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Abstract

We develop analytical methods for computing the structure constant for three
heavy operators, starting from the recently proposed hexagon approach. Such
a structure constant is a semiclassical object, with the scale set by the inverse
length of the operators playing the role of the Planck constant. We reformulate
the hexagon expansion in terms of multiple contour integrals and recast it as a
sum over clusters generated by the residues of the measure of integration. We
test the method on two examples. First, we compute the asymptotic three-point
function of heavy fields at any coupling and show the result in the semiclassical
limit matches both the string theory computation at strong coupling and the
tree-level results obtained before. Second, in the case of one non-BPS and two
BPS operators at strong coupling we sum up all wrapping corrections associated
with the opposite bridge to the non-trivial operator, or the “bottom” mirror
channel. We also give an alternative interpretation of the results in terms of a
gas of fermions and show that they can be expressed compactly as an operator-

valued super-determinant.
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1 Introduction

In the strongly-interacting system with a large number of degrees of freedom, it is often the
case that the system exhibits emergent collective behaviour, which is entirely different from
that of its constituents and provides us with a novel physical picture. The examples of such
range from various condensed-matter systems realised in the laboratory, to the AdS/CFT
correspondence, which claims that the strongly-coupled CFTs satisfying certain conditions

can be described by the gravitational theory in the AdS spacetime.

In this paper, we address one simple but intriguing example of such phenomena in the
context of the AdS/CFT correspondence; namely the emergence of the classical string world-
sheet from the three-point functions in the planar N' = 4 super Yang-Mills theory (SYM).
On the one hand, a non-perturbative framework to compute the three-point functions of
N = 4 SYM, called the hexagon vertex, was put forward recently in [1]. It describes the
three-point functions in terms of the dynamics of “magnons”, which are the elementary
fields constituting the gauge-invariant operator. On the other hand, the AdS/CFT implies
that the very same object in the strong coupling limit admits a totally different description
in terms of the classical string worldsheet and that the three-point function is given by its
area [2-5]. However, apart from some partial results given in [1], it is still not clear whether

and how these two descriptions are consistent with each other.

The main purpose of this paper is to explore the general mechanism which connects



these two results. We claim that the semiclassical regime is achieved through a mechanism
which we call clustering. When a large number of magnons are put together in the hexagon
vertex, they form a sort of bound states, which we call clusters. As we demonstrate in
several examples, this clustering phenomenon is essential in order to reproduce the string-
theory results from the hexagon vertex. It is worth noting that these clusters bear some

resemblance with the bound states in the context of the Thermodynamic Bethe Ansatz.

In order to explain more in detail what we computed with this method, let us briefly
recall the structure of the hexagon vertex and the result from the classical string. The
hexagon vertex consists of two parts: The one is the asymptotic structure constant which
is given by a sum over partitions of the magnons and describes the three-point functions of
long operators. The other is the wrapping corrections, which is given by the sums and the
integrals of the mirror particles and accounts for the finite size effects. On the other hand,
the result from the string theory is given in terms of integrals on the spectral curve, where

the integration contours are either around the branch cuts or around the unit circle.

Let us now describe what we achieved in this paper. First we study the asymptotic
three-point function of long non-BPS operators in the rank one sectors and show that the
result after clustering reproduces the integrals around the branch cuts in the string-theory
prediction. Second, in the case of the one non-BPS and two BPS correlators, we sum up the
wrapping corrections associated with the edge opposing to the non-BPS operator, taking
into account the clustering effect. The result matches nicely with one of the integrals around

the unit circle in the string-theory computation.

Our analysis is based upon yet another important observation that, in the regimes of
our interest, the expression coming from the hexagon vertex takes the form of the grand-
canonical partition function of free fermions. This allows to apply the methods developed in
[6] and in [7-9] for the tree-level correlators. When the number of magnons is infinite, these
fermions become classical and the result is given by the phase-space integral of this fermion
system, which matches the string-theory prediction. This Fermi gas description allows to
reproduce the results obtained by clustering in an elegant way, shortcutting the tedious
combinatorics. Furthermore, it reveals that the sum over mirror particles on the bottom
edge can be nicely re-expressed as the operatorial superdeterminant. However the derivation
based on the Fermi gas is not, at the present stage, sufficiently rigorous. Therefore, for the
most parts of the paper, we stay on the safe ground of the clustering method and only

briefly sketch the Fermi gas approach.

The applicability of these two approaches is not limited to the three-point functions.
For instance, the clustering method has proven to be useful for various other problems

such as the strong coupling limit of the scattering amplitudes in N' = 4 SYM [10], which



was otherwise obtained by different methods [11, 12]. Clustering-like methods were used
to compute the partition functions in N' = 2 gauge theories in the Nekrasov-Shatashvilli
limit [13-15], and the integrable models describing non-equilibrium processes [16-18]. On
the other hand, the Fermi gas approach is used extensively to study the M-theoretic large
N limit of the ABJM and related theories as well as the super-conformal index in four

dimensions [19, 20]. Our analysis indicates that these approaches are deeply connected.

The rest of the paper is structured as follows. In section 2 we review the computation of
the three-point function and the hexagon vertex and summarise our results, as well as the
string-theory prediction at strong coupling [21]. Then in section 3 we study the asymptotic
structure constant for the three-point function of one non-BPS and two BPS operators. For
this purpose, we first re-express the sum-over-partitions formula in the hexagon proposal
as a multiple contour integral. We then explain the basic idea of the clustering using the
tree-level example and show that the method can be applied at finite coupling. Next, in
section 4 we generalise it to the case of three non-BPS fields and reproduce the string-theory
prediction. In section 5, we turn to the wrapping corrections and summarise expressions for
the basic quantities at strong coupling. Using such expressions, we analyse the clustering
of the mirror particles and obtain the expression consistent with the string theory. Lastly
in section 6, we show that these results can be computed alternatively using the Fermi gas
approach and the Fredholm determinant. We in particular show that the summation over
the mirror particles can be expressed as the generalised Fredholm determinant?, which can
be further converted into an operator-valued superdeterminant. We conclude in section
7. Several appendices are provided in order to explain technical details and elucidate the
relation between the clustering and other methods: In Appendix F, we study the ABJM
matrix model using the clustering method, and in Appendix G, we relate the hexagon vertex

and the separation of variables at tree-level using the clustering.

2 The three-point function and the hexagon proposal

The three-point function of operators in the N' = 4 planar SYM theory is fixed up to a
constant by the conformal invariance,
C
(O1(20)0s(22)Os(a3)) = wld) (2.)

o |$12|A12|$13|A13|$23|A23

with z; vectors in the 3 + 1 dimensional Minkowski space, A; the conformal dimension of

the operator O; and A;; = A; + A; — Ay. The constant (93 is given in terms of the initial

2The generalised Fredholm determinant is introduced originally in the context of topological strings [22].



data of the three operators, namely the charges of the global symmetry group PSU(2,2/4)
and the charges of the infinite symmetry group associated to integrability. The latter ones,
dependent on the coupling constant g, can be encapsulated, at least in the regime of in the
small g, by three collections of rapidities uy, us, us, each associated to one of the operators
O1(x1), Og(xa), Osz(x3). At g = 0 the three sets of rapidities are determined by Bethe
ansatz equations for three PSU(2,2|4) spin chains with lengths Ly, Ly and L3. At non-zero
values of the coupling constant g, the spin chains acquire long-range interaction and the
so-called asymptotic Bethe ansatz is not exact anymore. The long-range corrections can be
interpreted as coming from virtual particles circulating in the so-called mirror channel, where
time and space are interchanged. These virtual particles are called mirror particle. Their
contribution to the spectrum of conformal dimensions A(g) can be exactly determined via
a set of functional equations known under the name of Quantum Spectral Curve, equivalent
to a system of Thermodynamic Bethe Ansatz equations. In the large volume limit the

contribution of the virtual particles is exponentially small.

