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1 Introduction

The behaviour of conformal field theories in the limit of large central charge has been a
subject of great interest in recent years. One motivation for this interest is the AdS/CFT
correspondence which relates gravitational theories in AdS to a CF'T on the boundary [1-3].
While much recent work has focussed on understanding general constraints on possible
holographic theories [4-12], it is also of interest to explore explicit examples to understand
the details of the spectrum and interactions as these can sometimes reveal unexpected fea-
tures. The archetypal holographic example is the correspondence between four-dimensional
N = 4 super Yang-Mills theory and type IIB superstring theory on AdSs x S°.

The central quantities of interest under such a correspondence are the correlation
functions of gauge-invariant local operators. In the case of N' = 4 super Yang-Mills theory,



such correlation functions are dependent on the gauge coupling g and the choice of gauge
group, which we take to be SU(N). The limit of large central charge corresponds to the
large N limit and, when taken with the 't Hooft coupling A = ¢?N fixed and large, should
lead to a regime of the theory where the massive string excitations decouple and which can
be described by IIB supergravity on AdSs x Ss.

The massless string modes include the graviton and its superpartners. These fields
can propagate in the AdS5 directions, while the S® factor leads to a tower of Kaluza-
Klein modes all carrying representations of SU(4). The graviton multiplet corresponds to
the energy-momentum multiplet of A/ = 4 super Yang-Mills theory and it is the simplest
example of a half-BPS multiplet. There is an infinite tower of related half-BPS operators,
corresponding to the associated Kaluza-Klein modes. In terms of Yang-Mills fields the
superconformal primary operators of these half-BPS multiplets take the form of a single
trace over scalar fields ¢! which transform in the vector representation of SO(6),

Op(z,y) =y" ...y tr(on (2) ... d1,(2)) - (1.1)

Here y! is an auxiliary null SO(6)-vector, y> = 0. The label p denotes the fact that the
primary sits in the SU(4) representation [0, p, 0], with the case p = 2 corresponding to the
energy-momentum multiplet. The fact that the operators O, are half-BPS means that they
always possess their classical integer scaling dimensions. Their two-point and three-point
functions also receive no quantum corrections and take their free field theory forms.

Here we will draw on general CFT techniques, in particular the operator product ex-
pansion (OPE), as well as explicit results for the tree-level supergravity contribution to
correlation functions of half-BPS operators. A very compact solution for the most gen-
eral half-BPS four-point function (Op, Op,Op,Op,) at tree-level in the supergravity limit
was presented in [13]. The formula is given in Mellin space, and is deduced from general
analytic principles applied to the Mellin representation, rather than a direct supergravity
calculation. These properties are based on the existence of the OPE and in particular the
presence of exchanged double-trace operators as well as other properties such as crossing
symmetry. The resulting formula agrees with the cases available in the literature obtained
from representations in terms of Witten diagrams and other techniques [14-23]. Further
analysis examining the consistency of the result of [13] with supergravity have been per-
formed in [24].

Here we systematically analyse the OPE of a particular class of four-point functions
at large N, using methods developed in many papers on the OPE of conformal and super-
conformal theories [20, 25-29]. In the OPE of these correlators we expect both protected
operators and unprotected ones. The only unprotected operators which we expect to be
present in the spectrum in the supergravity limit are multi-trace operators made from
products of derivatives of the operators O,,. This is because we expect all other long opera-
tors to correspond to string excitations which have acquired large mass in the supergravity
limit. Furthermore, of the long multi-trace operators, we expect only the double-trace
operators of the schematic form

0,0"0'0,, (1.2)



to appear in the OPE at leading order in 1/N?2. Higher multi-trace operators should also
appear, but only at higher orders in 1/N2. Operators of the form (1.2) have classical
dimension p 4+ q + 2n + [ and spin [. More often we will refer to the twist which is the
difference of the dimension and the spin (hence equal to p + ¢ + 2n in the above case)
instead of the dimension itself. In the strict large /N limit the dimension will be fixed to its
classical value, regardless of the value of the Yang-Mills coupling. In a large N expansion
the operators (1.2) will only acquire anomalous dimensions at order 1/N?2,

In the first instance we will consider the SU(4) singlet double-trace operators for which
we need p = ¢ in (1.2). In that case the only quantum numbers which distinguish them
are the twist and the spin. It is therefore clear that the set of (¢t — 1) operators

{00201 0y, 0501300 03, . .., 0,0°0'O;} (1.3)

are degenerate in the strict large N limit since they all have twist 2¢ and spin . Including
the anomalous dimensions at order 1/N? will lift the degeneracy however.

We label the (¢t — 1) degenerate operators with fixed ¢t and [ by Ky ;; fori=1,...,t —
1. In order to resolve the degeneracy among the operators (1.3) we consider four-point
correlators of the form (0,0,0,0,) for 2 < p < ¢ <t. To perform our OPE analysis we
need two pieces of information about each correlator. Firstly we need the leading large N
result which comes from disconnected contributions and can be obtained from free field
theory. Secondly we need the first 1/N? suppressed connected contribution, coming from
the formula of [13]. With these two pieces of information we find that we have enough
information to resolve the degeneracy of the sector of unprotected double trace operators.
This yields the leading order three-point functions (O,0,K;; ;) for each of the operators
Ky as well as the O(1/N?) contribution to their anomalous dimensions.

Above we discussed the singlet channel but we are able to generalise the analysis to
consider long double-trace operators in the [n,0, n] representation for any n. In this case
we have (t —n — 1) degenerate operators of twist 2¢ and spin [ schematically given by

{00 420720 012, 0y 3030 Oy, ..., 0,0°0' O} (1.4)

Again the information required to resolve the degeneracy can be obtained just by consid-
ering correlators of the form (0,0,0,0,) for 2+n <p < g <t.

Even though the formula of [13] for the Mellin representation of the correlation func-
tions is very simple, there is no guarantee that solution of the mixing problem will be
simple. However, we find a surprisingly simple structure appearing in both the anomalous
dimensions and the OPE coefficients. To exhibit the simplicity here we quote the formula
for the anomalous dimensions of the (¢ — n — 1) double-trace operators in the [n,0,n]
representation with classical twist 2¢ and spin [. We write the full dimension as

0, 2 no,
AE"M LI VR Wnt[rzz my (1.5)
[n707n]
L

where the ellipsis denotes terms of higher order in 1/N. The quantity n, is given by

mon _ 2t =1—n)tt+ 1)t +24+n)t+1-—n)t+I+DE+1+2)(E+1+34+n)
thi (I+2i4+n—1)

)

(1.6)



and ¢ = 1,...,t —n — 1 is the extra label needed to distinguish the different operators
which become degenerate at infinite N. In (1.6) we have used the Pochhammer symbol
() =z(x+1)...(x+r—1) to compactify the expression.

The three-point functions (0,0, K, ;) also exhibit a very nice structure with respect
to their spin dependence. For fixed ¢ these naturally form a mixing matrix with [-dependent
entries. We find that the [ dependence has a universal structure which can be precisely fixed
by imposing orthogonality of the (normalised) matrix. Thus, having used the explicit data
to identify this pattern, the three-point functions can then actually be determined with no
more reference to the explicit correlation functions. We find this universal structure quite
remarkable and suggests a further underlying structure yet to be identified.

Very recently the two papers [33, 34] appeared using the idea of resolving the de-
generacy among the singlet double-trace operators to make statements about quantum
corrections to the classical supergravity results. In [33], the method of large spin pertur-
bation theory (see [35]) was applied to derive formulas for the O(1/N%) corrections to the
anomalous dimensions of the singlet twist-four operators. In our paper [34], we used the
resolved mixing for the singlet channel presented here in more detail to make a closed-form
resummed prediction for the double discontinuity of the correlator (O2020209) at order
1/N*. In particular in [34] we already presented and used the result for the anomalous
dimensions (1.6) in the singlet case n = 0. We were then able to use a polylogarithmic
ansatz to construct a crossing symmetric amplitude, which was fixed almost uniquely' by
the double discontinuity. From this predicted amplitude we then extracted a closed-form
all-spin formula for the 1/N* correction to the singlet twist-four anomalous dimensions.
The resulting formula agrees with the dimensions quoted in [33].

2 Four-point correlators of half-BPS operators in N' = 4 SYM

Half-BPS scalar operators in N' = 4 SYM transform in the irrep [0, p, 0] of the R-symmetry
group SO(6) C SU(2,2|4) and have protected dimension A = p. At weak coupling, these
operators can be described by the single-trace operators

Ol = C7 " Tr (¢y,...¢,),  I=1,...dim[0,p,0] (2.1)

where ¢;—1 ¢ are elementary fields in the adjoint of SU(V), and the C}l“‘ik provide a real
basis of traceless symmetric tensors for the irrep [0, p,0]. At strong 't Hooft coupling, OII,
is dual to a scalar field cpé of type IIB supergravity compactified on AdSs x S°. According
to the AdS/CFT correspondence, the mass of cpé is related to the dimension of (9117 through
the formula m2L? = p(p — 4), where L is the AdS radius, and the corresponding irrep is
obtained from Kaluza-Klein reduction on the five-sphere [36].

Here we will be interested in four-point correlation functions. A generic four-point
correlator will transform as a singlet inside the product ®%_,[0, p;,0]. Handling the SO(6)
structure can be conveniently done as follows,

Op= Yoy T (61, 00,),  F-T=0, (2.2)

'For details see the discussion in section 6 of [34].




where y' is a complex null vector parametrizing the coset space SU(4)/S(U(2) x U(2)).
In the context of AdS/CFT bulk fields goi, are parametrized by harmonic variables on a
different coset space, S% ~ SO(6)/SO(5), therefore the representation (2.2) is not directly
available. Four-point correlators obtained in this representation can be re-expressed in
terms of the other and reduced to the following general form

(Opy (#1)Opy (2) Opy (#3)Opy (E)) = D | TT (9™ | Agayy(u.0), (2.3)

where the propagator g;; and the cross ratios (u,v) are defined as

-2

Yij 712734 714723 o o2 S

gij=—> u= sov=—", =@ —5)7, Ui =0y (24)
T4 T13724 713724

The sum runs over all possible partitions {d;;} such that

dij = dji, di; =0, Zdij =p; Vi=1,...4. (2.5)
J

We shall refer to the expression (2.3) as the diagrammatic representation of the correlator.
In the diagram a line connecting two black bullet points ¢ and j will correspond to a
superpropagator g;;. In free field theory the diagrammatic representation of the correlator
follows directly from Wick’s theorem. The functions A,y are constant in (u,v) and only
depend on the rank of the gauge group. A simple case study is (O2020203) which is fully
crossing symmetric:

e—»
(02020,04) = Adisc + +
e—»
+ Aconn I:I + % + M

An explicit computation gives Agise = 4(N? — 1) and Aeonn = 16(N? — 1). Non trivial
(u,v) dependence arises both at loop level in perturbation theory [37-44], and at strong 't
Hooft coupling from holography [14-23].
It is sometimes conventional to introduce together with the cross ratios (u,v), the
SU(4) invariants o and 7 defined by:
D392 _ g14923 _ UT (2.6)
912934 912934 v
Each diagram can then be expressed as a monomial in ¢ and 7 multiplied by a kinematic

prefactor. Without loss of generality, we can assume the operators at locations 1, Zo, Z3, Z4
have dimensions p; > p2 > p3 > py4, respectively. Then we pull out an overall prefactor
from the correlator



—d —d . — .
1) Poipapsps = 2 95 gh3 * ghy with d = PUEP2SEIEPL 5 () if po 4 pg > py + py,

—d pa—d . _ .
2) Pplp2p3p4 - 91103 gzlag gll)i g§l4 with d = w >0 if p2 +p3 < p1 + p4,

