92)] (5 0.0) = 200,00 (J5*)*O0(2, S3,55) + O(ad) . (7.6)

Here we introduced a new notation: whenever a symbol 9; replaces a label ¢ in a tensor
structure — defined in (2.18) — we need to replace the polarization attached to that point
with a covariant derivative — defined in (A.7)

As we remarked before, the differential operators defined in (A.7) can only be applied to
(¢,0,q) or (0,p,0) tensors. As we will explain in the next subsection, it is unnecessary to
know their explicit expressions anyway because we can always adopt the Casimir method
as in subsection 2.3.3.

7.2 Projecting on R-symmetry representations

In order to find our operators of interest we need to decompose the tensor structures Aj;jxim
and A;jim into a basis of projectors associated to the representations exchanged in the
Oy x Oy OPE. Here it follows a systematic way to do it. In general the OPE can be

written as
tOPE(yla Y2, as )
Oz(1,y1) X Oa2(w2,42) = Y A0,0,0, Or ST A 220 (22,80) + O(z1,) (7.8)
Or, ((1312)2( 2

with t?r)'ZE being a differential operator in the polarizations Sy and the sum ranging over all
lightest operators of dimension Aj within a given representation. If we use this equation
inside a five-point function we obtain

lim (95%2)%(4_AL)<02($1,y1)02($2,y2)020202>

r1—T2

= 20,0,0, & (Y1, Y2, 85, )(OL (w2, S0)020203) .
Or,

(7.9)

Since tng are essentially three-point functions, they satisfy the Casimir equation in the
L
first two points

C2 (8S1 D 852) tng(yla Y2, 8S()) - CZ tng(yla Y23 850) . (710)

Therefore we can expand the five-point function (O202020203) into an arbitrary basis
of monomials in y;; and then separate the various contributions by rotating into a basis
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which diagonalizes Co. In this particular case the quadratic Casimir is sufficient to fix all
the structures. For the representations in which pg = 0 we can alternatively apply the
differential operator directly on the four-point tensor structures. For example, considering
(2,0,2) one has3*

t(02|:>OE,2) (y17 Y2, 8507 85'0) 2932 (Ja()ao) ; (711)

which should act on the three different four-point structures of (QOpa020203). Here we
pick a simpler linear combination of the ’]I'llg of (4.6) since we do not care about the rep-
resentations exchanged in the rest of the four-point function — note that we shifted the
point labels by one to the right

T = 199 3% yus5, TY =199 )% yas5, TL =192 )90y, (7.12)

E(20:2)

Calling the resulting five-point structures, we have

Eg2,0,2) ?2'30'52)’]1‘I = 10A123 45 + 20A145 23 + 20 A245,13 + 2434512 — 5A12345
— 5A12354 — 5 A12453 — D A12543 — 20413245 — 20413254 ,
IE§2 0.2) = ?QPOEQ)TQ = —10A124,35 — 20413524 — 20423514 — 2A345,12 + 5.A12354

(7.13)
+ 5A12435 + 5 A12453 + D A12534 + 20 A13524 + 20414235 ,

E(2 0.2) _ (OPE Ts

3 t2,02) T3 = 10A12534 + 20A134,25 + 20A234,15 + 2A345,12 — 5 A 12345

— 5 A12435 — 5 A12534 — 5 A12543 — 20413425 — 20A14325 -

Similar computations can be done for the other representations. Once we have all of them,
we can expand the free correlator as follows

5 Py P
GO = ST S gl PV @y, ) BT (g, ) (7.14)
2q+p<4, k
p even

7.3 Remarks for finite N

Before showing the computation for (Opa020205) at large N, let us make a few remarks
about the free theory at finite V. At zero coupling, the operator Ogs is not the only one
appearing in the leading OPE singularity: there is also the Q?Q? descendant of the free
Konishi K = tr ¢2.35 This superdescendant, in terms of free fields, is precisely the pure sin-
gle trace contraction that we ignored when constructing the operator Qg in subsection 4.1.
Among the operators exchanged in the Oy x Oy OPE there are no other supermultiplets
that can have a dimension-four scalar transforming in the (2,0, 2).

34The numerical factor in front is arbitrary. It was chosen to factor an overall constant multiplying (7.13).
35Note that this problem would also arise in perturbation theory at weak coupling, but not at large N
because the Konishi operator becomes heavy in the supergravity approximation.
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It follows that we should expect to find some (numerical) coefficients a1, as and as
such that the following limit holds3®

3
. = 2,0,2
lim g akT,Ic(yl,...,yg))gg )(xl,...,xg,):
k=1

T1—I2

(7.15)
= A0,0,00; (O02(x2,82)O2(3,y3)O2(24,ys) O2(25, y5))

+ X0,0,(Q2G2K) ((Q*Q*K) (2, S2)Oa(x3,y3) O2(24,ys) O2 (25, y5)) ,
where the four-point functions on the right hand side are computed by Wick contractions.