Through the AdS/CFT correspondence [23], the three-point function is dual to a three-
string interaction connecting three strings with energies Ay, Ay, As. The rapidities can
be then associated to the momenta of excitation modes, or magnons, propagating on the
141 dimensional worldsheet. For a particular subset of the operators, the BPS operators,
the conformal dimensions do not depend on the coupling constant g and the associated
rapidities are trivial (i.e. infinite). We are going to use a bullet to symbolise a non-BPS
operator and an empty circle to denote the BPS one with the same global charges. To
remove some trivial combinatorial factors we are dividing the three-point function by the
three-point function of the corresponding BPS operators, e.g.

i3 = B /NN (2

123
denotes the three-point function of two non-BPS and one BPS operator. In the above
formula, \/N; are the normalisation of the three incoming states, which can be expressed
in terms of the Gaudin determinants. In this work we are not considering the explicit
expression of the norms, and prefer considering the unnormalised structure constants Cia3
defined in (2.2) instead of the normalised structure constants Co3. The semiclassical limit

of the norms in the absence of mirror correction was taken in [7, 24].

An all-loop prescription to compute the three-point function was given in [1]. The
guiding principle of the proposal is to split the worldsheet of the three interacting strings
into two overlapping hexagons, and then sum over all possible ways of distributing the
magnon excitations between the two hexagons, u; = a; U ap,us = as U dg,u3 = az U ag

as illustrated in figure 2.1. In the absence of the mirror corrections (asymptotic limit) the
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answer is

Figure 2.1: A possible arrangement of excitations for the hexagon form factors.

[Crss)met = Z H pylerlrezitlost g, (o, ) we, (g, @) wey, (s, @)
o;Ua;=u; i=1
X H(Oé1|Oég|OéQ)H(O72’d3|O_él> . (23)

Explicit expressions for transition factors wy,_, ,(a;, ;) and hexagon form factors H(a|as|as)

were proposed in [1] and will be given later. The building blocks of the hexagon form factors

are the bi-local hexagon amplitudes h(u, v) proposed in [25] and the elements of the Beisert’s

scattering matrix [26]. Here we are going to consider only structure constants of operators

from the rank-one sectors su(2) and sl(2) and we are therefore not going to use the matrix
structure of the hexagon form factors.
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Figure 2.2: Vacua and su(2) excitations in the reservoir picture of BKV [1].

To connect with the weak-coupling picture and the corresponding notations, it is useful

to represent the three-point function we consider in the reservoir picture of [1] represented



in 2.2. In this picture, the first operator O is of the form Tr(ZL1 =y M) 4 the second
operator Oy is of the form Tr(ZL2=M2yM2)  and the third operator O, the reservoir,
is built as Tr(Z + Z +Y — Y)ls=Ms(Y — Z)Ms - . This type of structure constant is
called type I-I-II in [27], since two operators belong to the “left” su(2) sector and one
belongs to the “right” su(2) sector in the sense that the operator Oy can be obtained from
Tr(ZL2yM2) 4 ... and Oy from Tr(ZLs=M3yMs) 4 . by one of the twisted translation
defined in [28] and used in [1]. A similar definition works in the s[(2) sector.

The inclusion of wrapping corrections to equation (2.3) is done by including an infinite
tower of excitations, as well as their bound states, circulating in the three mirror channels
denoted by black edges in figure 2.1. The summation is done over their rapidities and their
polarisations. The general expression is too complicated to be reproduced here; instead, we
can illustrate the type of contribution on the case of a single non-BPS operator. We consider
only the mirror particles in the channel opposed to that operator, as showed in figure 2.3.
Following [25] we call this channel the bottom channel. In this case, the asymptotic and

mirror contributions conveniently factorise,
Cooo — [Cooo]bottom [Cooo}asympt ) (24)

Schematically, given in terms of only the fundamental excitations, the expression of the

wrapping corrections is given by [1, 25]

e — [ dw o) 9 Do) A 0 w) B ), (29)
with /g = %(LQ + L3 — Ly) the length of the bottom bridge of the correlator, opposed to
the operator O; and T'(w) the su(2|2) spin chain transfer matrix [26]. The full result takes
into account all the bound states and will be given in the corresponding section. Here and

below the index v stands for the mirror transformation and we use the shorthand notations

h(u,v) = H h(w;,v;) , h” (u,u) = H h(wi, u;) . (2.6)

i#j

2.1 Results and comparison with strong coupling

In the case when the incoming operators correspond to semiclassical strings, the lengths
Ly, Lo, L3 of the three chains and the numbers of the magnon excitations My, M,, Ms are
large. The semiclassical limit is controlled by a small parameter ¢ such that eL; and eM;
remain finite when ¢ — 0. This limit exists for any value of the 't Hooft coupling g. In

addition to the semiclassical limit, one can take the strong coupling limit where the effective
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Figure 2.3: The physical and bottom mirror excitations.
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coupling ¢’ = €g remains finite when ¢ — 0. Based on the experience with the spectrum

[29], we may expect that, for s[(2), the results for the semiclassical strings can be applied
safely to small values of €L;.

The summation over the different ways of partitioning the rapidities in equation (2.3),
as well as the summation over the mirror particles remains an open problem in general.
Here we report some modest progress in taking the sum and the semiclassical limit in three

particular cases when the operators belong to the rank-one sectors su(2) and sl(2):

e the expression of the asymptotic part of the structure constant for one non-BPS and
two BPS operators, [C*°°]*Y™P! for any value of the coupling constant,

e the expression of the asymptotic part of the I-I-II structure constant® for three non-

BPS operators belonging to two different su(2) or sl(2) sectors, [C***]*¥™P'  for any
value of the coupling constant,

e the expression of the bottom mirror contribution for one non-BPS and two BPS
operators, [C*°°]P°!*°m in the strong coupling limit.

The first case is a relatively simple generalisation of the result obtained by [6, 7, 9] at tree-
level. Here we use a slightly different method of taking the semiclassical limit, based on an
integral representation of the sums in (2.3) which has already appeared in [9]. This method
is alternative to the Fredholm determinant method used there and it is easily adaptable to
situation when the structure constant cannot be written exactly as a determinant. Finally,

the structure of the integrals in the third case ressemble strongly that from the first two

3 The I-I-1 type structure constant remains out of reach of our method for the moment.



cases, and we are able to take the sum over bound states exactly in the strong coupling
limit.

The answer for the semiclassical structure constants is given in terms of quasi-momenta
associated to the three operators, which encode the corresponding rapidities. For operators
duals to semiclassical strings, the rapidities are distributed on a set of cuts, which connect
different sheets of the quasi-momenta. We are going do denote by p*) the sphere part and
by p*) the AdS part of the quasi-momentum associated to the operator O). The definition
of the quasi-momenta will be given in the main text. The results for the su(2) and sl(2)

sectors are

ee0]aSymM 1 du . (1) 5@ 53 1 du . i53) 5@ (D)
log| 123]5112)19t = ——]4 — Li [e L HPL —ibg } — _i — Li [e PR HPL P ] . (2.7)

€ JCuy iy 2w € Jey, 2T
oo asyI 1 du _ . [ s 5@ i) 1 du . [ 53 is@ s
10g[ 123]2{(};)pt22£ _WL12|: pL HPL PR } +Efé %ng [ PR +PL Py } . (28)
ujUug ug

where C,, is a contour encircling counterclockwise the support of the rapidities uy,. The

result for [Cpog]>sy™mP*

is the particular case where u, = us = (). We would like to emphasise
that the expression above are valid when the length of the three operators Ly, L, and L3 are
large and the supports of u;, us and us are well separated. The so-called heavy-heavy-light
diagonal limit, when the length of one of the operators, say L3, is small and in addition

u; = uy was studied in [30, 31].