The prefactors can be displayed diagrammatically as:

case 1) case 2)

p1—d
d D4
p2—d
d .= PrtP2—p3tps d -— —P1tp2+ps+ps
: 2 : 2

In both cases, the values of d is uniquely fixed by solving the conditions (2.5). These two
cases cover the entire range of non-vanishing possibilities for ordered p1,p2,ps, ps. With
the appropriate prefactor, we can rewrite

<OP1 (fl)om (fQ)Ops (53)0174 (54» = PP1p2p3p4 Gp1p2p3pa (u> v,0, T)7 (2'7)

where G is now polynomial in o and 7.
The “partial non-renormalization” theorem [45] puts further constraints on the form
of Gpipopsps- In particular, Gy popsps @dmits the splitting

Gpipapsps = Fpipopsps + I(u,v,0,7) Hp1papspa (9) (2.8)

where Z(u,v,0,7) is the following degree two polynomial,
T(u,v,0,7) =v+ 2w+ 72 u+ov(w—1—u)+7(1 —u—v) +oru(u—1—2v), (2.9)

and the key point is that F,,,,p,p, is independent of the coupling constant gy ps whilst all
the non-trivial dependence on gy s appears in Hp, popspa-

2.1 Large-N correlation functions at strong ’t Hooft coupling

The AdS/CFT correspondence predicts, in the regime of strong 't Hooft coupling corre-
sponding to classical supergravity, the leading large- N behaviour of the correlation func-
tions <O£§ (’)ég Oég 0;3). We briefly sketch how the computation goes, and we make some
important remarks.
The action for the collection of KK modes { f;}r>1 on AdS5xS® can be written as,
N2
Ssugra = Ry /dQ (£(2) + ﬁ(g) + £(4) + .. ) (2.10)
T
where df) is the measure on AdSs, and L its radius. We shall denote by z the bulk
coordinate, and by X the boundary coordinates. The index n on L, indicates the number



of fields, in particular L3y and L4 contain cubic and quartic interactions among KK
modes. These include graviton and gauge fields. Self interactions and interactions among
different SO(6) representations are mediated by the potential. The action is explicitly
known up to fourth order [16]. The radius of AdSs can be set to one because we will not
consider curvature corrections.?

To start with, let us focus on a specific mode f(z,X), among the many in the KK
tower. In the saddle point approximation, valid at large N, the field £(z,X) propagates in
the bulk according to its equation of motion, (V2 —m?) ¥ = J[{fx}], where the source term
J depends on the totality of the fields coupling to #. The general solution for £(z,X) can
be written in terms of the bulk Green function Gy, and the bulk-to-boundary propagator
Gypg, as follows

(%) = £2(,%) +/dzd4>‘<" Gup(2,%; 2 %) T[{Fu(2, XY, (2.11)
7(2,%) = /d4>?’ Goo(z,%;%) S(X') . (2.12)

where 70 solves the homogeneous equation of motion with boundary conditions S(X’).
According to the AdS/CFT correspondence, S(X’) is identified with the boundary source
which couples to the operator dual to f(z,X). The perturbative expansion around the
homogeneous solutions {fP(2’,X’)} defines the corresponding series expansion for J, i.e.
J = Jig)+J(3)+. .. where the label indicates again the number of boundary fields $;(X’) at
each order. Finally, evaluating the action on-shell can be interpreted diagrammatically as
summing over tree-level Witten diagrams. The result is the following generating functional
for the boundary sources:

o as - @) o o
Ssugra = / d*X1d*Ry Spy (X1) Sk, (R2) 17151392 (X1,%2)
o Ao Ao - - NS B
+/d4X1d4X2d4X3 5k1 (XI)SkQ(XQ)Skg (X3)@£13§2k3 (Xl,X27X3)

+ / d* d*Rod* R d*%y Sty (X1) Sy (X2) Skeq (X3) Sty (%4)1)12?392k3k4 (X1,X2,X3,X4) + ...
(2.13)

Here the functions D(=234)({%;}) are proportional to N2 according to (2.10). Correlators
of n operators can then be computed by taking n functional derivatives w.r.t. to the dual
sources. In particular,

4
(O5 (&) 0 (25) 0L (73) Ol (2 H ¢~ Sougra : (2.14)
et Tn,) Sn=0
Two-point and three-point functions obtained from AdS supergravity manifestly agree
with CFT expectations [30, 31]. In the supergravity conventions all two-point functions
are normalized to N2, however it is always possible to redefine the sources so as to match
the normalization given in (2.2).

2Curvature and loop corrections to the supergravity effective action have been discussed in [46].



Four-point correlators are more interesting and require quite involved manipulations.
Explicit Witten diagram computations have been carried out in the cases of (O;0;0;0;)
for i = 2,3,4 [17-19], (02020,0,) [21, 22] and (Op42044204_1Ogyr) [23] for arbitrary
q and k. Despite complications, the end result is neat and the generalization to arbitrary
dimensions has been conjectured in terms of a simple Mellin amplitude [13], which we
review in detail in the next section. Indications about the correctness of this conjecture
also come from explicit supergravity computations [24].

It is clear from the form of Sgugra in (2.13) that upon taking functional derivatives
w.r.t. the sources, a four-point correlator will get a leading contribution from disconnected
two-point functions @I(j;m Q)/,g,c4 (when it exists) plus the subleading contribution @1(:113@ Kk
which is 1/N? suppressed. The latter will contain a dynamical term with log(u) singular-
ity, but it will also contain a subset of the corresponding free field connected correlator.
Therefore, it will be useful to consider the splitting

sugra __ free dyna
gp1p2p3p4 - gp1p2p3p4 + gp1p2p3p4 (2-15)

where glffl’f,f;mp , can be computed and studied independently from supergravity. This free
theory contribution will play an important role for the consistency of the AdS/CFT corre-
spondence, and will be discussed in section 4, in the context of the superconformal OPE.

The form of ggfp‘;%m is uniquely given by

dyna _ dyna
p1p2p3p4 I(U, v, 0, T) Hp1p2p3p4 ) (216)

consistent with partial non-renormalisation (2.8).

2.2 Tree-level supergravity from Mellin space

In [13] the authors conjectured a formula for the function H%"® at leading order in the
classical supergravity approximation. With the convention that p; > p2 > p3 > pq4,

dyna  _ dia, das (r1graa)?>* i M r
lepzp:sm = Npipapsps U "V S —pi—p3 S—p1—p1 S—ps—pa (8,t,0,7) p1papspa
T13 T14 T34
(2.17)
where dC = dsdt ], j ri_jcij is the measure in Mellin space and the ¢;; are given by
p1+p2—s p1+ps—t s+t+4—p1—ps3
Clg = —m—— Cly = ———— Coq = s (2.18)
2 2 2
_ p3t+pa—s _ p2tp3—t s+ t+4—pr—pg
3y = O L 13 = . (2.19)
2 2 2
The other quantities are
D1+ p2+p3+pa
%= 2 J Upipapsps = HF[CM] : (2.20)

1<j
Let us notice that > j Cij = Di + 2, thus HY" has weight zero under rescalings r;; — Ary;
and therefore is only function of the cross ratios. The Mellin amplitude is

i
M(s,t,0,7) = > . Gigk O T | S (2.21)
i+j+k=d3s—2 (S_$+2k)(t_t+2j)(,u_,u+2l)



withu=2¥—-4—-s—1t,

5=p3+ps—2, (2.22)
t = min{ps + ps, p2 + p3} — 2, (2.23)
4 = min{py + p3,p2 + pa} — 2, (2.24)
and
(L—2) .
gk = 8T (1412 —p2 —pal); 1+ |2 —p2 —pal); (1 + X —p3 — pal)y,

(2.25)
Finally, Np, popsps ~ 1/N? is an undetermined normalization.

The integration contour in Mellin space is taken to lie between the left- and right-
moving poles of the Mellin integrand. The right-moving poles are defined in the s and ¢
variables and can be found both in the Gamma functions and in the rationals of the Mellin
amplitude. The left-moving poles are given by expressions involving the combination s+ t.

Formula (2.17) is very remarkable, and gives access to four-point correlators of any
quadruplet of half-BPS operators. It has been obtained as the solution of a bootstrap
problem which does not rely on the AdS/CFT correspondence. Inputs from the knowledge
of tree-level Witten diagram in supergravity have been cleverly encoded in the ansatz for
M(s,t,o,7). However, there are other consistency checks based on the presence/absence
of operators in the spectrum of NV = 4 SYM at strong coupling that Hgf;l;pgm must satisfy.
These were not directly used in the bootstrap problem, and have to do with g;rgfmp .- We
will see, in the context of the superconformal OPE, that all these consistency checks are
indeed passed and we will use them to determine the overall normalisation, Np, p,psp, for
the cases of interest.

In the remainder of this section we outline a simple algorithm which converts Hgfgfpgm
into a sum of Dy, s,s,s, functions, with §; depending on the charges p;. This rewriting will
be advantageous when we will look at the OPE decomposition of Hgly;;p3p4. In fact, any
Dy, 5,656, With integer o = (61 + d2 — 63 — 84)/2 > 0 can be written very explicitly as

—=sing —= analytic —log

Ds,55556: = U7 D 63555, T Diy50856, + 108(1w) D5 5,6.5, 5 (2.26)
where
. 071( u)n 5 B
5 sing - 536 —o+n|63+
Diviassss = 3 = Dlo —nl AR5, () F o (1-0),  (227)
n=0 '
Elog _ (_)0’+1i u™ A5152 ( ) F§2+n|53+a+n(1 o ) (2 28)
01026304 — —~ n!(0.+ n)' 034084+0 n 81+69+2n v), .
with?

F[(51 + n]F[ég -+ n]F[53 + TL]F[54 + n] .

Flb () = o Fi[a, b; d(z), Ag;gi(n) = T[oy + 6 1 20

(2.29)

sing

3=
D51525354 =0 when 0 = 0.



. —= analyti . . .
The expression for D;rg(;ygéz will not be relevant for our discussion, and can be found

in appendix A. In appendix A we also explain how to relate Dj,s,6,5, to D1111 by the
action of certain differential operators. Since Di111 has a simple representation in terms of
polylogarithms [48],

Lil (371) — Lil(xg) + 9 Lig(xl) — Lig(xg)

, (2.30)
xr1 — T2 xr1 — T2

31111 = - log(u)

defining Ds,s,5,5, from D1111 provides a resummation of the series expansions in (2.26).
The conversion algorithm is based on the following observation: for the Mellin integral
attached to a generic monomial 0?77, i.e.

)p2+2

(7'137’24 j{ FP1P2p3p4
T S S dc - = — (2.31)
7"123 P1 1037%34 P1 P4T§4 P3—P4 (S—S—I—Qk)(t—t—i—z])(ﬂ—u—f—?l)

it is possible to identify s — 3, t — ¢ and p — fi with three out of the six cij appearing in
Iy popsps- Therefore, we can rewrite the integrand as a sum of products of six I' functions
with arguments shifted compared to I'y popsp,- The precise form of this sum depends on
the specific values of 7, j. For concreteness, let us give a simple example, and assume that
p1 +p4 < p2 + ps and p; + p3 < p2 + pg. From (2.23) and (2.24) we find

s—§=—2c34+2, t—t=—2c14+2, p— L= —2c13 + 2, (2.32)
therefore
FP1132P3P4 (233)
(s —5+2k)(t —t+25)(u — fu + 2i)
1 F[634] I [614] F[Clg]

T 8es—(k+ 1) cu—(G+1) e —(i+ I)F[C12]F[c23]1“[024] .