The first one is given explicitly in (4.7). The OPE coefficient of Oz is known from [40] and
the one of the Konishi can also be inferred from the 12100,10 of [40], although we recomputed

it by using (’)(()S;’l) of subsection 4.1 for self-consistency. They read3”
1 3 1/2
)‘0202002 = 2\/6 (1 - N2 _ 1> ) (7.16&)
1 1
A (7.16b)

0202(Q2Q%K) — Tﬁﬁ’

A simple computation shows that

)
a1 :(12:0[321. (717)

The specific value of these coefficients depends on how we normalize the tensor structures
p 1Y
(q’p?q)

1
x;j nor on N.

, therefore it is not meaningful. The important thing is that they do not depend on

Another possible pitfall, that we report just as a side note, has to do with the (0,4, 0)
scalar. It contributes to the OPE via the following differential operator

1
OoP
£0.40) (1,92 00) = 573¥i0, V3o, » (7.18)

Unlike the previous case, there are no superdescendants that can contribute to this repre-
sentation at dimension four. Thus the exchanged operator must be the superprimary of
a half-BPS multiplet transforming in the (0,4,0). However, there are two distinct such
operators: one is an admixture of a single trace and a double trace operator and the other
is a pure double trace

2\/N27+1 2N2 -3 )
= g () (tr(‘P W' - g (e y?) ) . (7.19)
o = z\f—1 (tr(p-9))". (7.19b)

The relative coefficient in (7.19a) is obtained by requiring that the two combinations are
orthogonal [48, 49] and the overall coefficients simply normalize the two-point functions

36Since Az = 4 the power of 2%, vanishes.
37The first differs from [40] by a factor of 3/4 due to the normalization of the four-point tensor structures
of (02020203). The latter was instead recomputed by Wick contractions directly.
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to one. As argued in [48], the three-point function (O40202) should vanish. On the
other hand, from the conformal block expansion in [40] we see a nonzero OPE coefficient,
there called Cy. By doing Wick contractions explicitly we see that the operator with

vanishing OPE coefficient is O4 and the one with coefficient Cs is Ofldt).

Therefore we
conclude that the operator exchanged in the Oy x Oy OPE is the pure double trace one.
If we match the OPE limit as explained earlier we again find simple numerical coefficients

a1:a2:a3:60.

7.4 OPE limit of the supergravity result

Now we are ready to take the OPE 1 — x5 limit of the supergravity result of [9]. From
the representation in (7.5) it is easy to take the limit at coincident points. Indeed, when
the right hand side converges, we have

x}lg;m Dayasngn, (X122, .o Zn) = DAyt Ay Agen, (T2, -0, Tp) - (7.20)

When the external dimensions are integers one can often compute the D-functions by
using some differential recursion relations. For example, the D-functions appearing in the
supergravity result of the five-point function can all be obtained by applying the following
recursion relations

2= 0
DAl-- A;+1-- AJ+1 [ANS AA a 2 D e Ap (721)

on the seed function Di1112, where we defined X = §(A1 + A9 + Az + Ay). The integral
D11112 is a one-loop pentagon diagram, known from [50, 51]. The same strategy works
also for four points. In that case, however, the seed function is taken to be D111, which is
divergent. This obstacle is overcome by removing a divergent prefactor and applying the
recursion relations on the reduced function Di111, defined in appendix F.

Now we project onto the representation (2,0,2) using the tensors E(QOQ) defined
n (7.13) and we add up the first two labels of the D-functions appearing in (7.4). It
is easy to see that most functions obtained this way can be written as derivatives acting
on Di111, using the relations in (7.21). In the (2,0,2) sector there are only two exceptions
up to permutations:

D3111(Z,§) and D4112(Z,Z) . (7.22)
These functions are indeed divergent. We can see this using the representation found in [40]

_ _ I'(A] — s)I'(Ag — s
DA1A2A3A4(Z7Z): ( 1 (Z)Z)( : )EA1A2A3A4(Z Z)+DA1A2A3A4(Z Z)I"eg7 (7'23)

where we introduced
1
:*(A1+A2—A3—A4), SGN,

P( = (A1 = 8)m (A2 = 8)m(A3)m (Ad)m
A3+A4 Z S o 1)! m!(A3+A4)2m

X U 2F1(A2—s+m,A3+m;A3+A4+2m;z+§—z,§),

EA1A2A3A4 (Zv 2)

(7.24)
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and Da, A, AsA, (2, Z)reg. s finite. In order to regularize the divergent D-functions we can
shift all dimensions by €. The I'(Ay — s) function at the numerator is responsible for the
divergence. If we denote for convenience n. = n + ¢, the regularized D functions read

1 2vE vlogwv

D 7)) = — — D Z
3elele 15(27 Z) we w + u<1 _ ’U) + 3111(27 Z)regA ,
— _ 1 2 v(l —v+wvlogv — _
D4e 1e 1e 25(Zaz) = = 8 - ( Qg ) + D4112(Z> Z)reg.7
ue u u(l—v) (7.25)
_ ~ 1 2vg 1 v(v—2)logv _ ’
D = _ _ D
110201 (%: 2) we  u T w(l—0) w(1=0)? + D1121(2, Z)reg.
— _ 1 2vg 1+ v((1-v)?2=2u)logv  — _
D = — — - D .
4.2.1.1.(2, 2) Wle u u(l—wv)?2 u?(1—v)3 + Dy211(2, 2)reg.