A surprisingly similar form is taken by the result of the resummation of the virtual
particles. Here we succeeded to take the sum only of the mirror particles for the structure

constant with one non-BPS operator in the channel opposed to the non-trivial operator,

d . . L o(2) ) (3} =
log| I;;]Efg;)m = —j[ 2: <L12 [ i(p <2)+p(3>—p(1))] — Liy [ez(p<2>+p(3)—p(“(x))]> 7 (2.9)
eoolbottom du (2) 1 p(3) _p(1) . i(52) 153) _5(1) (g
log| 123]?{(?) = _—f o (Ll [ PP )} — Liy [e (PPt =Pt ))]) , (2.10)

with the contour of integration U encircling now the Zhukovsky cut with v between —2ge

and 2ge.

The three-point functions at strong coupling admit a completely different description,
namely in terms of the area of the classical string worldsheet. The computation from the
string theory side was completed recently building on earlier works [21]. In both su(2) and

s[(2) sectors, the result is composed of three terms,
log Ct33 = log[CI53]™Y™Pt + log[CPas]¥™#PPi"e 1 Norm . (2.11)
For the type I-I-II three-point functions in the su(2) sector, the asymptotic part and the

9



wrapping part are given on the string theory side by*

, 1 d . 1 d
log| Hg]aﬁympt - _ _7{ _uLiz [ewg)-ﬁ-wg)—w(g)] _ _é —uLl [ zp(3>+zp<2)—zp(l>} . (2.12)

su(2) € € Je, 21

ese]wrappIn du [T 6 4p2) 53 O+ -
log[CasimarPine — 7§U <L12 [e B+ —p >] —ng[ 7} >} (2.13)

1

€
1

o p o
€Ju

n 1% (Liz [iG@+50—)] _ Li, [ G+ —5)]
€ U Y L J L
1% d_u (Liz _ei(ﬁ(g)ﬂ-ﬁ(l)-&-ﬁ(g))_ — Liy 6'( 3+ 45 ] ) ‘
€ U L i L i

As is clear from the above expressions, [Ciss]*¥™P" precisely matches the result of our analysis

M. . ~ ~ 1 [ ./ ~(2 ~ (¢ ~(1)\]
Liy | i@ 42D =0 14 o0 455 —5y)

L L
v N— v

(2.7) and (2.8). Furthermore, when restricting to the one non-BPS and two BPS correlators,
we can see that the first term in [C$33]¥™@PP8 coincides with our result of the resummation
of the bottom mirror particles [C155]°°"°™ in (2.10) and (6.41). Similar match can be seen

also in the s[(2) sector, where the result from the string theory reads

eseqasympt _ 1 du_ . T s @ o] 1 du 5 s s
log| 123]:[(y2)pt :—jg ——Liy [epL HIPLT PR } +—j€ —Li, [ PR PP } . (2.14)
uj Uug

€ 2m € Je,, 2T
eeeWrapping 1 du . i(p (1)+ ~(2) («5)) . (D 45 —3))
G =L f 8 (o [ A s [ ) o

U

W1 ]{ ;l—u (Lig i+ )| 14, 'ei(ﬁ<2>+ﬁ(3>—ﬁ<”>'>
€ Juy £T L i L i
L[ du . AQERIOEON i@ —p@))]

— 2_<L12 ¢ Pr AL —PL) | 1, | P+ ))
€ Juy &7 L i L i

e (Liy [ef@ 4287 4+70] — L, [0+
€ Ju 2w i ] i

The remaining factors in [CPas]"™PP¢ supposedly come from other mirror channels. It
would be an important future problem to reproduce those remaining terms by resumming

the mirror particles in other channels.

3 Asymptotic structure constant for two BPS and one

non-BPS operator

In this section we are computing the structure constant for the case of a single non-BPS

operator. Although this can be considered as a particular case of the one treated in the

4In the convention of this paper.
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next section, we prefer to work out in detail the clustering method on the simpler case, and
then have a result ready to use for to the more complicated case. Since the su(2) and sl(2)
sectors are largely similar, we treat only the former in detail, and just give the results and

point out the main difference for the latter.

3.1 From sum-over-partition to multiple contour integral

In the definition of the structure constant, the three operators are represented by on-shell
states of three different spin chains of lengths Ly, Ly, L3. Only the first chain of length

L = L, has non-trivial excitations (magnons) with momenta py,...,py, M = M;. The
momenta are parametrised by the corresponding rapidities u = {uy,...,uy} according to
ep(u) — M (3.1)
x(u — ie/2)

Above, we have rescaled the rapidity variables by € which will be set at the typical value for
the rapidities u. In the regime dual to semiclassical strings, this overall scale is € ~ 1/L;.

The semiclassical limit is € — 0. The Zhukovsky variable z(u) is defined as

u+\/u2 — (2ge)?
z(u) = (Bge) . (3.2)

2ge

The rapidities u satisfy the Bethe equations
e =1, j=1,...,M, (3.3)
where ¢; is the total scattering phase for the j-th magnon

e = ¢—ip(u;)L H S(uj7uk>7 (3.4>
k(#4)

S(u,v) being the scattering matrix, which can be represented as the ratio

h(v,u)
h(u,v)

S(u,v) = (3.5)

The function h(u,v), which is given in our case by h(u, v)s(2) = hyy(u,v), is the building
block for the hexagon expansion in the configuration described above. It is given by the

product of three factors,

uU—v 1

h(u, U)su(2) = (3.6)

u—uv+ie s(u,v)o(u,v)’

11



where s(u,v) is the symmetric part,

A—1/a"y") (I —1/z7y")
(1—1/zty) (1 = 1/z7y*)

and o(u,v) = 1/o(v,u) is the square root of the BES dressing phase [32, 33]. The reason to

(3.7)

s(u,v) =

split h(u,v) as above is that at tree (g = 0) level, s(u,v) = o(u,v) = 1. It will be important
in the following that neither s(u,v) nor o(u,v) has singularities close to u = v. We use the
notation z* = z(u & ie/2) and y* = z(v £ i€/2). The unnormalised structure constant, is

defined as a sum over partitions of the rapidities u into two subsets, u = a U @,

_ , 1
ecolasympt — _ 1\l ip(ujz)l
[Clas|™™ = o = Z (=1) Hep " ' H 7—h(uk,uj) ) (3.8)
aUa=u JjEa jEakea
where (g = £(Ly 4+ L3 — L) is the length of the bridge between the first operator (on the
top) and the third one. In order to have a complete match with the original tree-level result

reported in [6, 24], we will work with an equivalent representation,

_ _ 1yl T e-ietu)e _ 2
of aéu( 1) ge jegea o) (=1, (3.9)
where (; = %(Lg + Ly — L3) is the length of the bridge connecting the first and the second
operator. The equivalence of the two expression can be shown by using the Bethe ansatz
equations (3.3) with L; = ¢, 4+ ¢g. Formally, at tree-level, the two expressions (3.9) and
(3.8) can be obtained from each other by exchanging ¢; and ¢ and sending € — —e.