We now wish to write this as a sum of terms in which the ¢;; dependence only appears in

the I's. To this effect we make use of the identity

k+1

g Tk + 1]
c—k—lggrk_ﬂF%—s+ﬂ (2:34)

to rewrite the first three factors on the right hand side of (2.33). The final expression has
the form,

Fp1p2p3p4 hift
(s — &+ 2k)(t —t +27)(a — @ + 2i) - Z K{ssas10,913) L pipapaps (534 514, 513,

{s34,514,513}

(2.35)
where the shifts {ss4, 514, 513} are integers, and we defined
Tk+1 I'lj+1 T'fe+1
Eapommongy = ot T+ Tt (2.36)
S Dk — s34+ 2] T[j — s14a + 2] T'[i — s13 + 2]
and
rehift [ss4, s14, 513 = T[esa — ssalTfers — s1a)Ters — s13]T[cr2]Teas|Tlead] . (2.37)
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Recalling the definition of Dy, s,s,s, in Mellin space,

— (r13724)%
Ds1626361 = 5757755 5761261 5635, dc’ HF[C;J']’ chj =i, (2.38)
r 14 T34 j

13 1<j

it is now evident that (2.31) can be written as a sum of Ds,s,s,5, functions in which

01 = p1+2 — 514 — 813,
02 = p2 + 2,

03 = p3 + 2 — 513 — S34,
04 = pg+2 — 514 — S34.

(2.39)

In this case, ¥’ — &; — §; = ¥ — p; — pj + s45, for (4,5) = {(1,3),(1,4),(3,4)}, and the
dependence on the shifts cancel against dC’/dC. In the most generic case, identities among D
functions (see appendix A) might be needed in order to obtain an expression in which o > 0.

Once implemented, the algorithm generates a Ds,s,s,5, representation of Hgfgfmm for
arbitrary values of p; > pa > p3 > p4. A four-point correlator with a generic configuration
of charges can then be obtained upon acting with permutation symmetries of GoJps, . and
the prefactor (2.7). We list some examples relative to Hg},’;; with p <gq,

HSQYS; = u? Dggr222, (2.40)

dyna - —
Hizgq = ul [UDq—l,q+2,2,3 +7D4-1,4+2,32

1 = 1 _
+ me7q+2,272 + <q_2 + o+ 7') Dq7q+2,373] , (2.41)

dyna = = = -
Hysgq = u! [20 7 (Dg-241233 + Dg-14+234 + Dg-1,41243 + Dggi2.4.4)

_ _ 1
2
+o (Dq2,q+2,2,4 + Dg-1,4+234 + §Dq,q+2,4,4

7 _ 1
2
+7 <Dq—2,q+2,4,2 + Dg—1,g+2,4,3 + 2Dq,q+274v4>

o3 (Dg-14+223 + Dg-141+234 + Dgqr233 + Dygi244)

+ - 37 (Dy-1,4+232 + Dg-1,4+2.43 + Dgqr233+ Dggi24.4)

+ 2 <D + D, + =5 ) ] (2.42)
v +2,2,2 a+233+ 5Dgq1244 | | - .
(a—2)(q-3) \ ™ @ 9 e

The overall u? has a simple interpretation, and in fact it will imply that only long multiplets
with twist > 2¢ contribute to the leading log(u) singularity. The set of correlators of the
form (0,0,0,0,), with ¢ > p, is perhaps the simplest generalization of the conjecture [20]
for ¢ = p. In particular, for fixed value of p, the combination of Dy, 5,5,5, functions attached
to each monomial 0’77 changes according to a simple pattern in g. This pattern is already

11 -



visible at p =5,

31 3.1
dyna 3 —D.
Helor = u? |0 T Pa-3+kat224ks £ T E:kqu—?’“ﬂvq*?*’””’“
k=0~

k=0
2
2 L = D
+30°T E l (Dq—3+k,q+2,3+k,4 + Dq72+k,q+2,3+k,5)
k=0
2
2 1 ) D
+ 37°0 g H Dy 31k qr243+k + Dq—2+k,q+275,3+k)
k=0
302 2 _
q 1 E ' q 2+4-k,q+2,2+k,4 + Dq—2+k,q+2,3+k,5)
k=0

2
372 1 B

anq+27474 + DQ7q+2’575 + Dq717q+27475 + Dq717q+275’4

Dy-24+233+ Dg-2.4t244 + Dg-144234 + qul,q+2,4,3)
2
60 1 — —
+ Y — (Dg1,g+224k3+k + Dgg+2,3+k3+k)
_ _ | q sq ) ) q,9 ) »
(¢ —4)(qg—3) = k!

67 1
T =g =3) K (Dg-1g+23+k2+k T Dggr2,3+k3+k)
k=0

N

Eq,lﬁ-Q,Q—i—k,Q—i—k (2.43)

.MH

3
+(q—4)(q— )(q—2) kz

Finally, let us notice again the simplicity of the Mellin amplitude (2.21) compared to the
ﬁ51525354 representation of the correlator.

3 N = 4 superconformal OPE

As will be explained further in section 5, we need to perform a superconformal block
decomposition of the leading and subleading in 1/N? correlators (O, Op, 0,, Op,). There
has been a great deal of work on superconformal blocks in N/ = 4 SYM both from the
pioneering work of Dolan and Osborn [25, 26, 28, 29] and more recently [52] as well as
supergroup theoretic approaches [51, 53]. In this section we review the methods we use in

this paper.
The OPE of two half-BPS operators is
p1tpo—A
Opl (1‘1 D2 (22) Z 912 * p1p2(9 ol )(xl%aﬂm) * O(l)(xZ) : (3'1)

The sum runs over all primary operators O() of dimension A, spin [, which belong to the
SU(4) representations,

p1 p1—k1

[0,p1,0] @ [0,p2,0] = > > [k1,po —p1 + 2k2, k1] (p1 < p2) (3.2)
k1=0 k2=0
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Descendants are obtained by the action of the derivative operator £!(z2,8,,) on the
primaries. A manifest N' = 4 formulation of the OPE can be obtained by reorganizing the
sum over operators into supermultiplets. Therefore, inserting the OPE of O, (21)Op,(z2)
and O, (x3)Op, (z4) into the four-point correlator we obtain the representation

O i i
(0p0p 0ps Opy) = PIOTE S AR elt) s (e)0) (3.3)
{r,1,R}

where t = (A —1)/2 and Sgﬁi}(t\l) are superconformal blocks described below. Here the
sum over representations runs over those which belong to ([0, p1, 0] ® [0, p2, 0]) N ([0, p3, 0] ®
[0,p4,0]). The coefficients Agﬁ)"}(ﬂl) depend explicitly on the charges and are related to
the OPE coefficients by

A%i}(t\l) = Z Cp1p200p3p407 (3'4)
0eRn

where the sum is over all operators with spin [, leading order dimension A and SU(4)
representation . The prefactor P(OPE) depends on the ordering of the charges. The block
decomposition is invariant under swapping points 1 and 2, points 3 and 4 and swapping
the pairs of points 1,2 and 3,4. Using this symmetry we can clearly always ensure that
P2 > p1, pa > p3 and p2 — p1 < pg — p3. Assuming such an ordering, then the following
diagram exists in the free theory,

d .= P +p2+p3—pa
T 2

We then take the prefactor as represented by this diagram

OPE —d_pyd :
Pg{pi} V= ghgl gk with po > pi, pa > ps, prp1 < paps . (3.5)

Comparing this with the prefactor (and corresponding diagram) taken out of the supergrav-
ity correlator (2.7), we see that up to the appropriate permutation of points, the prefactors
are the same.

Finally the superconformal blocks themselves, S{;{?i}(t\l ), can be derived using a variety
of approaches and were first derived in [20, 26]. Here we explain them in a compact fashion
in terms of representations of GL(2|2), following [51, 53] as we now review.

Instead of the cross ratios u, v, o, 7, it will be useful to use the variables x1, x2 and y1, y2:

w=gime, v=(l—2)1—22), o= —— T:(1—y11) (1_;2>. (3.6)
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In terms of these, the degree two polynomial (2.8), singled out from the “partial non-
renormalization” theorem, becomes fully factorized:

Z(u,v,0,7) = v+ c?uv +12u+ov(v —1 —u) +7(1 —u —v) + oru(u — 1 — )

_ (=) (@1 —y2) (22 — 1) (22 — 12) (3.7)

(y1y2)2

Note that z;—1 2 and y;—1 2 are not to be confused with the space-time variables and internal
harmonic variables that were introduced in previous sections. The above variables are
conformally invariant.

3.1 GL(2|2) superconformal partial wave

Conformal blocks and SU(4) harmonics are commonly introduced in the literature
as [25, 29

2Tl By (a)Foy(w2) — b7 2t Fy_y(21)Frp(22)
r1 — T2
Yy = _Pn+1(y1)Pm(y;3 - ?I;;m(yl)Pn-i-l(y?) (3.9)

B = ()

(3.8)

where F; is related to o Fi[a, b; ¢| hypergeometrics and P, is related to Jacobi polynomials
JP£a|b) through the definitions

2
Fi(z) = o F {t - %,t—l— p;“;zt] (z), Pp(y) = yJpPr—dizlp—di) (y - 1) . (3.10)

In particular, Y;,,, with m < n is a polynomial of degree n in (o,t), and Bt is analytic in
uwand (1 —v), i.e

B = Z Z Prm [ty 1, P12, p3a] u T (1 — )™ . (3.11)

n>0 m>max(0,l—2n)

The series expansion of B begins with leading term uf(1 —v)! where t = (A —1)/2 is half
the value of the twist.

N = 4 representations and the corresponding superconformal blocks have been studied
extensively in the literature [27-29, 49-53]. They can be written as specific linear combi-
nations of terms of the form B x Y corresponding to the component fields appearing in the
multiplet. This way of writing it depends strongly on the type of multiplet and in partic-
ular its shortening conditions. A more group theoretic approach was taken in [53] giving
a uniform description of all superconformal blocks via a determinantal formula associated
to a GL(2|2) Young tableau which we review now.

In this approach, an operator is defined on analytic superspace by specifying a GL(2|2)
representation via a Young tableau, \, together with a charge v, ©?2. The allowed Young
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GL(2]2) rep A (A=1)/2 l R multiplet type
[0] /2 0 0,7, 0] half BPS
[1#] v/2 0 [y v—2p, ] quarter BPS
A1 (A >2) v/2 A—2 [, v—2p—2, y] semi-short
A1, A2, 28210 ] (X2 > 2) | /24 X2—2 | Ai—=A2 | [, y—2p1—2p2—4, 1] long

Table 1. Translation between N = 4 superconformal reps and superfields O72.

tableaux have the general shape® A = [\, Ao, 242, 1H1].

— A —
.

T

12

1

/]\
M1

b

(3.12)

The translation to standard quantum numbers depends on the precise shape and is
summarised by table 1. Note that in the case of long multiplets the description of a
superconformal representation in terms of @2 is not unique. Indeed if po > 2 then the
representation is unchanged if we map

A=A+, A=A+l up—pu—1, y—y—2. (3.13)

The leading term in the long multiplet @7 can be written schematically in the form
oM ~A2[0% 7247 |, Then the above degeneracy in the description of long reps is a reflection
of the fact that this is the same representation as M ~A2[0*2 717 =2|g.