Notice that, unlike the regular part, the singular part of D421 does not satisfy the
identities in (F.4) and to compute it we have to resort to the explicit formulas in [40]. Quite
nicely, the divergences cancel in the end result because the above D-functions appear only
through the following combination
a+b+c+d
i

ue

a D112 + b Dyio1 + cuw Dyory + d D3i1q ~ o(1), (7.26)

with a + b+ ¢+ d = 0.3%3 For the regular part of these D-functions we find
_ 1—2
D11 (2 2)reg. = Ru(2,2) (2L12(z) ~ 2Liy(2) + log (l—z) log(zz)> +

Ro(z,2)log(zZ) + R3(z,2) log (1 — 2)(1 — 2)) ,

Ri(z,7)= 2(2(;1_)(;);1) (7.27a)
RQ(Z, 2) = —Z(;__ZE_); )

R3(2’2)2(2—1)(_z—1)< itz 1 )

2Z (z—2)2 z+z—2Z
_ ~ 1—
D4112(Z, Z)reg. = R1 (Z, 5) (QLiQ(Z) — 2L12(5) + log (1_;) log(25)> +

Ry(z,%)log(2%) + R3(z,2) log (1 — 2)(1 — 2)) 4+ Ru(z, %),
i 62— 1)’z — 1%(= + )

Rl(z,i): — (2_2)5 ’

Ro(z,2)= (2_12)4 (z (22(5 —2) 42 (552 1654 9> 195 6) T 2) 7 (7.27b)
5 oy EoDME-1) 1 22 41027 + 22

R3(z,2)= 27 ((Z"FE—ZZ)Q o (z— 2) > )

Ri(z,7)= (z—1)(z—1)(z+Z2—4)

(z—2)%(z+ 2z — 22)

38 As a side remark, one could do the same computation for the (0,4,0) and in that case the divergences
cancel in the same way but D311 never appears, namely we have d = a + b+ ¢ = 0.

39Note that the cancellation of these divergences can be seen manifestly by using the representation of
the five-point Witten diagram in terms of box integrals [50]. We thank Xinan Zhou for point this out to us.
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The regular part of 54121(2, Z)Teg_ and 54211(2, Z)reg. can be obtained from the identities
in (F.4).

After having regularized all the D-function we can finally take the OPE limit and
explicitly see that the free theory result is perfectly matched at order 1/N? and the non-
rational pieces in the D-functions all cancel each other. This observation supports con-
jectured claims that the three-point functions of all the exchanged short multiplets are
protected [9, 17]. The very same situation occurs when we select (’)Z(ldt) in the OPE of
O x Oy, namely the supergravity result perfectly reproduces <(’)4(1dt)(’)2(’)2(’)2)free up to
order 1/N3.

8 Outlook

In this paper we have revived the study of quarter-BPS operators in the context of four di-
mensional N’ = 4 SYM. In particular we have found constraints imposed by the underlying
chiral algebra on the structure of the protected part of the four-point correlators, involving
one or more quarter-BPS operators. There are several directions that would be interesting
to pursue. We list some below.

Superconformal blocks: in order to fully exploit the power of superconformal symme-
try, it would be very useful and interesting to find the form of the superconformal
blocks. Differently from the half-BPS case [11], they are not known. Being them
eigenfunctions of the quartic and quadratic Casimir of the superconformal group, it
could be possible to explore the superspace approach to solve the eigenvalue problem.

Numerical bootstrap: it would be nice to explore the mixed correlator system using
numerical bootstrap techniques. Despite the fact that we do not use the full super-
conformal symmetry, it can still be possible to obtain information on the dimensions
and OPE coefficients of the intermediate non protected operators. In particular, this
method can be helpful to see if there are some OPE coefficients which are protected.

Basis of function: it would be interesting to understand if the basis of D functions is
enough to compute the correlators involving double trace operators. It has been
observed, in a holographic computation, that such a basis is not enough and needs
to be supplemented with more general functions [52]. We hope to be able to clarify
this point in the future.

Higher point functions: in this paper we have made a comparison with a five-point
correlator computation [9]. It would be very interesting to be able to use our results
together with supersymmetry constraints and more generally the results of [53], to
find some structures of the six-point correlators of half-BPS operators.

Triple trace operators: in the context of holographic computations to get the correc-
tions in the large central charge limit of the four-point correlators of Oy as in [54, 55],
the anomalous dimensions and the OPE coefficients of triple trace operators are
needed. It would be interesting to use the results of this paper for the leading twist,
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non protected, triple trace operator appearing in the OPE of Oy x Oyo and study the
constraints imposed by crossing symmetry given by its presence, at the level of the
four-point function.
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A Notation and conventions

A.1 Notation for R-symmetry structures

In this appendix we will show in detail the conventions used for tensor structures and
polarizations. In table 9 we summarize our naming convention for the various labels and
indices that appear throughout the manuscript.