Extending the tree-level observation in [9], the sum over partitions (3.9) can be written

as a multiple contour integral

L1 9O7e
=1

N n n
1 de
o = nZ; ol ]{u | —— Fl(z) gh(zj7zk) h(zk, 25) (3.10)

where the integration contour C, closely encircles the rapidities u = {u;...uy} counter-

clockwise, the function F(z) is given by

e—ip(z)f >
F(z) = W—li‘)() h(za) =[] r(zw), (3.11)

and the measure

B (1—1/ax™)?
HE) = T = 1))

(3.12)
is defined so that h(z,u) ~iepu(2)(z —u) at z = u.
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In the all loop pairwise interaction
AM (2 21) = (25, 20) bz, 25) = Az, 2) s(z5, 2)? (3.13)

the dressing factor drops out due to the anti-symmetry of the dressing phase. In the
semiclassical limit ¢ — 0, the deviation of the interaction A*!(u,v) with respect with its

tree level value A(u,v) is subleading,
A (u,v) = Au,v) (1= c(u,v, ge)* € + O(e?)) (3.14)

where c(u, v, ge) is some function of the rapidities u and v and the effective coupling ¢’ =
ge. It is important that even at strong coupling, where ¢’ is finite, the correction to the

interaction is subleading. A similar property is valid for the measure p(u)
p(u) =1~ c(u,u, ge) € + O(€) . (3.15)

This will allow us to take the semiclassical limit of the asymptotic contribution for any value
of the coupling constant, including strong coupling. The main steps of the derivation can
be understood on the tree-level example, which can be treated exactly and will be worked
out in detail in the following. The clustering procedure explained below works exactly as in
the tree-level, as long as the integration contours are kept as distance from the cuts of the
dressing phase o(u,v), that is out of the region —2¢’ < Re(z;) < 2¢’. This is certainly the

case for semiclassical strings.

3.2 Tree-level revisited

The structure constant of one non-BPS and two BPS operators at three level .7 was first
studied thoroughly in [24] and [6]. In this section, we revisit the tree-level result by a

different method which allows direct generalisations to all loops.

The starting point is the multiple integral contour integral (3.10)
d:iif 1% rp) TG =) (3.16)
— n! Je., e 2me J o Jr <k '
where the different ingredients take their tree-level values®

e~ )t zZ—u
F(z) = h = — 1
) =1 (zu) = ———— (3.17)

5To avoid proliferation of symbols we keep the same notations as for all-loop case for most objects.
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The sum (3.16) is given by single integrals coupled by the pairwise interaction A(u,v)
defined as

A(u,v) =h(u,v) h(v, u) = % (3.18)
i€/2  ie/2

=1+

U—v—1i€ U—0v-+i€e

In other words, the function A(u,v) differs from 1 only when |u — v| ~ €, and it has two

poles at u = v & ie. For later convenience, we define a generalisation of this function

(u—v)(u—v+i(m—n)e)
(u — v+ ime)(u — v — ine)

Apn(u,v) = (3.19)

mn i€ i€
T mtn (u—v+im6+ u—v—ine) ’
so that A(u,v) = Ay ;(u,v). The summation limit in (3.16) can be extended to infinity,
since the result of integration is zero if there are more integrals than rapidities in the set u.
The multiple contour integral representation (3.16) is our starting point. Similar integrals
have appeared recently in the context of integrable probabilities for example in [16, 17] and
[18].

Semiclassical limit. The rhs of (3.16) can be viewed as a grand canonical partition
function of a matrix model. This matrix model appeared when computing the partition
function of dimensionally reduced SYM with four supercharges [34]. The semiclassical limit
(large N or large chemical potential for the grand canonical partition function) was found
in [35] using the standard matrix model techniques. The spectral curve of the matrix model

is associated with an elliptic Riemann surface with two parallel cuts at distance e from each
other.

The semiclassical limit we are interested in is more subtle. It consists of taking the limit
L, M — oo sothat M/L ~ 1, or taking € — 0 so that Me remains finite.® In this limit, which
is very similar to the Nekrasov-Shatashvili limit [13], the standard matrix model techniques
do not work. The leading and the subleading term of the partition function were evaluated
in [9] by representing the partition function as a Fredholm determinant and resolving the
corresponding Riemann-Hilbert problem. A shorter, although less rigorous derivation used

the mapping to a system of chiral fermions.

6This is the large L limit of a solution of the Bethe equations, characterised by one or more Bethe strings
with mode numbers ny and filling fractions o, = My /L;. When L1 — oo, the distribution of the magnon
rapidities along each Bethe string converges to a continuous linear density. This limit of the spin chain has
been first studied in [36] and then rediscovered in the context of AdS/CFT in [37].
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Here we will give a rigorous derivation of the semiclassical limit based on an exact
evaluation of each term in the sum in (3.16) and then taking the limit. We will observe a
formation of bound states in close analogy to the bound states of instantons appearing in
the Nekrasov-Shatashvili limit.

3.3 Deformation of contours and clustering

Here we will set up a procedure which allows to perform an expansion in the parameter
e around the semiclassical limit ¢ — 0, L ~ M ~ 1/e — oo of the functional & in
(3.16). Namely, we deform the integration contours sequentially so that they become widely

separated and far way from the support of u, as is shown in figure 3.4. After the contour

Figure 3.4: Deformation of the integration contours. Here Cj is the deformed contour of
the integration variable xjp, which is situated at a distance larger than e from all the other

contours.

deformation, we have |z;—z;| > € and the singularities in the multiple integrals are removed.
In the procedure of deformation of contours, one has to take into account the residues of
the poles in the interaction terms A(z;, z;) in (3.16). This leads to a phenomenon we call
clustering which was considered in various forms in [13, 34|, in [14, 15] and in [16, 18] and
which is reminiscent of the formation of bound states as solutions of the Bethe equations.
A similar procedure was suggested in [10] in order to take the strong coupling limit of the

scattering amplitudes for gluons. Let us consider in more detail an integral of the type

I = ]é 15 F(zj)gmzj,zk), (3.20)

Jj=1
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which corresponds to the n-th term in the sum in (3.16). The integrand is a product of
functions F(z) and A(z;,z;). We can imagine a collection of n particles, each particle
z; is associated with a function F'(z;) and between any two particles z; and z;, there are
interactions described by the function A(z;, z;). Then the integrand can be represented by

the diagram shown in figure 3.5.

1 2 n

Figure 3.5: A diagrammatic representation of the integrand of I,,.