A further point is that Young tableaux only make sense for integer values of the row
lengths. However one can analytically continue the long representations to non-integer
values. This is possible because all the long SL(2|2) representations have the same dimen-
sion. Specifically we formally allow the first two row lengths A1, A2 to be non-integer, with
the difference A1 — Ao remaining integer. This then allows for anomalous dimensions. We
even formally allow the case Ao — 1 when pe = 0. This corresponds to a representation
approaching the unitary bound. In the limit when Ay = 1 multiplet shortening occurs. So
as representations, a long rep in this limit splits into two short reps.® Specifically

Jim @ PRI Z VLI g o122 (3.14)
2—

4Here we specify the row lengths with the notation 2* denoting 2,2,...,2, with y entries in the list, that
is u rows of length 2.
5We here only consider those representations the four-point function detects.
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The superconfomal block in all cases is given by the following determinantal formula

(y—=pa+p3)
i 129 \ 2 .
s — < > FOP oy = py—p3, pa—p2+2,...,min(p; +p2, p3+pa)

Y1y2
F¥ R
FOO2 — (_1)pHiD~ et [ 2 : (3.15)
K, FY
where the matrix has dimension (p + 2) x (p + 2) with
. 1
p=min{e, f},  a=g(y-pitpr), B= (7 + p3 — pa), (3.16)

and for given «, 3,7, and Young tableaux ), the matrix elements are defined as follows

VTR (G 1A+ 1=+ B2 +2—2]+'77xz)])1§i§2

J
1<5<p

(yj i— 12F1 Z—Ol 7 — /8,21_77yj))1§1§p

1<5<2
(KA)ij = 5%] Aj ) 1<i<p
1<5<p
1 1
R — T1—Y1 T1—Y2 D — (‘Tl B $2)(y1 - y2) (317)
e T (z1 —y1) (@1 — y2) (2 — 1) (22 — ¥2)

The square bracket around the components of FX indicate that only the regular part should
be taken. So if A\; < j one has to subtract off the first few terms in the Taylor expansion
of the hypergeometrics.

This formula as written deals with all cases. Note that the determinant yields a sum
of terms each of which contain at most two hypergeometrics in z; (from the first two rows)
and two in y; (from the last two columns). When the determinant is expanded out, the
formula yields different forms depending on whether the multiplet is 1/2 BPS, short or
long, due to the different nature of the matrix K in each case. All cases can be written
in terms of a two-variable or four-variable function. In this paper however we will not
need the explicit forms in all cases. Instead we only need the superconformal blocks for
long operators, which we use to perform the block expansion of the interacting piece of the
correlator H. For the free correlator we use an alternative approach outlined in the next
section which turns out to be very efficient and much less complicated than the one outlined
here. It is particularly useful for performing the free theory analysis which contains all the
short multiplets. The study of short multiplets is technically the most challenging from a

superblock point of view.

3.1.1 Explicit form of the long N = 4 superconformal blocks.

The long multiplets all have Young tableaux containing a two by two block. They thus
have Young tableaux of the form

A=A, Ao, 24572 1472
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That is the first and second rows have length Aq, Ao respectively and the first and second
columns have height A, \; respectively, with Aj, A2, Aj, A, > 2. In this case the determi-
nantal formula factorises yielding

Flfiffgé(w!y) = (=DM 22 (g — y1) (21 — yo) (22 — y1) (@2 — y2)

B (o) B ()~

Ir1 — T2
G (1) G2 (y2) — 1 4> w2
x —21 Yol (3.18)
Y1 — Y2

where

Ffﬂv(aj) =2 P AN+ o, A+ 3520 + ;)
G (y) =N TR (N — a, N = 82X — yy) (3.19)

From table 1, this gives the superblock corresponding to a long multiplet of half twist
t=7/2+ X2 —2,spinl = A; — Ao and SU(4) rep R = [N\] — Xy, v — 2M\[, \] — A,
This can be straightforwardly converted into a B x Y notation. From the defintion of
B introduced in (3.8) we immediately recognize that
F:\)‘l’gV (:cl)Fz’le (z2) — 1 <> 2 1

- Bit2l 3.20
Ty — X2 ($1$2)2+% ( )

Similarly, from the definition of o, given in (3.16), and an hypergeometric identity®,
we find

B B
_ G(;LIQ’_Yl (yl)Gié,l’y(yg)—yl Y2 B Yra o (n+1)!m!
- — ()3t
e (n+2+4pa3)n+1(m+14pa3)m

Ynm

(3.22)
where we used the definition of Y, in (3.9) and the identification,
m=pa/2+7/2=X,  n=pau/2+7/2-X

The SU(4) representation is then [n — m, 2m + ps3,n — m]. It is also convenient to define
the normalized SU(4) harmonics as follows,

(n+1)lm!
(n+24pag)n+1(m+14pag)m

Including the prefactors from the definition of S, and relabelling S — L to highlight
that this is a long operator, the long superblock then becomes

Tnm =

Yo - (3.23)

— _ _ _ 2+l
, r1 —y1)(®1 —y2) (w2 —y1) (w2 —y2) B
Ly = Do Zw@ miea ) By, (00
(v12) u 2
5The following identity might be useful
|
2F1 A —a, A= B,2)] (y) = y—wmmw-m—m <§ - 1> , n=B8-\. (3.21)
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3.2 Bosonised superblocks

Here we outline a novel approach to performing a SCPW analysis, particularly useful for
the free theory in N’ = 4. It is based on the approach of [53], outlined above and based on
analytic superspace: the key observation there is that superconformal blocks in generalised
analytic superspace with SU(m,m|2n) symmetry exhibit a universal structure, thus one
can map the correlation functions into a generalised analytic superspace with SU(m, m/|2n)
symmetry for any m,n, perform the appropriate superblock expansion, and the block
coefficients thus obtained will be the same as the ones you would have obtained had you
performed the expansion in the original space. In particular it is convenient to map the
problem to the generalised conformal group SU(m,m) with n = 0.

As we have seen the free theory 4-point function of any four 1/2 BPS operators is
given as a sum of products of powers of the superpropagators g;; (2.3). Now each term in
the free theory contains information about operators @72 for a specific value of 7, namely

v = di3 + dia + da3 + daa. (3.25)

Note that graphically v is simply the number of propagators going from the pair of points
1,2 to the pair 3,4. Explicitly, every term in the free theory can be written as

5 (v—pa+p3) da3
. 2
T = 73({0.1>}E) y (913924> y <914g23> (3.26)
i< b 912934 913924

where P({ggE) is the prefactor of (3.5) (with the ordering of the operators as chosen there).
Now the second factor in this equation is precisely the factor appearing in front of the
superconformal blocks in (3.15). Thus the superblock decomposition reduces to the problem
of decomposing the final factor in (3.26) in terms of superconformal blocks F®#72, This
final factor is simply

dos . . da3
(914923> _ <(1 y1)(1 y2)> — sdet—(1 — 7) 7 ~ T2 7
913924 (1 —21)(1 = 22)

(3.27)

where we write the result in terms of a diagonal GL(2|2) matrix Z.

In the conventional approach one would then simply expand this in terms of SU(2, 2|4)
superconformal blocks, F®%72 as described in the previous section, to obtain information
about operators @2, However, the universal structure of SU(m,m|2n) blocks alluded to
above suggests an alternative approach, namely, using blocks in a theory with SU(m, m|2n)
for different values of m,n compared to the AV =4 SYM case. Any value of m,n will give
accurate information on the block coefficients, but not necessarily complete information.
This happens because now the block decomposition will only yield information on operators
O™ where ) is a valid non-zero GL(m|n) Young tableau. For example, choosing m =
2,n = 0, means we consider GL(2) Young tableaux, which will only give information about
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operators with maximally two row tableaux. Whereas choosing m = 3,n = 0 will give
information on operators whose Young tableaux have up to three rows etc. On the other
hand one could consider m = 0. Then we are considering SU(0|n) tableau which are just
“transposed” SU(n) tableau, where columns and rows are swapped.” Thus Young tableaux
in the m = 0 case have maximally n columns.

In N' = 4 we have GL(2|2) Young tableau which have the hook structure given in (3.12),
namely at most two rows have length greater than two and at most two columns have length
greater than two. On the other hand expanding the structure in (3.27) in terms of super
Schur polynomials using the Cauchy identity (see [53] for details in this context), one can
see that the corresponding Young tableaux have maximal height given by the power das.
Furthermore the corresponding blocks must also then have corresponding Young tableaux
of height ds3 or less. This means that performing the expansion with m = dag,n = 0 will
give complete information on all the conformal blocks.

The advantage of using SU(m,m) blocks (with m = da3) instead of SU(2,2[4) blocks,
is that they are much simpler (at least conceptually), and are given by the compact formula

det (277 T2 B (1= o, Ay L=+ 5 20 +2-2 45 2)

det (xgn_j )

F@ﬁﬂ(@ _ 1<ij<m

1<i,j<m
(3.28)

Note that the denominator here is the famous Vandermonde determinant and can be rewrit-
ten [[;;(z; — ;).

We have converted the superconformal blocks to the SU(m,m) theory, but we also
need to convert the free correlator itself. This is straightforward. We simply replace the
terms in (3.26) as

T

da3 do3
1
(914923) _ < ) _ Sdetfdgg(l ~2) 7
913924 (1—z1)...(1 — )

Lm

(3.29)

Thus performing a superconformal decomposition of free theory four-point functions of half
BPS operators in N' = 4 SYM becomes equivalent to simply decomposing objects of this
form into blocks of the form (3.28).

Notice that the new SU(m, m) functions and blocks in general depend on more variables
than the original SU(2,2|4) ones. Thus one may suspect that, although the blocks are
conceptually much simpler, computationally this approach would be slower. However,
since we are only interested in Young tableau of specific shapes, and in particular below
the third row, they have at most 2 boxes, then we correspondingly only need to perform
a very limited expansion in the variables xs,...,z,. Also notice that it is convenient

"This is simply because generalised symmetrisation of odd indices for a supergroup corresponds to anti-
symmetrisation.
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to multiply both sides by the Vandermonde determinant. Then the blocks themselves
are holomorphic.

Finally, note that the procedure as outlined above gives information on free theory
operators 072 for fixed . This is fine for short muliplets as they are uniquely defined
by this description, but as discussed around (3.13), for long operators the description is
degenerate. Thus to obtain the OPE coeflicient related to a specific long representation
one will have to sum over all the +’s consistent with that representation.

Let us illustrate this procedure with a few simple examples.

Twist two contribution to (O2020203). Firstly consider the twist 2 sector in the
(O2050205) free theory. In the free theory the twist two operators are semi-short (recall
they combine with other short operators to become long in the interacting theory). They
correspond to semi-short operators in tablel with v = 2, 4 = 0. Now the full free correlator
is given below (2.5). But only two of the six terms (the fourth and fifth) have (3.25)
v = d13 + d14 + dog + dog = 2. Thus to extract all information about twist two operators
from the free theory we perform the following expansion

Aconn (912923934914 + 912924934913) = P X Aconn(1 +det ~1(1 — Z))

=P x Y ApF"P(z), (3.30)
A

where here

OPE 13924
P .= 77( ) X (gg = 912934913924

1 (y—pa+ps)
{pi} 912934)

since v = 2, p; = 2. This formula can be understood in terms of an SU(m, m|2n) theory for
any values of m,n. The values of the CPW coefficients Ay will not depend on the group.
Moreover the Cauchy identity implies that the left had side is a sum of Schur polynomials of
one row only, and so the case m = 1,n = 0 will capture all the relevant information in this
case. In this case there is only one variable x; and the superconformal blocks involve just
a single Hypergeometric. In summary therefore the twist two operator CPW coefficients
can be deduced from the following decomposition

1
1—.TU1

Aconn (1 + ) = ZAQ[)\l]-Ti\bFl()\l + 1,1+ 1;20 + 2; ZL‘1) (3.31)
A1

which has the well known solution for twist two operators [26]

_ (AP
A2[)\1} = 2Aconn (2)\1)' . (332)
Higher twist singlet contribution to (O2020203). Let us now consider the con-
tribution of higher twist long singlet operators to (O20203202). The maximal value 7 can
take for this correlator is 4 (see (3.15)). Comparing with tablel we see that the only way
we can achieve a long singlet multiplet is if v = 4, u; = po = 0. Three of the six terms in
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the free correlator (2.5) have v = dy3+ d14 + dag + dag = 4 (the first, third and sixth). Thus
to extract all information about twist four singlet operators we consider the expansion

Adise(913954 + 9119%3) + Aconng13923924914
=P x (Adisc(l +det "2(1 — Z)) + Acomn det ~1(1 — Z))
=P x Y ApF?(z), (3.33)
A

where this time

OPE 913924
P =P ( = 9%39%4

2 912934
since v = 4,p; = 2. Here, since the maximal inverse power of det(l — Z) is 2, we can

> 1 (y—pa+ps)

recover complete information using the m = 2,n = 0 blocks.® Completely explicitly,
using (3.28), (3.29), we expand (multiplying both sides by the Vandermonde determinant):

(21— x2) <Adisc <1 - x1)21(1 - x2)2> F Aeom xl)l(l - 902))

= > Aundet (27 SR (=43, 432X, -2j+6; mi))K - (339)
A _17.]_

From table 1 we see that the long, twist 2t, spin [, singlet reps with v = 4 have CPW
coefficients

Agr=f114,

in the above expansion.