The tensor structures in four dimensions are a function of a six-dimensional complex
vector y and two four-dimensional complex twistors S and S. The tensor structures in the
chiral algebra are instead functions of two spinors 7 and 7; associated to the R-symmetry
and flavor SU(2) respectively. Since y has to contract symmetric traceless tensors, it is
subject to the constraints y -y = 0. Similarly, if we want to describe tensors of SU(4) with
S™ and S,,, we need to remove the traces by imposing S - S = 0. The polarizations 7,7
do not need other constraints because they automatically square to zero.*’

Let us first discuss the R-symmetry structures in four dimensions. Here follows our

convention for the six dimensional Clifford algebra

0 —clé —ie 0 0
Efm = (5,4g 0 ) ) Efnn = ( Oi€> ) Efm = (06) . (A.1a)
|

Smn 0 —éo SImn _,Lg;o s mn —@;0
(2. () (). o

A=123 . . . _ .
where o7, “" are Pauli matrices, aia, = i 0qq, 04 = —(é0

Aé)T’ ¢
€'?2 = 1. With this definition we can build the generators of SO(6)

= €% = —¢,, = € with

(ZMN)mn _ 1 (Zn]\;[p Ean N Z'r]r\;p EMpn) ’
1 (A.2)

40Gee footnote 17.
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indices range polarization group representation
M,N 1,...,6 yM SO(6)r O

m,n 1,....,4 S™ Sy Ymn, Y™ SU(4)g 0,0,

[,V 1,...,4 SO(4) O

A,B 1,...,4 SU(Z)RX ( )F (D;D)

a,b 1,2 n%, N SU(2)r OO

a b 1,2 7% SU2) O~

I,J 1,...,N?2—1 SU(N ) gauge adj

1,7 1,...,4 operator label

k 1,..., Ngtr tensor structure label

Table 9. Conventions for the polarizations, indices of the various symmetry groups and other
labels.

These matrices can also be used to relate tensors in the adjoint of SU(4) with tensors in
the rank-two antisymmetric of SO(6). We can also map SO(6) fundamental indices to

antisymmetric SU(4) indices as follows
Ymn = Y Sy ¥ =y SN (A.3)
Some useful identities of the 3 matrices are
sM sNe yN sMnp — 5p gMN e E% = o5 Mmn (A.4a)
2anPm = 2€mnpq 5 Eﬁniz;q = 2(d7,07 — 07,01) - (A.4b)
If we have operators in the (g, p,q) where all Dynkin labels are nonzero the conditions

on the polarizations stated at the beginning are not enough and we need to impose further
constraints. The complete list is the following

y-y=0, S-S=0, yS =0, yS=0. (A.5)

As explained around (2.16), operators in the (g, p,q) will be fields with homogeneity p in
y and ¢ in S, S
Opy(AS, AS, ky) = (AN)IKP Opy (S, S, y) . (A.6)

In order to recover the tensor form of this operator we must differentiate with respect to
the polarizations. However, we need to be careful because the polarizations are constrained
and so their derivatives are not free. The following differential operators can be used to
avoid this problem [19, 20, 22, 23]

D (2+ ‘a) o 1 &
o o\ o . o
o= (3+5 L 45. 9y 9 5 9 AT
(+ a5+ as)am 95 - 0% (A7)
9 o\ 52
gn—(3+5. 2 45.9) 2 _gm .
(+ 25 " as> 23, 95 - 95



With the aid of the above operators we would like to write

(Opa) -y aytty = Ony - Ong O™+ 0™ Doy - Diag, Opg (S, S, y) . (A8)
However, unfortunately, the operators do not implement the constraints yS = Sy = 0 and
so the derivatives are not free and the above expression does not hold unless either p or ¢
is zero.

The conventions for SU(2)r x SU(2)r are analogous to the usual spinor notation in
four dimensions [56] with the substitutions a — «, ' — &, A — p and the Euclidean
signature. An operator in the (R; F) will be a field with homogeneity R in  and F' in 7

Or,r(An, A7) = NEXF Op p(n,7) . (A.9)

Since there are no constraints on 7 and 7}, in order to recover the indices one simply needs
to take derivatives

P 8 DY 8 a DY 8
= on@ onor af’a’l aﬁa},

(OR,F)ay-ap ,a}-d, ORr,r(n:7).