In order to illustrate the idea, we analyse an example for n = 3 explicitly. We start with

dzydzedz

13 = f —1 2 3 3F(Zl)F<22)F(Z3)A(Zl7 ZQ)A(Zl, Zg)A(ZQ, 23) (321)
e (2me)

We first deform the contour of integration for z3 from C, to a contour C3 which is situated

outside C, at a distance larger than e. There are poles at z3 = 29 + i€ and z; + i€ due to

the interaction A(zq, z3) and A(zs, 23), respectively. If we take the pole at z3 = z5 — i€, the

residue is proportional to the following integral

7{ A (o) P () F (22 — i) A1, 22) A1, 2 — i), (322)
¢, (2me)

Because

22—3i6/2)£z2—u+i6 (3.23)

29 +1€/2

F(2)F (2 — i€) = (

Zog — U — 1€

is analytic inside the contour C,, the integration over z, gives zero. The same argument
works for z3 = z; —ie. This implies that we only need to consider the poles z3 = z5 + i€ and

z3 = z1 + ie. If we take the pole z3 = 29 + i€, the result reads

1 ledZQ . .
3 fi;u WF(ZI)F(ZQ)F(;;Q +i€)A(21, 20)A(21, 22 + i€) . (3.24)

We have taken here into account that, while deforming the counter-clockwise contour C,
into Cj, the contours surrounding the poles will be oriented clockwise. Let us define the

functions Fi, F5, F3, etc. by

F.(2) = F(2)F(z +i€)--- F(z 4 (n — 1)ie). (3.25)
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Using the fact that
Au, v)A(u, v +i€) = Ay 2(u,v) (3.26)

where Aj 5(u, v) is defined in (3.19), we can write the residue (3.24) as

1 d21d22
— ———F(z)F A i 3.27
3§ 0B el ) (3.27)
This result can be interpreted as the following. Taking the residue gives rise to a cluster,
or bound state, of length 2. The function associated to this cluster is given by Fi(z) and
its interaction with a fundamental particle at the point 2’ is described by A;o(z,2"). This

is symbolised graphically in figure 3.6, left.

Res I3 Res I3

z3=z2+1 zz=z1ti

~4x0@ | -4xEDO

Figure 3.6: The clustering of fundamental particles into bound states.

When moving their integration contours from C, to C;, the bound states themselves
undergo further clustering and form larger bound states. A length n bound state is as-
sociated to the wave function F),(z) defined in (3.25) and the interaction between bound
states of length m and n is described by A,,,(z,w). The full result of our example n = 3,
which illustrates the origin of the combinatorial factors, is given in appendix A. In terms of
diagrams, it is given in figure 3.7.

As we can see, the result is given by the sum of all possible bound states, each bound
state of length n multiplied by a factor 1/n. To see that this is true in general, let us
consider the integral with a bound state of length m and length n

% de de Fm(Z]) % Fn<zkz)
C

. 2me 2me m n

Apin(zj, 21) -+ (3.28)

Suppose we now want to deform the contour zj to C; and pick the pole z, = z; 4+ tme. The
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Figure 3.7: The final result of I3 after deforming the contours. Here the black dots mean the

N[ —

Wl

integration contour for x; is C;. The numbers in blue represent the multiplicities of clusters

and they are given by equation 3.35, for example C’l’l’1 =1, C’1 2 = 3 and Cg’ = 2.

extra contribution from the pole is

]i dzj  Falz)  Falz+im) < mn ) (3.29)

L 2Te m n m+n
_§ % (Fenlz)
c, 2TE m+n
where we have used that
mne

Fo.(2)F, m) = Fin(2), Res A, . 3.30
(Fale i) = Fun(), Res Ap(v,u) =~ (3.30)

In what follows we will denote the fusion rules like (3.29) simply as
Fin(z)) < F,(zj + ime) . Fm+n(zj). (3.31)

m n m-+n

The fusion rules ensure that the final result is a sum over all possible bound state configu-
rations. Each configuration comes with a combinatorial factor. We will derive these factors

and write down an exact expression for I,, in the next section.

3.4 The exact result and semiclassical limit

In this section, we give an exact expression for I, and o/ and then take its semiclassical
limit. As discussed above, while deforming the contour we need to pick up poles which lead
to the formation of bound states. The final result is a sum over all possible configurations
of bound states

Z Z Ca Hj{ ;iije 4 (25) HA%% (2, 2). (3.32)

k=1 q1+-qr=n 1<j

Here k is the number of bound states in a given configuration and ¢; < --- < ¢ are the
lengths of the bound states. They should satisfy q;+- - -4-qx = n. Fy;(2;) is the wavefunction
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for the bound state defined in (3.25) and A, 4. (24, 2;) is defined in (3.19). The combinatorial
factor C'7% counts the number of the bound state configuration with lengths {qi, - , qx}-
In what follows, it is convenient to represent the bound state configuration in a different
way. Suppose among the bound state configurations {q1, ¢2, - - , qx }, d; of them have length
[ (l=1,2,--+), then we can represent the configuration by a vector d= {di,ds,- - }:

{Cha"' ,Qk}:{l"'l,"' ’l’... ’l’...},_)d:{dl’d%...}' (3.33)
dy d
We will use the two notations interchangeably. The following two obvious identities will be

useful
> FPla) =3 dr@),  []Fa)=]]ro" (3:34)

In particular, the constraint Z?Zl q; = n can be rewritten as ), d;l = n. We have

- 1 n\[(n—gq q
Calt = W(m) < @ 1) (qZ) @ =1 g = 1) (3:39)

B 1 n! B n!
T qge L

Let us explain briefly how to obtain the first line of the expression above. It is constituted

from three different blocks: the middle one is the way to make k clusters of lengths n; <

. < ny out of n variables, while the first block insures that clusters with the same number
of elements are indistinguishable. The last block gives the number of different ways to
arrange the objects inside each cluster. For a cluster with n; elements, one can choose the
label of the surviving integration variable at will, while the number of different possible
orders of clustering for the other variables is (n; — 1)!. Inserting (3.35) into (3.32) and

summing over n we obtain the exact result

d .7
= Z Z d1'd2 H% 2;]6 HAq”qJ % %) (3:36)

E qi<--<qp i<j

d
- Z k! Z Hj{ 272;]6 HAquqJ %5 %))

q1s--- Gk J=1 i<j
In the last line the summation over g; is unrestricted. This exact expression can be taken
as the starting point for a systematic semiclassical expansion. There are two sources of €

corrections, from the wavefunction F,(z) and from the interaction A,,,(z;, 2;),

E,(2) =F(2)" + E@F(z)”—lazﬂz) + O(€?) (3.37)
Apn(ziyzj) =1 — #62 + O(e%).



If we are interested in the leading order of € expansion of (3.36) we can replace F,(z)
by F™(z) and Ap,(zi,2;) by 1, which simplifies (3.36) drastically. The multiple integrals

decouple and the result exponentiates,

w2 YR IEf 2" e X5 o

Jj=1 ¢

Here the integration contour is far way from the support of u, but now we can deform it back
to encircle closely the support of the rapidities u. We recognise in the expression above the
expansion of the dilogarithm. Taking into account the subleading corrections from (3.37)

we obtain the first two terms from [9]

dz 1 dzdz' log[l — F(z)]log[l — F(2')]
log 7 = j{ 27reL 2[F(2) 2 ?ixz (27)2 (z—2')2 T (339)

To avoid the singularity when z and 2’ coincide in the double contour integration above, the
two contours can be separated, which is equivalent to taking the principal value integral.
More terms in the expansion (3.39) can in principle be obtained by a cluster expansion of
(3.36).