Leading large NN, higher twist singlet contribution to (O5050505). In this
paper we will be mostly concerned with the leading in 1/N piece of the free theory, and
we consider such a case for higher charge. Consider the leading large N free correlator

(05050505) = Adisc (972954 + 973954 + 974953) - (3.35)

These terms correspond to v = 0,10, 10 respectively according to (3.25). For long singlet
reps we need v = 10 (note that if we considered the full free theory, rather than the leading
large N part, we would have to consider different values of v = 4,6, 8, 10 and sum over the
results.) Taking out the relevant prefactor from the second two terms we need to perform
the following expansion

Agisc(1+det 2(1 = 2)) = Y Ain FP?10%(2) . (3.36)
A

Here we convert to the m = 5,n = 0, SU(5,5) theory and so explicitly, using (3.28), (3.29)
we expand (multiplying both sides by the Vandermonde determinant):

(xl — $2)(x1 — .7}3) .. (.1‘4 - $5)Adisc <1 + (1 _ w1)5 1 (1 _ x5)5>

=3 Awoadet (27 TSP (=546, =+ 6: 22, -2j-+12; xi))K - (337)
A _17.]_

8In fact for the connected piece one could even use the m = 1,n = 0 blocks as for twist 2 above.
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From the table 1, the long singlet operators of half twist ¢, spin [ correspond to the
Young tableau A = [I+t—3,t—3,2,2,2]. Note that to obtain this data it is enough to expand

I+t4+1,¢,..4,.3,.2
1 Lol3L L5,

both sides in positive powers of x1,...x5 up to and including the term =z
thus only a fairly limited expansion in the variables s, x4, x5 is needed.
Note that if we were to consider the full (O5050505) free correlator, this will have
sectors with different values of v = 0,2,4,...,10. Thus, since the description of long
multiplets in terms of @72 is not unique (see table 1 and the discussion below) then the
CPW coefficient of a long operator will be given by the sum of all coefficients A, consistent
with that rep. For example the OPE coefficient of a long singlet operator of twist ¢, spin [

will be given by the sum of terms

Avofi+t—3,1—3,2,2,2] T Aglitt—2,4-22,2] T Apit—1,—1,2) + Adjie,q - (3.38)

Twist two operators from (O,0,0,0,). Let us now consider the twist two contribu-
tion to any correlator of the form (0,0,0,0,). The argument above for the (O2020205)
correlator implies that we must have 7 = 2 and then (3.25) then implies that there are
only two contributing diagrams

Agll);2gg;2 (g13g24 —+ 914923) =AXPx (1 + det _1(1 — Z)) =P x ZAQAF112(Z)
A

(3.39)

Notice that once the prefactor has been divided out the computation is exactly the same
as the (02020203) case described above with the solution (3.32)

(AP
2!

Finally, at large IV the value of A can be deduced by counting the number of inequivalent

Agipy) = 24 (3.40)

planar graphs contributing times the number of colour loops in a double line notation as

A = NPHIp2 2 (3.41)

4 Free theory and long-multiplet spectrum

In this section we obtain an expression for the normalization Ny, p,p.p, relative to the
set of correlators (0,0,0,0,). Let us recall that Ny, is automatically obtained from
first-principle computations in supergravity. For example, in the cases (0,0,0,0,) with
p = 2,3,4 and (0202,0,0,) for any q. However, it does not follow from the solution of the
bootstrap problem [13], and we will need to determine N4 from an independent analysis.
The important observation will be the following: the OPE analysis of known supergravity
four-point correlators [29, 54] reveals that in the supergravity certain long operators are
absent from the spectrum. Therefore, in the decomposition

sugra __ free dyna
p1p2p3p4 gp1p2p3p4 + gp1p2p3p4 (4'1)

a special cancellation takes place between the sector of H 4™ given by D" and free
theory. Building on this observation, we first derive Naggq and N33, and we then obtain a
formula for N, which generalizes the result Np,,, obtained in [20].
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Twist-2 long cancellation in (02020,0,). The propagator structure in
(020,0,0,) is easily obtained from the case ¢ = 2. In fact, the latter is maximally
symmetric and contains only two crossing symmetric classes [18]: (2,0,0) and (1,1,0),
which incidentally can be distinguished in terms of disconnected and connected diagrams.
When ¢ > 2, these two classes breaks into four sub-classes. This is shown in the dia-
grammatic expansion below where the extra (red) thick line indicates the additional ¢ — 2
propagators gs4.

(020:0,0,) = Ay + Ao ’ + A§XC,>@
+ | 45 I:D + Ag© M + Ay

The residual symmetry exchanges gi4 <+ g13 and go3 <+ go24. In particular,
Ai(u,v) = Ay (u/v,1/v), AS (u,v) = Az (u/v,1/v), (42)
4.2

Ay(u,v) = Ag (u/v,1/v), AS* (u,v) = As (u/v,1/v).

As a result, in free theory, where the A;—1 234 are constants, we shall find AS** = Ay and
A§* = As. The remaining coefficients to determine are

Afree
Agree _ 2qN2+q, (Agre67 Agree’ Airee) — (2q(q _ 2)7 qu 2q(q — 1)) ]\;2 . (4.3)

Two exceptions to these formulas are, Af*® = 1 for ¢ = 2, and A¥*® = 0 for ¢ = 3. The
OPE prefactor reduces to g%2g§4, which corresponds to the diagram associated with Aj.
The correlator can then be rewritten as,

2 uT
(02050,04)"° = 93, Affee[ 1+ qug (UU + 7)
2q 9 9 u?7? u?or
—i—N2<(q—2)<ua +1)T —I—(q—l) " .

(4.4)
The dynamical part of the correlation function obtained from tree-level supergravity is [22],
<OQO?OQOQ>dyna = 9%29§4 NQQqq Z(u,v,0,7)uf EQ7Q+2,272 ) (4.5)

which decomposes as follows,

_ 1 —
Acllyna =V quq,q+2,2,2 y Agyna = — < » Y + 1) Ailyna, (46)
1

A = 2o, Adma ( U 1) A (g y)
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Symmetry properties of ﬁq7q+272,2, described in the appendix, imply the relations (4.2).
The number of propagator structures equals the number of SU(4) channel in the correlator.
These correspond to the intersection

([0,2,0] ® [0,2,0]) N ([0, ¢,0] ® [0,q,0]) =[0,2,0] ® [0,2,0], (4.8)
which splits into the six channels,
0,2,0] ©[0,2,0] = [0,0,0] & [0,2,0] & [0,4,0 & [2,0,2 & [1,0,1] & [1,2,1],  (4.9)

according to (3.2). In each SU(4) channel we shall find contributions from operators be-
longing to different A/ = 4 representation. For example, in the singlet channel we expect
a contribution from the stress energy tensor, which belongs to a short multiplet, and a
contribution from a twist-2 scalar, which belongs to a long multiplet. Moreover, long mul-
tiplets whose lowest dimension operator belong to [0, 0, 0] have precisely the same SU(4)
content of (4.9), thus will contribute to all six channels.

In free theory, all operators have canonical dimensions and are present in the spec-
trum. A proper study of the superconformal OPE is needed in order to recombine all such
contributions into supermultiplets [29, 53]. Once this decomposition is achieved [32], it can
be shown that twist-two long contributions cancel between GIc® and g;i yh% precisely for

22qq 2qq
the supergravity value

free

Nggqq = _(qqu)! % (4.10)
We can prove (4.10) using a simpler argument: in the [0, 0, 0] channel of the correla-
tor, the conformal block corresponding to the twist-two scalar in the corresponding long
multiplet has a series expansion with leading power u!(1 — v)?. As remarked in (3.11),
conformal blocks corresponding to operators with twist 2¢ and spin [ > 0 are distinguished
by the leading power u!(1 — v)!. Therefore twist-2 is the very first non trivial contribution
at order 1/N?, and the absence of a twist-2 long multiplet implies that of the corresponding

leading power. In terms of propagator structure, the [0, 0, 0] channel is proportional to,

2

(0:00,00)| |~ A+ % (’13 + A§X°'> + ;‘—0 (Z‘j + A + ;%‘) L (1)
where A; = Al 4 A?yna. At order 1/N?2, the twist-two long contribution comes from
the second term proportional to Afee, and from AN ~ D, 41022 The expression for
E;Elﬁm,z can be obtained from (2.27). The limit v — 1 is unambiguous and by equating
the two contributions we obtain,

free

24 ]\%2 + Naggg D¢ — 1] =0, (4.12)

which then leads to the result (4.10). This simpler argument generalizes to (O,0,0,0,)
for arbitrary p and ¢. In fact, it will always be the case that in the [0, 0,0] channel of free
theory the first and only contribution at order 1/N? comes from a twist-2 scalar belonging
to the corresponding long multiplet. As we now show, minor modifications are needed in
the derivation of Nj,qq when p > 3. However, taking these into account we will be able to
obtain Nj,qq in general.
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Twist-2 long cancellation in (O3030,0,). Similarly to the previous discussion,
the propagator structure in (O3030,0,) follows from that at ¢ = 3. In this case there
are three crossing symmetric classes [18]: (3,0,0) contains three disconnected diagrams;
(2,1,0) contains six connected diagrams; and (1,1, 1) contains a single connected diagram.
The symmetry breaking pattern when g > 3 splits the three symmetric classes into six
sub-classes.

_|_ AgXC.