A.2 Convention for the conformal blocks

The OPE coefficients that we show in the text are meaningful only if we specify the nor-
malization of the conformal blocks. The definition that we use is the following

gA,Z(Zv 2) = g&?ﬁ(zv 2) ) (AlO)
A1z A _ zz 1 A2,A A12,A34 = _
o7 = s (RAZA (RA2554E) — (2 ¢ 7)) (A.11)
with
a —a B+
K§0(2) = 27125y (62, ﬁ2;5;2> : (A.12)

B Ward identities for the (2,0, 2) four-point function

Here we show the nonzero entries of the vector @,(Cm)(z, z) introduced in (4.43) in terms of
seven polynomials P, ..., P; which we will define below
() _ H2P:Pil] s I
4 152323 2775602323
5 _ 1125, 52 _ _P7P1[1]
4 92222 12 62222
53 _ 56 5@ _ _ Prpifl]
4 922227 12 1222227
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NO 16 Py[1] NON Pi[3] +2
41 zz 42 4227
55 8P[1] A(5) _ Pl[%] +2
41 zz 42 84zz
5(6) _ 1008Pi[1] o _ 3 (Pl +2)
AT 952z 42 = 502%
(7)) 112
41 _T5 )
A(8) _ 56
41 15 ’
500 _ 2P NOB !
ar T2z 427 3362222
S0 _ 28P1[1] s _ Pilz] +2
41 152z 42 3602z
@(12) _ 4(7P1[1]Z§ — Pg) @(12) _ _P7P1[1]
4l 152222 ’ 42 302222
a3 1
42 720 )
o _ _MP[F] o0 = 2(nll+2)
s 52Z 2 1522 ’
s15) _ 224P 7] a5 _ PilE]+2
4l 522 42 1522
a7 _ 56P1[7] san _ 5] +2
41 52z 42 6022
a8 128Al1) Lo _ (P +2)
4l 22527 42 472522
@(19) _ 56P1[%] . (19) _ Pl[%] + 2
4l 522 42 6022
5200 _ 128
41 1575
sen _ 16P[9] sen _ Pil5l+2
4l 522 42 2102z
1
04(1212) =T, 04(1222) R
NN
: 427 4327
734(1215) = T3
526 _ 42P;[4] 0) _ Pag5] +2
4l 52% 42 80z
’0(27) _ 168P1[1] ’0(27) _ 7P1[%] + 2
41 52z 42 202z
S0 _ _168P[1] o) __Pilg] +2
41 52z 42 202z
_30)  6356P[1] Ly 227(Pi[$] +2)
Vit T To9s.z Va2 = 540022
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~(32) _ % .(32) 41 (Pl[%] + 2)

Y4 T Tgon Y2 T T 080022
574
o) __TTORIN) s _ 2T (LG +2)
4l 107252z 42 25740022 ’
se0 _ 14
41 75 )
(35 6 (37 1
/Ul(ll):_g7 '1)4(12):_25207
(38 (38 1
01(11)22’ %(12):7@’
sao) 1 B1
Va2 1344 (B.1)

The polynomials appearing in the above expressions are given by

= 882272 — 259227 + 16822 — 259222 + 6862Z — 3362 + 1682% — 3362,

= 9792323 — 48722%2% + 756022 — 37802% — 48722273 4 17304222% — 1890022
+ 756022 4 756022> — 18900222 + 75602z — 37802° 4 756022,

Ps(z,Z) = 132222 — 45227 + 452 — 4527% 4 4572

Pr(z,2) = (2 —2)(—2). .
B.2

C Proof of vanishing of low-lying operators

In section 2 we argued that the simplest quarter-BPS operator of BB type is Ogz. In this
appendix we show why it is impossible to construct 011 and Os; and why (’)(()S;’Q) in (4.1b)
vanishes as well.

Let us start from the first two. Both of these operators must be written solely out of
the six scalars in ™. The latter case has potentially two options: it could be of single

trace type
Oéslt)(s, S,y) = tr ((le(PMz(PM:a(pMz;) S . ZM1M4 . S YMaYM; (Cl)

or the analogous one with (M Ms) (MyMy) pairing. Or it could be of double trace type
d & _
057(S,5,y) = tr (" 0™2) tr (™ ™) S Sapar, - S yasyyn, - (C.2)

The second trivially vanishes as can be shown by a (14)(23) permutation, recalling that
the Xy, v, are antisymmetric. The first also vanishes in SU(N) due to the fact that the
generators are Hermitian and the trace of four of them is real, which implies

tr (Th Tl = tr(THTBTRTN) (C.3)
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The former case instead can only be single trace since it has three fields
O11 =tr (¢M1¢M290M3) S S S Y, - (C4)

This operator would seem allowed, however a quick computation shows that its two-point
function identically vanishes and thus the operator must be absent in a unitary theory.

We will now show why the single trace operator in (4.1b) actually vanishes. For
simplicity let us rewrite here is explicit form

Ofy? = Mo GMs M o (TOTOTeTd) S Sap gy - S - Sapar, - S (C.5)

The SU(NN) generators satisfy two important identities

fabefcde — z(dacdbd _ éud(sbc) + dacedbde _ dadedbce (C 6)
N ’ '
fabedcde + fcbeddae + fdbedace — O, (C?)
where d® is a totally symmetric tensor and £ is the completely antisymmetric structure

constant. By using these relations one can write

5ab 5cd 1
+ 7(dabedcde +i dcde]cabe +i dabefcde _ fabefcde)
4N 8 —_—

using (C.6)

tr(TeT°T°T?) =

5ab(;cd _ 5ac5bd 6ad6bc 1 ;
_ o + + §(dabedcale . daceddbe + dadedbce) + %(dabefcde + dcdefabe )

ing (C.7)
using (C.
5ab6cd _ 6ac6bd 4 5ad5bc 1
= N 4 g (dabedcde — Jace ddbe + dadedbce)
4 é(dabefcde . dacefdbe + dadefbce) (CS)