3.5 The semiclassical limit for the su(2) sector

We now specialise the expression in (3.39) to the particular case of the su(2) sector
dz . )
log o/ ~ ¢ ——Lip [e" P () 3.40
0g e Ve 1o [6 ] ’ ( )

which agrees with the results in [6] and [8]. Above, we denoted with p(z) and Gy(z) the

momentum and resolvent at tree level, in the semiclassical limit ¢ — 0,

=1, G =3

Z -
=1

(3.41)

Z — U;

The all-loop result has exactly the same structure, but with the quasi-momentum re-

placed by its full expression, which contains now the dressing phase,

Gu(z)zi[ ‘ —uoga(z,u,-)]. (3.42)

Pl R
In the physical regime the dressing phase can be expressed as

—ilogo(u,v) = x(u®,v7) + x(u™,v") = x(u, ") = x(uT,v7) = E0u0ux(u,v),  (3.43)
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with x(u,v) given by an integral representation [38]. Defining the sphere all-loop quasi-
momenta p*)(z) by

523) () — e—x,(Z)LZ’?’ M (z) = exl(z)Ll — Gulz
529)(2) TE (2) 202 Gu(2), (3.44)

the semiclassical limit of the asymptotic all-order contribution is given by

log o7 = ;—ZLig [ei(ﬁ@(z)—ﬁ(?)( p<1>(z)) ]{ —L12 PV @D+ ) | (3 45)
Cu TE

The last expression is the semiclassical limit of (3.9). We used that

(e V() i7V(2))

on the first sheet — (6 on the second sheet (346>

which is a consequence of the classical limit of the Bethe equations (3.4),
p(u~+i0) + p(u — i0) = Lp(u) — (Gu(u +i0) + Gyu(u —i0)) = 0 mod(27), (3.47)

and that the contour of integration changes its orientation when deformed to the second
sheet.

In the strong coupling limit the dressing phase simplifies, x(u,v) ~ “=*log <1 — é)

Since —— = —8,0,(u — v) log(u — v) the resolvent becomes
N N /
x A—-L
=g — 3.48
Z L Zx @~ 2, By

with A — L the anomalous dimension, or the spin-chain energy. The quasi-momenta p*)(z)

assume in this limit the simpler form

]3(2,3)(2) _ 6$/(2’)L2,3 7 ]5(1)(2) _ z'(2)A

2x(2) 2x(2)

— Gulz(2)). (3.49)

3.6 The semiclassical limit for the sl(2) sector

The expression for the three-point function with a single non-BPS operator in the sl(2)
sector is the same as (3.9) with h(u,v) = hey2)(u, v) replaced with the corresponding sl(2)
quantity

u—v 1—1/z 7yt 1—-1/z7yt 1

—y-
h —h '
si(2) (U, v) = @) (V) = T T 1/zmy~ 1=1/ztyt o(u,v)

_y—i-

(3.50)
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At tree-level, @%9) can be obtained from 27, just by sending € — —e and ¢ — —/. At
higher loop, the change comes from changing the expression of h(u,v) as in (3.50), which

affects the expression of the quasi-momenta in the semiclassical limit,
etz (1) — (0P (2)=p) (2) sV (2)) (3.51)
The quasi-momenta appearing in the asymptotic part of the sl(2) structure constant corre-

spond now to the AdS part of the spectral curve [39, 40],
2'(2)La 3 x'(z) Ly
2x(z) 21(2)
The slightly different appearance of (3.52) with respect to (3.49) is due to the extra factor

in the second member of (3.50).

pI(2) =€ pW(2) = e + Gu(z(2)) .- (3.52)

We can therefore write the semiclassical limit of the asymptotic all-order contribution

in the sl(2) sector as

log “yi(2) = j{—le i (2)-p* (= p(”(z j[ —L1 2(15<3>(Z)—ﬁ<2)(2)+ﬁ(1)(2))
(3.53)

Upon permutation of indices 2 and 3, which is possible due to symmetry, this expression

coincides with the strong coupling result (2.14).

4 Asymptotic structure constant for three non-BPS
fields

Here we consider the all-loop prediction for a configuration equivalent to that studied in [24]
where two of the operators belong to the left sector and the third operator belongs to the
right sector of so(4) = su(2),, @ su(2)g. The excitations for the three operators are chosen

to be the longitudinal scalars

O, € su(2), : vacuum Z', M, excitations Y = ®,;,
O, € su(2), : vacuum Z?, M, excitations Y = ®,;,

O3 € su(2), : vacuum Z*,  M; excitations Y = ®,; .

After the twisted rotation the three operators are mapped to operators type {Z,Y} at
the origin, {Z,Y} at infinity, and {Z,Y} at some finite point, say # = (0,0, 1,0), where
7 = 1(Z+Y+2Z-Y), Y = %(Y — 7). This corresponds, in the conventions of [1], to

excitations Xtop = Xbottom = Xreservoir — Y.
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To compute such three-point functions using the hexagon, we first collect all the scalar
excitations to one of the edges by performing the mirror transformation ~ several times
[1]. (See figure 2.1 for the configuration of the excitations before performing the mirror
transformations.) After collecting them on the second edge (O2) on the left hexagon and
on the first edge (O;) on the right hexagon, we obtain the hexagons with {0/1”, a?, as} and
with {@3”,a3", @ }. There are of course several other ways to collect the excitations to one
of the edges. However, the advantage of the choice described here is that all the excitations

become Y after the transformation owing to the transformation property of the excitations
clarified in [1]:

YAy, vA_y. (4.1)

Then, since all the excitations are of the Y type, the hexagon form factor factorises into

two-particle form factors” h(u,v).

We also study an analogous configuration in the s[(2) sector, where O; and Oy contain D
excitations and O contains D excitations. The hexagon form factor for this configuration
can be computed in a similar way, namely by collecting all the excitations to the one of the

edges by using the mirror transformations.

4.1 Formulation in terms of multiple contour integrals

The asymptotic part of the un-normalised structure constant with three non-BPS operators,

which we denote by [C}33], is given by a sum over the partitions of all the three sets of Bethe

roots into left and right subsets, u; = «; U @;:

3
[ I2.?:] = Z H(_1)|a1|+|a2|+|a3| Wes,y (Oél, 0_51) Weyo (a27 d2) Wy (013, C_YS)
aiudizu(i) 1=1
X H(a1|a3|a2)H(d2|d3|d1) (42)

with the splitting factors given by

) h<(a >
wy(a, @) = e Pt % h=(u,v) = Hh(uj,vk) : (4.3)
i<k

"Here we included the matrix part A(u,v) is included in the definition of h(u,v) for the su(2) sector, as

we did in section 3.
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The hexagon form factor can be computed by performing crossing transformation on all the

excitations to bring them on the same edge

H(ay|as|as) =phase, H(a)"; a2 a) (4.4)

H(ay|as|a,) = phase, H(ay"; @3 '; ay).

A subtle point is the definition of the crossing-transformed factors. For fields from the sl(2)
sector it is sufficient to change the argument 2= — 1/x%. In the general case the crossing
transformation is more complicated. It is computed by going to string frame, perform the
analytic continuation and transforming back to the spin frame, ¢f. appendix F of [1]. In

general the hexagon form factor contains a matrix and a scalar part, ¢f. equation (2) of [1].

As we mentioned above, in the s[(2) case the matrix part of the hexagon form factors is

trivial and the weights in the sum over partitions are products of scalar factors:
[ I;g]aSympt Z (_1)|a1|+|a3|+|a3| e~ pla)ls1 ,—ip(az)liz ,—ip(as)lzs
a;Ua;=u;
4 4y 2 2 4y 4y -2 2y
h(ai”, a2) h(ay”,a37) haz”, as) h(ay’,a1) h(ay', a57) haz’, an)

h(oq, aq)h(az, az)h(as, as)

(4.5)
X phase.