+ AZXC

Y{als

In free theory we find A7XG 5, 5 = Aij—2345 and Agree = Affee, with all the other constants
given by
Afree
AT =BgN>T (AFS, A AT AGT) =3¢ (g3, 1,0-2,2) 15 - (413)
The special cases are ¢ = 3, AF*® =1 and ¢ = 4, AF*® = 0. The OPE prefactor is G993,
and we can rewrite the correlator as

3 2.2 2
<03030qoq>free _ 9%2934 Agree|: 1+ Fqg ( + 7 + u? 2 + 72- n 2U O'T)
3 37_3

+ N—qQ <(q - 3) <u303 +— > (4.14)

wdo?r  wdor?

rea (57 50) )
From the Mellin integral (2.17) we find

(03030,0,)% = 3,93, Nazyy L(u,v,0,7) HY"? (4.15)

dyna - —_—
Hzgq = u?| 0Dg-14422,3 + TDg-1,4+2,3,2

1 — 1 _
+ ﬁDq,q+2,2,2 + <q_2 +o+ T) Dq,q+2,3,3} . (4.16)
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Results for ¢ > 3 are novel compared to the supergravity literature. In (03030,0,) there
are ten SU(4) channels corresponding to the intersection

([0,3,0] ® [0, 3,0]) N ([0, ¢,0] ® [0,¢,0]) = [0,3,0] ® [0,3,0] . (4.17)

These include contributions from long multiplets whose lowest dimension operators be-
long to [0,0,0], [1,0,1] and [0,2,0], respectively. These three channels correspond to a
decomposition of HE™ of the form

d ul = q+1— q—2 — —
Hilgq = -2 [Dq,q+2,2,2 + 3 Dagrass + —5— (Dg-1,4+232 + Dg-14+223) | Yoo

D, —1,q4+2,2,3 — D, —1,q4+2,3,2
+uq q ,q4+2,2, q ,q+2,3, T]_O
2

+ (Dyg-1,4+232 + Dg-1,41223 + 2Dgq+233) Tn] (4.18)

A new feature compared to (02020,0,) is the presence of several Dy s 5.5, for each
channel. This implies a more intricate recombination analysis of the superconformal
OPE [29, 53]. Nevertheless, since the very first contribution to the [0,0,0] channel in
free theory only comes from a twist-two scalar, the absence of a twist-two long multiplet
in the spectrum can be unambiguously detected from

u A3
~ A 2 22 4 gpexe
(05050404) [0,0,0] 't ( o O >

u? Ay 1 Ag

_ = AeXC‘ Y
20 (v2 AR )
u! 145
6 v2

50

A 1
<§ +ASC 4+ + A;XC-> . (4.19)
v 6
where A; = A?ee + A?yna. Following a procedure similar to that outlined for (0202:0,0,,),
we find that the relevant terms are Agree and

N33 — -
A(li}’na — 711; udv (Dq7q+2,2,2 + Dq7q+27373> , (4.20)

where the precise form of Ezlfﬁm’z and 522%#2,373 can be obtained from (2.27). Importantly,

only EZﬁZiZQQ will provide the leading power u', and the other D, 4+2,33 can be discarded.
The equation to be solved is then

AT 1)
3q W + N33qqq_72 =0 (421)
and the solution
3q Agree
N. = 4.22
33qq (q—3)! N2 ( )
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Normalization Nppnn. The analysis of the singlet channel in (03030,0,) captures
the generic features of the four point correlator (0,0,0,0,). Two comments are in order:
firstly, the leading contributions to the scalar channel of the correlator is

A

(0,0,0,0,) ~ A+ = < 5 +Aex0> + O(u?), (4.23)
[0,0,0] 6

where A®® has been given in (3.41). Secondly, even though several D functions will

contribute to Acllyna only Dgg4222 is relevant for the twist-two cancellation. From the

definition of Z(u, v, o, 7) and the Mellin formula (2.17) we obtain

AP — () — (g —1)9_pulv Dygion +- .. (4.24)

where the dots stands for those E(;l(;? 556, Which do not contribute to the argument. We have
assumed ¢ > p, and the non trivial coefficient (p — 2)!(¢ — 1)2—,, can be checked explicitly
in the examples (2.42)—(2.43).

It then follows from the twist-two long cancellation that

free

N2 + Nppgqg (P = 2)!T'lg = 1](g = 1)2—p = 0 (4.25)

Pq —5

with solution
P q ji?ee

Nopas = “(p—2)!(g—p)! N?

(4.26)

5 Determining strong coupling data from the correlator

Having described the structure of the free theory and tree-level supergravity results that
we need, we now proceed to analyse the OPE. The knowledge of the OPE leads to an
exact superconformal block representation of any four-point correlator, including both

short and long exchanged representations. If we restrict attention to the contribution of
dyna

long multiplets, which comes from the free theory as well as from Hp;p,psp., We find
(03 0,0, Oy, )" = N¥PIOPD 57 A0 1) Lt (e, (5.1)
t,1,%
Ag{;i}(t”) = Z Cp1ps0Chpyps0 - (5.2)
0eR

Here the operators have been normalised as in (2.2) with ¥ = (p1 + p2 + p3 + p4)/2. The
explicit expression for L{ggi}(t\l) can be read from (3.24). Expanding both the dimensions
and OPE coefficients up to leading order in 1/N?2,

+ L oW (5.3)

N2 pip20”

0 2 0
Ag = AE‘)) + Wn(% Cpipp0 = 01(312;20

we obtain the following refinement

(Opy Oy Oy Op, )8 = N¥ POPE) (Z S Al tol1) LE (2)0)
to I,R

log ) S ST M o) L (tolt) + >

to IR
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where at order 1/N? we omitted analytic terms in u, which will not be relevant for our
discussion. Here tg = (Ag)) —1)/2 and we defined

{pi (0) (0
'A - t|l Z Cp1p2(9 p3p4 0’ (5.4)
0eR
M{pZ t|l Z 77(‘)01,(,(1);)2@ p(3]1)740 : (5'5)

0efRr

The data on the lLh.s. of these equations will be obtained from the explicit form of the
correlators. In particular, disconnected free theory determines Ag(t|l), whereas Mg (¢]1) is
obtained from the leading log(u) singularity of HW",

A fundamental assumption we will make about the supergravity limit is that the only
operators surviving are in one-to-one correspondence with single-trace half-BPS operators
O, and multi-trace operators Oy built from products of the O,. In the large N expansion
three point functions of half-BPS operators are 1/N suppressed, as the computation (2.14)
shows, and in any case contribute to the protected sector in the OPE. We expect the
double-trace operators to be the only long operators O;; to have non-vanishing three-point
functions ng ;) o
three-point functions suppressed by further powers of 1/N? i.e. they will start contributing
to ! Z) o and higher.

In the first instance we will focus on unprotected operators in the singlet representation

Triple-trace and higher multi-trace operators are expected to have their

of SU(4), since these are the operators whose data ultimately determine the loop correction
(O(1/N*%)) to (03020205) [34]. The exchanged singlet operators in question have the
following description in the free theory:

thff:? = OH_lDtiiilalOH_l + ... (56)

where the SU(4) indices are understood to be contracted to produce a singlet, and the
ellipsis denotes similar terms with the space-time derivatives distributed differently between
the two constituent operators, O; 1. The precise combination will not be important here,
but importantly there is a unique combination yielding a conformal primary operator. The
operators given in (5.6) have spin [ and dimension 2t + 1 (i.e. twist 2¢) while i = 1...t—1
labels the (t—1) different operators which have the same spin and dimension. As soon as the
coupling is turned on, these (¢t — 1) operators will mix and develop anomalous dimensions.

At strong coupling with large N, the operators again take their free theory dimen-
sions, with anomalous dimensions developing at order 1/N?2. Since the operators (5.6) are
protected at infinite N they all remain present in the spectrum even though they reside
in long multiplets. It no longer makes sense to write the operators explicitly as (5.6), but
the number of operators is the same. Thus we denote by K;;;, with i = 1,...,t—1, the
corresponding operators at strong coupling. They are operators which have well-defined
anomalous dimensions at O(1/N?). This automatically means their two-point functions
are orthogonal at O(N) and we can also normalise them, so we have

(KK gi) = diir - (5.7)
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Since we only consider them at leading order in 1/N?, we will also drop the superscript

from the three-point functions 01(7(1)2)

We wish to obtain the anomalous dimensions 7;;; of the operators K;;; as well as

oKL and just write Cp,p, K, , , instead.

their large N three-point functions Cpyk, ;. First note that at leading order in the large
N limit the OPE of 0,0, contains the operators K;;; for all ¢ > p. Thus for fixed ¢,
the four-point correlators (0,0,0,0,) with p < ¢ contain information about operators
Ky, for all ¢ <t. Noting the p +» ¢ symmetry we deduce that there are t(t — 1)/2 such
independent correlators. We can then organize the information Agi}(tﬂ ) coming from each
correlator in the free theory at leading order into the following symmetric matrix,

A2222 A2233 A22tt
.A3333 A33tt

A(t|l) = . (5.8)

[0,0,0] .o
Attt

In fact, from the form of the large IV free theory correlators one can see immediately that the
above matrix A is actually diagonal. Likewise we can organise the information Mgi}(tﬂ)
coming from the log u term at order 1/N? in each correlator into another symmetric matrix,

M2222 M2233 MQZtt

R 3333 331t
S| = M (5.9)

[0,0,0] .o
MLttt

Both in M(¢|l) and A(¢|l) we have just given the independent entries in the upper triangular
part explicitly.

Consider now the (t—1) independent operators K;; ;. They are associated to (¢ — 1)
three-point functions Cpyr,,, where i = 1,...t—1 and p = 2,...,¢, and (t—1) anomalous
dimensions 7 ;. In total therefore we have ¢(t—1) unknowns that need to be determined.
Thus the matrices (5.8) and (5.9) contain the precise amount of data needed! The reason
for this precise matching of degrees of freedom is that the operators K;;; are (in one-to-one
correspondence with) bilinears of half-BPS single-trace operators. The matching is thus a
remarkable feature of large 't Hooft coupling and large N only, as in general there will be
many other types of operators contributing.

Let us now examine the equations (5.4)—(5.5) in detail, beginning with low twist cases.
To simplify notation a little, we redefine Cpp, , , in favor of ¢p; taking out a universal factor
which we find is always present,

(I+t+1)12% ,

C =TT 2
( pPKt,l,z) (2l+2t+2)‘cpza

p=2,...,t, 1=1,...,t—1. (5.10)
At fixed twist we expect ¢,; to depend non trivially on .

5.1 Twist 4

Here there is only one operator contributing and it only appears in the simplest correlator
(0205020,). Extracting the relevant superblock coefficient we obtain at leading order
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(from the disconnected free correlator)

4
@@mmﬁzAﬂ”:m;=§a+na+m, (5.11)
m(Cok,,,)* = M = m = —64. (5.12)
This clearly yields
48 41+ 1)(1 +6)
- - =y 7 1
m I+ 1){I+6) €21 3 (5.13)

This result has been known for a long time [26]. Note the symmetry [ — —7 — [.

5.2 Twist 6
The situation becomes more interesting when we move to twist 6. Here there are two
operators contributing, K3;1 and K3;2. The free theory results give:

2
C%l + C%Q = g(l + 1)(l + 8),

9
4—O(l + 1D +2)(1+7)(1+8),
c21031 + c2¢32 = 0. (5.14)

2 2
€31 +C3p =

It is interesting at this point to compare briefly with the free gauge theory at large N.
The relevant correlator (disconnected free correlator) is ezactly the same as the one we
are discussing here at strong coupling. However, despite this one should not be tempted
to assume the leading large N three-point functions are also the same at strong and weak
coupling. In the free theory at large N we recall that the two operators are explicitly given
as K31 = 020'005 + ... and K390 = 03005+ . ... Although in general other operators
contribute at weak coupling (single trace etc.), at large N only these two contribute (the
OPE can easily be performed explicitly via Wick contractions to verify this). Further the
weak weak

three point functions ¢35 and c§7** are supressed at this order and thus the solution of
the above equations reads simply:

wea.! wea. wea. 2 wea. 9
3™ = AP =0, (e5F™)? = 5@ +1)(1+8), (c§5™)* = E(Z +D+2)(+7)(+8),
(5.15)

and the three-point functions c¥eak

i are diagonal.