Now that we have rewritten the trace appearing in (’)((]S;’z)

in this way, it is straightforward
to argue that given the antisymmetry under My <+ My (or equivalently for M; < Ms3)
the first two terms in (C.8), being symmetric, they vanish. The last piece, instead, is
antisymmetric, so the same argument can not be applied. By using (C.7) it is possible to

rewrite this term of the trace as

dbaefdce _ dbdefcae + dbcefade _ _dabefcde _ dbdefcae + dbCEfade
— _dabefcde . (fbceddae + fdcedabe) o (fcdedbae + fbdedace)
_ _dabefcde + dacefdbe o dadefbce ’
(C.9)

which is clearly antisymmetric under a <+ b together with ¢ <+ d. However under the
corresponding simultaneous exchange of (1,2)(3,4) the SO(6) part is symmetric, so finally
their product vanishes.
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D Useful integrals for computing the inversion formula

In this appendix we collect all the relevant computations necessary to obtain the OPE
coefficients and anomalous dimensions in section 6.

Let us start from the Zz integral in (5.2b). Since in the studied examples we have at
most log(1 — ), which has vanishing double discontinuity, we will only focus on

1= ~ _ A
TAH’AM()\):/ @(1—2)%m§,ﬁ§34(@ - ADisc l(l Z) ] ; (D.1)

0 2z2 z

where we recall that we have defined h as half the twist 2h = 7 = A — ¢. This integral
can be performed by replacing the hypergeometric function in /{?ﬁ_’ﬁ“( ) with its integral

transform by introducing a fictitious integration variable V and then by performing the

change of variables z — m The result is
A
Fhudu_ 20(2(h+ O)F (h+ 0= 4 —A-1) )

D(h+e—22)0(h4 0= 80T (A4 €+ 45+ X +1)

x sin(wA)I'(A + 1) sin (ﬂAM;Alz + 7r/\) r (—A212 + % + A+ 1) (D.2)

- 22T (2h + 20T (h+ ¢ — 4 — A — 1)
CTNT (8 = 2 - A) D= A2) T (= 250 ) T (Rt 852 +241)

where in the second line we have assumed A < 0 and we have used Euler’s reflection formula
I'(1 — z)I'(z) = m/sin(mx). Notice that the I" functions that appear are regular for all the
relevant values of A and A;. Translated to ci(A,?) this means that the z integral just
provides the spin dependence of the OPE data that we want to extract and does not give
us any information about the twist of the possible exchange operators.

The information we are after is instead encoded in the z integrals. These can be
distinguished in three different types

Ldz Azg—A z \ _a

A12,A 234— 012 A A _ 834

oy = [y | () ) (D.30)
0z z
14 e ,

zpetn ) = [ S0 -2 ST ) |2 (D.3b)

A1, Ass Ldz 2247812 Az Agy 2 \" _bm

13 (/\):/O ?(l—z) 2 Ry (2) |log 2 1-.) % |- (D.3¢)

In all these cases A has to be considered positive and we are assuming » € N, h > 1.*1 The
first integral can be computed similarly to the z one and gives

WTA;?’AM sin (77 (% + h)) sin (7T (% + h)) sin ( ( % + h+ A))

IlAlz,A34 ()\) — - . A : o
sin(2mh) sin(mw ) sin (7r (72 + /\>) sin ( ( +h— /\))

9

(D.4)

41'When solving these integrals spurious poles can appear at half integer values of h. We will ignore them
having in mind that they can be cancelled by adding a reflected block with h — 1 — h [41, 42].
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where we have collected ratios of I' functions appearing throughout these computations in
a single function

D(h+ 42— )T (h+ 4 —1)T (h— 4 2 —2)
T(2h = )DL (42 = &1+ A) T (h+ 455 - )

A12,Azs

Thx = (D.5)

We are now going to analyze in detail the poles that ZlA 12’A34()\) develops and the corre-
sponding residues for all the values of the external dimensions appearing in the main text.

e Ajo = Agy = 0: we have simple poles for h = A+ 1+ n, n € N with residues
0,0 0,0
Respont14n 2y (A) = =7\ g1 (D.6)
e Ajz = —Ag4 = —2: we have simple poles for h = A+ n, n € N with residues

Resn=ainZy 72(A) = =iy - (D.7)

e A1z = Agz4q = 2: we have simple poles for h = A+ 1+ n, n € N with residues
Resh:,\+nI12’2()\) = —riﬁnj)\. (D.8)

There is a small caveat in this case: the function ri’i is not well defined for A =1
at h = 1, 2. More generally it is not possible to properly define the residue of the
corresponding integral for these specific values. To overcome this problem, in the
main text, when computing the contributions from (Qp20200202) to (a,(f)Aj% we
have used the usual expansion in conformal blocks. These results seem to suggest
that ReSh:LQIlQQ(l) =0, as well as Reshngf’Q(Z) =0.