For fields from the s[(2) sector the crossing transformation is done analytically continuing
* — 1/2* and phase= 1. For su(2) fields the phase factors are derived in in Appendix C.
The explicit forms of the hexagon amplitudes in the two sectors is given in (3.50). and the

factors h(ul?,v) and h(u*,v?) are related to h(u,v) in a simple way:

h(u, for sl(2),
h(u‘w, U) _ 1/h(1}, U), h(UQ'y,UQy) _ (U U) | | or ( ) (46)
h(u,v) eP®=P@)  for su(2).

The unnormalised structure constant takes the same form for su(2) and sl(2) if we define

h(u®',v) = o(u,v)/A(u,v) for sl(2), 1— =2+
b(u,v) = (7 v) 2 olu,0)fAlwv) for sl2), o Afu,) = 75 I (47)
e PO (uP v) = o(u,v)  for su(2), T atyT
so that
—p(ei)li—1,i 1 b(a o )b(d 07)
Cooo asympt __ |az‘ € X 3 72 Eilnt . (4.8
[C135] Z H h(a, @;) h(ag, aq)h(ay, aa) bas, o) b(as, as) (48)

o;Ua;=u; 1=1

The next step is to convert the sum over partitions to a multiple contour integral, a
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generalisation of (3.10):

“r i(215) dz i1 m dZQk T 1i(z30) dzsg
Cooo asympt .7 J f f > )
[ x ZT m! n' r! 7{ 2me H H 2Te

Cuy k=1 Cug =1
h7(z1, 1) y h(zl,u2)
h(zi,u;)  b(us,z)

h7 (s, 22) " h(u,zs)
h(z2,us)  b(z2,us3)

h7 (z3,23) " 1
h(zs,u3)  b(ug,z3)b(z3, 1)
b(z1,23)b(2zs3, 21)b(22, 23)b(23, 22)
h(z1,z2)h(z2,21) '

e~ plz)his (4.9)

e~ p(z2)li2

e~ p(23)l2s

where the last line describes the interactions between different sets of variables z; and z,.
The numerator in the last line is equal to one due to the property b(u,v)b(v,u) = 1, and
thus the integration over the third set of variables z3 completely decouples. This is what is
expected, since the left and the right su(2) fields do not feel each other perturbatively.

The integral (4.9) splits into three independent integrals of the type already studied
in [9], if it were not for the bi-local factor entangling the groups z; and z, of variables.
Remarkably, in the semiclassical limit € — 0 and Ze finite, the integration contours for the

variables z; and z, are at macroscopic distance and h(zq,z)h(z2,21) = 1 + o(e).

In conclusion, the asymptotic coupling constant is given in the semiclassical limit again
by a product of determinants. This can be used to work out a systematic quasi-classical
expansion, which is however out of the scope of this paper. Our goal here is to compute the
leading term and compare it with the result obtained on the string theory side [5]. In the

semiclassical limit the structure constant factorises as
(CI]™ o oy X oy X b, (4.10)

where the integrals @7, @% and %, defined as

h* ,
Z '% H u( z] dzj h” (z,z) Z(Zvu2) o~ ip(2)03 (4.11)
n Cuy j=1 (Z7u1) ('LI37Z>
Cuy Jj=1 (Z’ U-Q) b<Z7 113)
_ Z % H pu( z] dzj h#(z,z) % 1 e~ P(2)l23
n! Cu j=1 h(z,u3)  b(uy,z)b(z, wy)
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Neglecting the subleading factors in the product of the scalar factors, we can approximate

the functionals @7, by the objects we have already computed in the previous section,
1 "dzy Ar(z)
oy — [[ =2 [T A2
o n=0 nl ?éuk j=1 2mi 1<j <Z ,ZJ) <4'12>

where the functions Aj, Ay, A3 assemble the local factors for the three groups of integration

variables:
e—ila1p(2) J Zu e~ 12p(2) p(u , 2
O R aICL. W )
(z,u1) b(us, 2) h(z,a2) b(z, u3) (4.13)
e*i€23p(2) '
As(z) =

h(27 113) b(llg, Z) b(z, ul) ’
The three factors in the product (4.10) are exponentially small and the exponent of the
product is given by

1
log[CRI™" = — (% + % + % + o(0)). (4.14)
where % is a contour integral of a dilogarithm

% = ij{ du Lig(Ai(u)), i=1,2,3. (4.15)
Cui 27T

where the (+) sign is for su(2) and the (—) sign is for s[(2).

4.2 Taking the semiclassical limit, su(2)

To obtain explicit expressions, we will express the local factors A,(u) in terms of the three
quasi-momenta (4.19). Consider first the su(2) case where b(u,v) = o(u,v). In the leading

order in € we have (see Appendix B)

. / . /
ey’ | aplr) o ex’ L p(y)

pehinn _x_.y, polo e xé_,l’ . (4.16)
log b(u,v) — —1/Z;y_ ;- yzg(_x)l —ip(y) = 1/;@_ . + ;120(_3/)1 + ip(x)
or, after taking the product with z; = z(u;), u; € u
log h(u,u) = —i Gy(x) + i A p(x)
logb(u,u) — —iGy(1l/x) —i A Lp(a:)
log h(w,u) = i Ga(x) —i = o) L @), o
logb(u,u) — iGu(1/x) 41 A- Lp(x),
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where the resolvent for the set u is defined by®

! 1 A—1L
o= Nt (4.18)

The next step is to express the measure factors (4.13) in terms of the quasi-momenta of the

three operators

PV (x) = LAy p(x) — Gu, (2),
PP (x) = 1 Ao p(2) — Guy(2), (4.19)
P (x) = 3 Asp(x) — Guy(2).

Substituting (4.17) in (4.13) we get

Ai(z) — exp(—i—iﬁ@)(x)—z D () + ipt 1/x)
Ao(2) = exp (=ip(z) — ip? (z) — ip® (1/x))

, (4.20)
As(2) = exp (—ip®(z) — iV (1/2) +ip® (1/2)) .

Using the classical Bethe equations on the cut of p(V), we can change the sign of p™") in the
exponent and write %4, eq. (4.15), as

du D) ()45 (2)1153) (1 /2

@1:_7{ QU Lo 042 0/ (4.21)
Cuy 4T

Here we took into account that the contour of integration changes its orientation when

deformed to the second sheet. We also change the sign of the exponents in the other two
2

integrals using the functional equation for the dilogarithm, Liy(X ') = —Lip(X) — & —
%logz(—X ). This again leads to a minus sign in front of the integrals:
P — — % s (7 @i @)+ (1)
Cu2 27T
du (4.22)
Y, — — — Lip(e~ P W/m4in D (1 /m)+ip D @)y
c.. 2m
ug
The final formula is
eee]asym 1 du ip W (2)+ip? (z)+ip3) (1 /x
log[CiEIe = — 7{ T2 Lip(e P @ @0/
CU. Uu
i e (4.23)
- - f 5 Lis(e _”3(3>(I/Z)Hﬁm(x)_iﬁ(l)(x)) + subleading in e.
s

cu3

8We have set the mode numbers to zero for simplicity.
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This expression gives, up to subleading o(e”) terms, the exponent for the all-loop perturba-

tive structure constant for three heavy fields.