The strong coupling interpretation of the equations turns out to be very different
however, even though it arises from the same free disconnected correlator. The dynamical
parts of the correlators give

i + Chamz = =96,
A + Gt = —54(12 + 91 + 44) ,

2163111 + C22¢321m2 = 432, (5.16)
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and in particular the last equation means that here the three-point ¢,; functions cannot be
diagonal. Instead we straightforwardly solve the above equations and obtain the solution

B 240 B

T T Ui+ = (l+ l+8)
 Ra+na+2+s) 21+ 1)(I+T7)(L+8)

1= \/ 5(20 +9) ’ 5(20 +9) ’ (5.17)

9(1 + 1)( z+2) (L+7)(1+8)
40(21 +9) ’

C32 =

««

I+ )T+ 2)(I+T)2(1+8)
1= 40(20 +9) :

5.3 General twist

The first task in attempting to understand the general structure is to generalise the equa-
tions we obtain from the correlators via the superconformal block expansion. At leading
order the situation is simpler, since off-diagonal correlators (0,0,0,0,) with p # ¢ are
suppressed and therefore the matrix ,Z(t|l) is diagonal. We have computed a number of
explicit examples and spot the pattern® that leads to the following general formula,

Appop 240+ D=2 2t +2) I+t DA+t D2 (p+ )+ p+t+ 1)
[0,0,0] T p+ D=2 (-3t + 21+t +3) (2 +2t+2)!(t —p)(I—p+t+1)°
(5.18)

Let us notice that APPPP has completly factorized form. For fixed twist, we can define the
matrix of three-point function coefficients

C22Kt,z,1 022Kt,l,2 O22Kt,l,t—1

oty = | C3eer Cosrinra - (5.19)

Citre, 4
and rewrite the equations (5.4) in matrix form,
¢l =1d,_y, C=Az &) (5.20)
where the orthonormality property of the matrix ¢ is manifest. Equations (5.5) become
& diag (1, ..., m-1) ¢L = A2 - M@Hl)- A2 (5.21)

The columns of &(¢|l), are then eigenvectors of the matrix A2 M(t|D) . A2 and the anoma-
lous dimensions are the corresponding eigenvalues. Notice from the structure of eq. (5.21)
(recalling that A is diagonal) the remarkable property that det(J\A/[) will factorise. From the
explicit expressions for MPP99 obtained upon decomposing H%¥"® in superconformal blocks

9In more detail, we first computed the cases with p = ¢ up to 6 and spotted a pattern for these which
we then confirmed at p = 7. Next we considered cases for fixed p general ¢, some of which were already
available [26, 53]. We spotted a pattern for these up to a numerical p dependent coefficient using results
up to p = 5. This final numerical factor we can then fix as a function of p uniquely by comparison with the
p =1 case.
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this property is completely obscure. In particular, MPP4 is found to be proportional to
a polynomial in [ of degree 2(p — 2), with p < ¢, which does not admit real roots. Their
expressions are cumbersome and thus we will not display them explicitly.

Let us rewrite in this new notation the solution at twists four and six from egs. (5.13)

Vs /7
_l’_
&2l =1, &(3|l) = , (5.22)

[t 1+2
2+9 \/ 20+9

where it can easily be verified that &(3|1) &(3|1)T = Idy. We also repeat the formulae

and (5.17). The ¢ matrix in these two cases is

for the anomalous dimensions for later convenience,

maa={ —ma | = { i e | (5.23)

We now proceed by performing the superblock expansion to find JT/[(W) up to higher values
of t < 12, and solve for anomalous dimensions and ¢(¢|l). From the solution at twist eight

we obtain
\/ 7(142) (143) \/ 5(1+3)(1+8) \/ 7(1+8) (149)
6(2(49)(21+11) 3(2(49)(21+13) 6(21+11)(20+13)
20+2)(1+8) 35 2(1+3)(I+9) (5.24)
(2149)(21+11) (2149) (21+13) (2I+11)(20+13) :
\/ 5(1+8) (1+9) _\/ 7(14+2) (1+9) \/ 5(142)(1+3)
6(20+9)(2(+11) 3(2/49)(21+13) 6(20+11)(20+13)
and

_ 720(1+7 720 720(1+4
Ml = { TOFDH2)IH3) T @H3)(A+8) T (I+8)((+9)(1+10) } (5.25)

For higher twists the solution becomes quite lengthy so we find it helpful to introduce
a more compact notation for the square root factors. We define

(n)=Vi+n, [n] =V2l+n. (5.26)

With this more compact notation the solution at twist ten takes the form,
§ 5 (4)(9)(10) 3(9)(10)(11)
\/7[9 2] \[[ 11][13][17] \/g[13][15][17]
_ 5 (1+18)(3 (1-5)(10) /27 (4)(10)(11)
R [9][ 8 [9][13][15 \[[ H[13][17] 8 [13][15][17]
el = \/3(2)( )(10) \/g( 3)(10) 3 (I+16)(3) 5 3)4)ay |’ (5.27)

2 [9][11][13] OI]Is] V2 [ s](aT] 2 [13][15]17]

(9)(10)(11) /27 (2)(10)(11) 7 (2)(3)(11) (2)(3)(4)
_\/g[g]([n][w] 2@ OI[13][15] 2@[11][13][17] \/%[13][15][17]

and

o 1680(1+7)(1+8) 1680 1680 1680(1+5)(I+6)
15,11 {_(l+1)(l+2)(l+3)(l+4)’_(l+3)(l+4)’_(l+9)(l+10)’ T (49 (I+10)(I+11)(I+12) } (5.28)
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We begin to see intriguing structure in the entries of the matrix as well as in the
anomalous dimensions. Note the symmetry [ — —2t — 3 — [ which is an invariance of the
set of anomalous dimensions and an invariance up to signs of the ¢ matrix under a flip about
the vertical axis. Note also that at twist ten we see for the first time the appearance of
polynomials in | (without a square root) in the numerators of the central entries of (5.27).
At twist ten these polynomials are all linear, but their degrees increase as we increase the
twist further.

Indeed, proceeding to compute the next few examples one gets a better idea of the
structure. The anomalous dimensions reveal a fairly simple structure that is consistent
with the formula

0,00 _ 20t —=1)a(t+ 1)
bt (1+2i—1)

(5.29)

where (), = x(z+1)...(z+n—1) is the Pochhammer symbol. Note that the anomalous
dimensions are all negative for all physical values of [.

The ¢&(t|l) matrix is trickier to understand. Already from the results up to twist ten
we note a pattern of square roots of linear factors of [. In addition we have seen that in
the entries towards the centre one finds fewer square root factors in the numerator, and
polynomials in [ without a square root. Note that the entries of the matrix always have
a finite (but possibly vanishing) limit as | — oco. In fact, we can deduce the structure of
¢(t|l) for a given twist in terms of an ansatz with some undetermined numbers,

dooor _ (244 3) (U404 Diimprt) 7 ((EH L4 D+ 2)ipia) 72
" (RS I
min(i—1,p—2,t—i—1,t—p)
0,0,0
X 3 Fap . (5.30)
k=0

The powers of the Pochhammer factors inside the square root are signs given explicitly by
or=sgn(t—p—i+1), og =sgn(i —p+1). (5.31)

where p = 2,...,tand i = 1,...,t — 1. We notice that the square root structure in ¢,;
follows from complicated combinatorics, which nevertheless can be captured by the two
(non-analytic) sign functions o1 and o9. Around the outer frame of the matrix, the unfixed
polynomial has degree 0, i.e. it is simply a constant. Its degree increases as we move towards
the inside of the matrix. One can readily check (5.30) is consistent with the examples given
explicitly above and we have tested the structure up to t = 12.

Given the ansatz (5.30), we have reduced the problem to that of finding the constants
a(p, i, k). Quite surprisingly, enforcing orthonormality of &(¢|) uniquely fixes the solution.'®
In more detail, we first insist that the first row has unit norm, >, ¢3, = 1. This is a linear
equation in a(2,i,0)? with a unique solution. In fact, the constraint is a rational function
of [ and so this single equation can fix more than one constant. Then, orthogonality of the

19We have checked this up to twist 48 (t = 24).
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TOWS . CpiCqi = 0 for p # ¢ gives a linear system in the remaining variables and uniquely
fixes them, up to an overall scale which is fixed by the unit norm condition.

We find it remarkable both that there exist such orthonormal matrices with the struc-
ture (5.30) and that the matrix is uniquely fixed by orthonormality as a linear system. The
fact that the problem is essentially linear means it can be solved quickly and we have com-
plete data up to t = 24. This enables us to spot patterns and write down general formulae.

We do not have a completely general formula for the full matrix ¢ but we do have various
cases in closed form. In particular the top row of the matrix is given by the formula

[0,0,0] 207127 + 2)I(t — 2)1(2t — 27 + 2)! ,
i0) =1,...,t—1. .32
U200 T 3G+ DI+t —i—Di—it 1) bt (5.32)

This formula completely specifies all the three-point function of the form Co,0,k,,; which
was an essential ingredient in the prediction of the one-loop supergravity correction to
(02020504) presented in [34].

5.4 Generalisation from [0, 0, 0] to [n,0,n]| representations

Having given the general structure of the solution to the mixing problem for singlet double-
trace operators, we may now proceed to analysing more general SU(4) representations.
Specifically we can investigate operators in the series of representations [n, 0, n] which also
arise in the OPE of correlation functions of the form (0,0,0,0,). For each channel of
the form [n,0,n] the structure of this problem is analogous to that of singlet channel. In
particular, at twist 2¢ a basis of double trace operators in the [n, 0, n] representation will
have the schematic form

{091, 0200y, 03,030 O34, ..., O,0°0 O} (5.33)

and we expect (t — 1 — n) superconformal primary operators. As for the singlet double
trace operators in (5.6), the precise form of these primary operators is a specific linear
combination of the element of the basis, with derivatives acting on the two constituent
operators. These operators again have integer classical dimensions for infinite N and

receive anomalous dimensions at order 1/N2.

The analysis of the [n,0,n] channel for fixed n follows a very similar logic to that
presented in the singlet case. Once again we conclude that the series of correlators
(0,0,0,0,) for n+2 < p < g < t provides the right amount of information needed
in order to solve for anomalous dimensions and three-point functions of the exchanged
double trace operators. From the general form of the long superconformal blocks (3.24)
it is straightforward to isolate the appropriate channel, and organize the data from the

superblock expansion into the symmetric matrices ﬁ(t\l)‘ and A(t|l) ol
n,u,n n,u,n

Before presenting our general results we go through some specific examples.
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5.4.1 [1,0,1]
In this channel the matrices J\A/[(t]l)‘[ and A(t|l) have the form

M3333 M3344 M33tt

R 4444 Adtt
N| = M (5.34)

[1,0,1] .
Mttt

A3333 A3344 A33tt
.A4444 A44tt

ﬁ(tu)\ - . , (5.35)

[1,0,1] .
Attt

where A(t|l) is diagonal with entries

B2t —DE+DA+HOT+HE+3)
o1l (p+2)(t—2)(t+3)(I+t—1)(t+1+ 4)“4 0,00] (5.36)

APPPP ’

We can then introduce the orthonormal matrix ¢(¢|l) and start solving explicitly the mixing
problem. For illustration, let us look at the first three cases:
At twist six there is only one operator, therefore
B 144
BELE T BN 6 1 1)

At twist eight there are two operators, and we find

1+2 +9
20+11 20+11

&(a|l) = (5.38)

AT 1+2
20411 2[+11

&(3|l) = 1 (5.37)

with anomalous dimensions

o 560(8+1) 560(3+1)
Ml = { T RHDEF) (T T @D (T (9+D) } (5.39)

At twist ten it is becoming evident that the structure of eigenvectors and anomalous
dimension found in the singlet case generalises to [1,0,1] with minor modification. In

particular
\/ 9(14-2)(143) \/ 7(1+3) (1+10) \/ 9(1410)(I1+11)
8(21+11)(20+13) 4(20+11)(21+15) 8(21+13)(21+15)
~ _ 2(142)(1+10 2(1+3) (1411
cdll) = | - (2l(+11§§2l+12’>) - (2z+§1)(2z+15) (25(+13§§21+123) (5.40)
\/ 7(1+10) (14-11) _\/ 9(14+2)(I+11) 7(1+2)(I+3)
8(21+11)(20+13) 4(20411)(21+15) '\ 8(20+13)(20+15)

with anomalous dimensions

R 1440(9+1) 1440 1440(4+1)
5,06 = {_(2+l)(3+l)(5+l)’_(5+l)(8+l)’_(8+l)(10+l)(11+l) } (5.41)
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The solution of the mixing problem up to ¢ = 12 can be found straightforwardly and leads
to the expression

mo1 20—t +D)E+3)(E+H1-D)E+I+ D)t +1+2)(E+1+4)

o = 5.42
77t,l,z (l 4 2'5)6 ( )
for the anomalous dimensions, and
5[1-70’1] _ 21_t(2l + 47 + 5) ((l +174+ 1)t—i—p+1) g1 ((t +l+p+ 2)1‘_1,4_2) 02
" T+ 0.
min(i—1,p—3,t—i—2,t—p)
E_[1,0,1]

x > Fag - (5.43)

k=0

for the entries of the ¢é(¢|l) matrix, with o1 = sgn(t —p —i+ 1), and o9 = sgn(i — p + 2),
and p = 3,...,t and ¢ = 1,...,f — 2. The orthogonality condition of the matrix again

determines completely the value of these a(p,i, k) at any twist.