Moving to the second kind of integral, the integration can now be performed by replac-

ing the hypergeoemetric function contained in /@f_lg’hAS“ with its series representation. By

resumming the results after integration we get
r (%(—Au + Aszq + 2)) r (—% —h+ A+ 1)
T (-4 —h+x+2)

- —AL2 —h+4+2, S8 _h+2, —%—h+/\+1.1
2 4—2h, —BR_ph4r42 )

I2A12,A34 (/\) _ %

(D.9)

By using some identities for the generalized hypergeometric function it is easy to study the
residues associated to this integral for the interesting values of the external dimensions.

e Ajz = Agy = 0: we have simple poles for h = A+ n+ 1, n € N with residues
Resnoypn+1Zy"(A) = (1" 1805 (D.10)

e Aj3 = Agy = 2: we have simple poles for h = XA + nn € N with residues

_ A=2)A =D=M 5,
T tn—2)(Atn—1) MmA

Resp—xinZs () (D.11)

Notice that the residue vanishes for A = 1, 2 for any twist.
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The last integral, the one containing log z, is the hardest one and it was not possible to
find a closed formula valid for any value of Ajs and Asy. Thus we will report only the
results necessary to reproduce the computations of the main discussion.

e Aip=A34=0:forA\>0and h>1

w2r)d mtan(mwh) sin(m(h + X)))r
:2_070 \) = — h,\ hA <H B H
3 (A) sin?(m(\ — h)) 2sin?(7\) sin(m (A — h) hox T St (D.12)
— 2Hy, — = - - - + ! + 2 + 2)
"TX+h—=2 AX+h—-1 AX+h A—h h—1h)’

where H,, = >"}_; 1/k is the n-th harmonic number, or rather its analytic continua-
tion to the complex plane.

e —A12=A34N>0:forA>0andh>1

2,,—A34,A34
I*A347A34 ()\) _ T TR + H(A34) —A34,A34 2
3 B " " Ags—2X+2h

sin? (7r (%—A—I—h))
2 2
+ Z (2h+0¢A34—2+2h—OzA34) +]§]A34—2(—k+)\+h)

T H%th T Hf%ﬂm - th% - HAS“HL) ’

(D.13)
where we have defined
(8 7 sin ( m(Asy — 2h)) sin < m(Azg + 2h)) sin (%W(A34 —2(A + h)))
A sin(7A) sin(27h) sin(m(Aszg — A)) sin (7T (% — A+ h)) .

(D.14)

In both cases notice the appearance of double poles: these are the signs of anomalous
dimensions.

E Useful tools for resolving the ambiguity

E.1 Recursion relations for conformal blocks

In subsection 3.3 we explained how to fix part of the ambiguity by imposing that some
twist-two operators vanish. The way in which this happens in practice is that a twist-
four addition to the ambiguity functions A,,(z,z) can result into twist-two and higher
contributions to the correlator. This is a consequence of the entries of v,(cm) (z,z) which can
multiply the blocks and shift their dimension. An explicit example that shows how this
comes about was given in equation (3.28).

All these contributions with shifted twist can be obtained thanks to the recursion

relations satisfied by the conformal blocks. The special case with equal external dimensions
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was given in [11]. For a general scalar conformal block in four dimensions one has the
following recursion relations

1+v (ap) 1 @) (a,) (J2 —a®)(J2 = %) (ap)
U gA,Z = 29 29A 1,641 8(J _ 1)J2(J 4 1) 9A+1,Z+1 (E.la)
(7—2 a®)((r = 2)? —52)g(ab) N
32(1 — 1)(T —2)2(r —3) ALl
ab ((A — 2)2 + 6(6 + 2)) g(a’b)
(r—2)(r —4)(J —2)J At
1—v (ap) (a.b) ab (a® = J?) (J* = b?) (a.b)
9xr = 29500~ 80— 1)J2(J + D2 - r)d —7) Ia+tent (E-1b)

(J2 = a?) (J2 = V%) (ap)

20— 1)J2(J +1) JaereT

1 a’b? (a.b)
+2<(J—2)J(T—2)(T 1 1) Iae T
_ab((r=2)%—a?) (1 —2)? - ") N

32(J — 2)J (1 — 1)(1 — 2)2(r — 3) 7AtLE
(1=2)%=a®) (T =2 = V") (ap)

32(r —1)(7 —2)%(r — 3) In—ot
(T =2 ) (1 =2° =) (> = P)(/* ~ &®) (ap)

128(7 = DRI+ 1(r - D - 22(r—3) A
_ o 2ab ap) ab (a,b)

(J—Q)JQA 1,641 2(7__2)(7_ 4)9A 1,6—1

_l’_

where a = A2, b=Agy, 7T=A—¢, J=A+/Lland u= 2z, v=(1—2)(1 — 2). These two
relations are sufficient for all cases considered here.

E.2 Resumming blocks with coefficients

The ambiguity resolution for the correlators (Op2Op202032) and (Op20p20p20p2) involves
an infinite family of conformal blocks of fixed twist

o

A (2, 2) Z Arie,0 9rt0,0(2,2) (E.2)
{=Ly

with some given coefficients a4, and fixed integer 7. The goal of this appendix is to show
how to perform this type of sums. First we separate the z and the z dependent parts by
multiplying the sum by z — z

(2= 2)Am(2,2) = 22k, 2(2) 3 a:*;’)’j Kovr(2) — (2 < 2) | (E.3)

Next we use the integral representation for the hypergeometric function inside kopi-(2).
Under the assumption that the coefficients are suppressed enough to make the series con-



vergent, we can swap the sum and the integral signs to obtain

T (=TT & (20 + 7) 11— 1)\"
R e = e e L R

with @ = Az and b = Agy. If the coefficients a, /¢ come from a free theory OPE, we expect
their expressions to involve ratios of I' functions and polynomials in ¢, possibly with some
(—1)*. If that is the case, the sum S(z,t) can be performed in terms of hypergeometric
functions. When 7 is an integer, such hypergeometric functions will reduce to rational
functions. Then we only need to perform the final integration in dt over the interval [0, 1].

2z

1
An(2,2) =~ 7 2(3) /0 At S(z,t) + (2 & 7). (E.5)

z

S—Z

so1)2 which makes

For this purpose, it is convenient to make the change of variables t = 0
the integral somewhat easier to perform.

F D-functions

It is possible to strip a kinematic prefactor from the D-functions defined in (7.5) so as to
obtain a function of the cross ratios z, z only. Furthermore we can also remove the pole in
Y = 2 that renders Dj1; ill defined. This leads to a “reduced” D-function denoted as D.
The standard definition is the following

7 - (275)> 21 (23,)2 2 [Tioy T(A)
Daynsnsng (2,2) = (x%4)E—A1—A4 ($§4)2—A3—A4 7T2F(E —2) IDINV NNV (T1,. .., 24).
(F.1)
The recursion relations (7.21) can be written as derivatives with respect to z and z of this

reduced function as follows [57, 58]

(1-2)0. — (1 - 2)0: —

Dayt1 8041858, = o SNV

DAy As Agt1 8441 = (ZE 4= Z)az : S —E)0 +Y A - Az) IINUNYNYN

DAy dg+1854+18, = %Emm&,m ;

DA 4105 A5 Ag+1 = ((1 —z)(1-2) @ +X—Ap— As) I INUNINYI
DAy Ay t1 85 A1 = (z(z — 1)82 — z(z — 1% A2> DAyasnsA,

DAy 18, 05410, = (Z(Z — 1)82 : z(z — 1o +X - A4) DA, ayAsA, - (F.2)

with ¥ = %(Al + Ag + Az + Ay). The seed Dy;11 is known in closed form and it reads

D (2, 2) = (2Lig(z) — 2Lis(2) + log(22) 1og<1 - Z)) . (F.3)

z—Z -z
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The D-functions satisfy the same permutation identities as conformal four-point functions.

Namely
_ _ Ay — z z
DA1A2A3A4(Za Z) = ((1 - Z)(l - Z)) 2DA1A2A4A3 TN E
z—1 z—-1
AV YE= z z
=((1-2)(1-2)"" "Dayaasgns| — = ,
WA+ AL-Y = _ ’
= ((1=2) 1= 2)™" " Daya,8084(2,2),
= Dasn,nin,(1—2,1—-2),
= (22)23T2 2 DA Agagn, (2, 2) -
They also satisfy the following identity [40]
DAy nsnsng(22) = Dy ags—n,s—a, 50, (22) . (F.5)

G Some comments on (Oy,Op,O202)

In section 4.3 we have discussed the correlator (Op20p20202) and we have enumerated all
the possible representations exchanged, as reported in table 3, and the corresponding tensor
structures ']I‘,ICI. If now one considers a similar four-point function but with a generic quarter-

BPS operator O, as expected there is a proliferation of exchanged representations??

q 2q-2[0] 2g—n—|4|
(@.0,9)®(@.0,0)= P P P ul)(n+d5+18,mn—5+1d),

§=—q n=0  m=|5| ’ (G.1)
m=4 mod 2
,uﬁf}n =min(n+1,2¢ — 0| —n—m+1).
However, when considering the representations appearing in the intersection with (0,2,0)®
(0,2,0), (G.1) reduces to the ones in table 3 with the exact same multiplicities. This
observation tells us that the tensor structures in (OpqOpqO202) should be related to the

ones found for the ¢ = 2 case and indeed we obtain®3
T;00q00q02(92> _ (512521)q—2r]1~]1€1 ) (GZ)

Given the simplicity of the tensor structures a similar analysis as the one for the Ogo
case can be performed in this channel and we leave this to future works. Extending our
results to (0200700,02) and eventually to (OpgOpgOoqOoq) seems instead way harder to
achieve and would require a more efficient way of dealing with the increasing number of
representations exchanged.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

42Tn order to find this expression we did explicitly the cases for ¢ = 1,...7 with LieART and tried to
extrapolate a reasonable pattern. We also checked that the dimensions agree for many values of g.
43Notice that this is not true for (0200400402).
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