5.4.2 From [2,0,2] to [n,0,n]

In this section, we present general formulae for the matrices JV[(t|l) and A(t|l) given in terms
of disconnected free theory data, anomalous dimensions and orthonormal ¢(¢|]) matrices.
Let us begin from free theory, where we have obtained the following result,

APPP(4]1) _ p? (n+2)nts @2 (H DA+ 1+ 0N +2t +2)
mom] Pl — D! (p+1+n)!(p—2—n)! G (21 + 2t + 2)!

X (14t —p+2)p_a n(l+t+44n)p o n(I+14t—0)n(l + 141+ 2),
X (t—p+1)p g n(t+34n)p 2 n(t—n)n(t+2), (5.44)

Introducing the ¢(t[1)}, 0,,) matrices and computing ﬁ(ﬂl)[n,om] for a large number of twist
and several values of n we have been able to fit and test both the anomalous dimensions
and the entries of ¢(¢|l) with the following formulae: for the anomalous dimensions we find,

o) _ 201 mH D2 k) L)+ L1 L2443 )
i, (l + 21 +n — 1)6

(5.45)
and for the entries of the ¢(¢|l) matrix,

5[n,0,n} B 21_t(2l + 41+ 3+ 277,) ((l +14+ 1)t—i—p+1) 91 ((t +1+ p+ 2)i—p+n+1) 02
" (+i+tn+3), .,

min(i—1,p—n—2,t—n—i—1,t—p)

k [n,0,n]
x kz ag - (5.46)
=0

The signs are given explicitly by
op=sgn(t—i—p+1), op =sgn(i —p+n+1). (5.47)

All unspecified coefficients a(p, i, k) are again determined by imposing orthogonality of ¢.
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6 Analysis of the spectrum of anomalous dimensions

Let us now analyse some general behaviour of the spectrum of anomalous dimensions that
we found. Here we follow some of the arguments discussed in [9]. Let us consider a very
large, but finite value of N. From eq. (5.29) we find that our expression for the full twist
of the operator K, ; in the singlet channel is

2 10,0, 4 (t=1)a(t+1)a

A[Ofo’o}_l:2t_7"7 —|—:2t_7

, ! 6.1
tl N2 L NZ2 (I14+2i—1) (6.1)

We note that the numerator of the anomalous term behaves like 8 for large ¢ and that the
coefficient is negative. Keeping the leading terms for large ¢ we find

8
A =2t~ % ((l+2tz—1)6 + O(t7)> Fo.. (6.2)
As argued in [9] these two facts imply that for some large classical twist ¢ the correction
term will dominate over the classical term. Indeed for t ~ N7 we find the two terms are
of the same order and so the anomalous dimension formula inevitably requires corrections
to avoid violating the unitarity bound.

In fact we can argue that one needs corrections even before t reaches values of order
N7. Since we have resolved the mixing of the (¢t —1) operators with the same classical twist
2t we may consider the differences in their dimensions. As already observed, the anomalous
dimensions are all negative and so as one increases 1/N? away from zero the dimensions
decrease. One can see from the formula (5.29) that dimension of the operator with twist
1 = 1 decreases fastest and the dimension of the operator with i =t — 1 decreases slowest.
We can then consider the slowest descending operator, K;;; 1 at level ¢ and the fastest
descending one Ky at level (¢t 4+ 1). The difference in their dimensions is

8
AR, — AR =0 - i X 5. + 0" (6.3)
Hence we find for t ~ N that the two operators will become degenerate and then cross
over in the values of their dimensions. Such level crossing should not occur at generic points
in moduli space, it should only be associated with points of increased symmetry, such as
the free theory limit. Thus we conclude that before we reach this point further corrections
to the anomalous dimensions become relevant. A plot of the value of the dimension at the
crossing point against 1/N? for | = 0,2,4 is displayed in figure 1.

It also interesting to consider the properties of the anomalous dimensions as functions
of the spin [ [7, 8, 12, 59]. In particular, the anomalous dimensions are conjectured to be
negative, monotonic and convex as a function of [, at least for large enough .

Our results for all anomalous dimensions are negative for any values of ¢ and I. By
examining their precise form (5.29) (which are simply rational functions involving linear
factors in ) one can straightforwardly see that for all values of ¢ < (¢+1)/2 the anomalous
dimensions satisfy monotonicity and convexity for all values of [ > 1 — 2¢. This is simply
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Figure 1. Varying ¢ we show on a log-log plot the value of the dimension A} at the crossing point

Aﬁ?”?’]l - AE?;%EQ = 0 as function of 1/N? for [ = 0 (red), | = 2 (blue) and [ = 4 (green). The best

fit given by the solid black line is A* ~ u;/N/* with w=0,2,4 ~ {4,6.3,8}.

2(t—1)t(t+1)(t+2) - . .
—% is monotonic and convex, and for decreasing

because at large [, n;;; ~
values of [, the first zero or pole is the negative pole at { = 1 — 2i.

For ¢ > (t 4+ 1)/2, as we reduce the value of [, the anomalous dimension hits a zero at
I = —t before it reaches the pole at [ = 1—2i. Thus monotonicity and convexity break down
at some point with convexity breaking down first. By considering the equation afnt,m =0
we can study for which value of | convexity breaks down as we reduce [. Assuming large
t (so we can approximate the resulting large polynomial equation with its highest powers)
the breakdown in convexity occurs at | ~ 2v/2i + 4i — /2t — 3t. This is negative for
1< 5 é:*\?%t ~ (.646¢ and so the anomalous dimension is still convex, and monotonic for
physical [ in this range. For operators with i > 0.646¢ on the other hand, the anomalous

dimension ceases to be convex for some finite positive value of I. The worst offender is
the operator with the maximal value of i« = ¢t — 1. This ceases to be convex for [ below
approximately (1 + v/2)t ~ 2.41¢.

7 Conclusions

We have presented a detailed analysis of the double trace spectrum of ' = 4 super Yang-
Mills theory in the supergravity limit. We have shown that the known tree-level supergrav-
ity results contain all the necessary information to resolve the degeneracy of the double
trace operators in the large N limit. Here we have focussed on the correlation functions of
the form (0,0,0,0,) since these are sufficient to resolve the degeneracy of the double-trace
operators in the [n,0,n] representations of SU(4). Similar methods can be applied to the
more general cases (Op, Op, Op, Op,) to resolve the mixing for more general representations.

"The case i = (t — 1)/2 for t odd is in fact a special case, but in fact has no zero’s and again the first
special point is a negative pole at [ = —t — 4. It is thus negative, monotonic and convex for all [ > —¢t — 4.
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Our results for the leading order OPE coefficients and anomalous dimensions are sur-
prisingly simple, even given the very compact Mellin space form of the tree-level supergrav-
ity correlators given in [13]. The fact that the anomalous dimensions admit such a simple
formula as (5.45) is remarkable. Even more remarkable perhaps is the universal structure
we find in the orthogonal ¢ matrices. The fact that orthogonal matrices ¢ of the form (5.43)
exist at all is surprising. We should point out that modifications of the structure of the
square root factors in (5.43) typically lead to no orthogonal solution at all. Indeed the
structure of the ¢-matrices in the [n,0,n] case was first guessed based on this structure
before being explicitly identified by analysing the relevant channels of the OPE. It would
be very interesting to understand whether the structure (5.43) arises due to some as yet
unidentified simplicity which could suggest more about the higher order 1/N corrections
to the quantities we have derived in this work.

The results we have presented here for the singlet channel have already been used
in [34] to contruct a prediction for the one-loop correction to the (O2020203) correlator.
Certainly similar analyses could be carried out to make one-loop predictions for more gen-
eral correlators. This would rely on resolving the mixing for more general representations
than we have examined here.

Finally, while we have focussed on N/ = 4 super Yang-Mills theory here, the phe-
nomenon of large N degeneracy and the need for resolving mixing is presumably common
to many holographic theories. Essentially the phenomenon arises because of the presence
of a compact factor (here an S%) in the gravity background which leads to the presence of
a Kaluza-Klein tower of modes related to the massless gravity modes. For fixed twist and
spin one will then typically have many double-trace operators one can consider and these
will generically mix. It would be interesting to consider both other models and the generic
structure of large N CFTs further.
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A  D-functions

The analytic part of a D-function is given by

—~analytic o U 516 ((52 + n)m(53 +o0+ n)m (1 — U)m
Dy, 5,058, = (=) Z (o )t S () (01 + 02 + 2)m Frm -

n,m>0

(A1)

where
Frm = [+¢(n+1)+¢(a+1+n)+2¢(61+52+2n+m)

— 0y +0+n)—(d1+n) =03 +0+n+m)—1(da+n+m)
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and we recall the definition
I‘[61 + n]F[(Sg + n]F[(53 + TL]F[(54 + n]

6102
A6354 (n) F[51 + 09 + 2n]

(A.2)

In general, the full D-functions can be recursively generated by the action of differential
operators on the four-dimensional scalar one-loop box integral q)(l)(u, v), for which there
is an explicit expression in terms of polylogarithms, see equation (2.30). Starting with
Di111(u,v) = <I>(1)(u,v), when ¢;, and ¥ = (61 + 62 + J3 + d4)/2 are integers one can
generate any Dy, 5,556, from the following recursion relations [18]:

D6, 11,65 41,63,60 = —OuD515,6364>

Ds, 55.654+1,55+1 = (03 + 04 — X — udy) D, 5,555

D6, 65y41,6541,60 = —O00D6,6525554

D5y 11,6,63,60+1 = (01 4 04 — X — 08y) D5, 5,556,

D, 5,11,63,60+1 = (02 4y + v0y) D5, 5,555,

Dy, 41,60,85+1,80 = (X — 64 4 uOy + v9y) Ds, 5,546, (A.3)
The D-functions obey many transformation identities (stemming from the permutation
symmetries of the one-loop box integral), one of which is the permutation property

01464

E51525354 (uv U) = 72E52515453(u7 U) = u53+6472554535251 (u7 U)v (A'4)

which can be used to convert a D-function with negative ¢ into one with o > 0, as required
for the decomposition shown in equation (2.26).
In some cases it is useful to use the reflection identity

Dy, 5,656, (U, 0) = Dsi_s, 516, 56, 555 (U, V) (A.5)

to bring a D-function into a more convenient form.
Finally, under crossing transformations of the cross-ratios (u,v) the D-functions be-
have as

E51525354 (uv U) = E53626164 (Uu U)a

B 1 v
=u ?Dgy526550 | —> —
4020301 u’u )

= u 1
— % ED52515354 (U’ ) . (A.G)
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