Let us interpret this expression from the point of view of the spectral curves of the three

heavy states which is written in termes of the classical monodromy matrix
Q(u) = Diag (Biﬁl(U)7 () ibs(w) oiba(w)|pip1(v) pipa(u) ibs(u) eim(u)) )

The finite zone solutions in this sector are characterised by cuts between 1-4 and 2-3 sheets
of the Riemann surface. The Bethe equations give boundary conditions on these cuts for
the combinations p;, = 1(p1 — pa) and pr = (P2 — Ps3), representing the quasi-momenta in
the left and in the right su(2) sectors. The spectral curve of the SO(4) sector is invariant

under the inversion symmetry = <> 1/x, which exchanges p;, and pg

pr(w) = —pr(1l/z). (4.24)
This allows to go from the four-sheeted Riemann surface in the w-parametrization to a
two-sheet Riemann surface in the x-parametrization

pr(r) = —p(1/x)

p,(z) = p(x)

(4.25)

2| >1 jo[>1
In the notations py, p(u) via (4.25), the unnormalised structure constant takes the form
1 du (1) o(2) =(3) 1 du S(3) | o(2) (1)
lOg[ I;g]ii%’ér)lpt — __% o Lig(eZle +sz2 —zpB‘:’ ) - _f - Li2<€1p}$ —HpLQ —szl )
€ Jeu iuy 27 € Jeg, 2T (4.26)

+ subleading in e.

In the strong coupling limit this expression reproduces exactly the the result of the string

theory computation, eq. (2.12).

4.3 Taking the semiclassical limit, sl(2)

In the case of s[(2) fields the scalar factors h(u,v) have asymptotics, ¢f. appendix B,

iy iply) _ e’ ip(x)
log h - - -
oBhaa (W, 0) = T T oy Tt

. . . . (4.27)
iey ip(y) iex’ ip(z)
log b, : — _
08 baiz)(w,v) - = 1/3:—y+1—1/;1:2 r—1/y 1—-1/y?
which gives
log h(u,u) = iGy(x),
log h(u,u) = —iG,(1/x) (4.28)

(u, )

(u, w)
logb(u,u) — i Gy(1/x),
logb(u,u) = —iGu(1/x).
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Substituting in (4.13), we obtain

A(z) — exp (+ip® (z) — ip™(x) —l—’Lp '(1/2)),
)

Ao(2) = exp (=ip (z) — ip? (x) — ip® (1/)) (4.29)
As(z) = exp (—ip® (z) — ip™ (1/fv)+@p '(1/x)) ,
where p*) are the sl(2) quasi-momenta,
p®(2) = §Lp(@) + Gu (2),  k=1,2,3. (4.30)

The rest is in complete analogy with the su(2) sector. Taking into account the opposite sign

of the dilogarithm, we write it as

eeeasym 1 du _ . i s\ _ (3) 1 du _ . i@ s _ (1)
odCIEI < e e [ D o
us (4.31)
+ subleading in e.

which is what is expected from the strong coupling result [21] in (2.14).

5 Bottom mirror excitations

The full result of the structure constant requires taking into account mirror excitations on
all the three edges. The general expression is too complicated to be treated here; moreover,
the interaction of mirror particles in crossed channels is affected by singularities which need
careful regularisation. The simplest, tractable case of mirror contribution is that of the
structure constant with only one non-BPS operatos, in the channel opposed to the on the
opposite edge of the physical excitations, or bottom channel, as shown in figure 2.3. These
mirror particles do not enter the sum over partitions and they do not interact with the
other mirror excitations, so they can be factorised out and considered separately. Written

schematically in terms of the fundamental excitations, the integrand is given by [25]
(W) €707 T(w) 1 (w7, w) b, w ), (5.1)

with /g = %(Lg + L3 — Ly) the length of the bottom bridge of the correlator, opposed to the
operator O;. The last factor can also be transformed to the same mirror dynamics by using
(4.6), h(u,w>7) = 1/h(w?,u). The mirror transformation = is defined as the analytical

continuation through the branch cut of the variable ™, namely 2™ — 1/x", as shown in
5.8.

In [1] the contribution of a single mirror particle was analysed, and shown to reproduce

lowest order contribution of the expected strong coupling answer [5, 21]. The full mirror
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corrections involve all the bound states, and in the integrand (2.5) all the quantities should
be replaced by their bound state counterparts. Here we are able to sum all the bound state
contribution, in the strong coupling limit, and to retrieve part of the strong coupling result.
This imply summing over all the configurations @ = {ny, no, ...}, where n, is the number

of bound states of a magnons,

[Cooo]bottom — Z 1_?[72]“' . (52)

The contribution of the configuration 7 is given by”

ot (1111 TT 2 i) aa =) o) (5.3

2me
a j=1
Y —
X H ‘W Z’J HHab z?g ’ n_znaa-
. a a<b a
1<i<j<ng 1<i<n,
1<j<ny

The integration contour is along the real axis in the mirror regime shown in 5.8. The bi-local

factors H, (24 ,zf) coupling two bound states of length a and b are given by

H(0,0) = (07, 67) (07,07 (5.4)

where hg,(u, v) is the bound state counterpart of A(u,v) and is defined in (5.7). The functions
9)(u) = go(w") and p)(u) = pe(u?) are mirror transforms respectively of the local weight
factor g,(u) and the measure p,(u) defined as

eipa (u)lp

Ga(u) = m,

(1 _ 1/x[—a] +a})2
1 — 1/altalgltal) (1 — 1/xl-dgl-al)

1
() = = 5.5
) = 3 7 (55
Throughout this chapter we are using the notation z* = x(u 4 ike/2). We want to
take the semiclassical limit of (5.2) and (5.3), focusing on the strong coupling limit g — oo.
Since the su(2) and the sl(2) cases are treated in almost identical way, we will focus on the

su(2) case and will briefly summarise the sl(2) case at the end.

5.1 Quantities for bound states at strong coupling

In this section, we determine the strong coupling limit expressions of the various quantities
in the integrand (5.3). The bound state counterparts can be obtained by fusing the corre-

sponding fundamental quantities. Notice that when we perform strong coupling expansion,

9The (—1)" factor comes from the crossing transformation of the mirror magnons ®2¢ A _gpaa,
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there are different regimes in the complex z-plane. Since the integration contours for the
rapidities z are situated on the real axis in the mirror dynamics, it is enough to analyse the
strong coupling limit in this regime [32]. The near-flat-space regime, where u is situated
close to the singularities z(u) = %1 is not relevant for this case, as we are concerned with
semiclassical strings. We have mainly to check the mirror giant magnon regime |z(u)| > 1
and the mirror BMN regime |z(u)] = 1'%, The integrals over mirror particles contain the

factor

_Eu(u 1
e~ Palwls o |z(u)| > 1 (5.6)

which strongly suppresses the contribution of the mirror giant magnon particles for large
values of the bridge length /5. We are therefore going to concentrate on the BMN mirror

regime |z| = 1.

X cut
° I: . .
physical regime
-2g' Do’ mirror regime
g g g
a4
[+a] ...
X cut

Figure 5.8: The rule for analytic continuation from the BMN mirror regime to BMN physical
regime at strong coupling, when the real axis is pinched between the branch cuts of the

Zhukovsky variables 1 and 2.

As illustrated in 5.8, the contributions from the mirror BMN regime at strong coupling
can be determined by first taking the strong-coupling limit of the relevant quantities in the
physical regime and then analytically continuing them to the lower half of the unit circle
|z| = 1. This simple rule should be applied with care for the bound-state quantities, which
may have an array of branch cuts. In this case, the passage to the mirror regime of an object
associated to a bound state of size a is done by substituting z[7%(u) by 1/2z*9 (), that is
by analytically continuing u through the branch cut of the Zhukovsky variable (7% () and

leaving the other cut untouched.

10 The denomination of the various regimes follows the analytical continuation of the corresponding ones

in the physical dynamics.
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In the strong coupling limit, the different branch cuts collapse on each other and on the
real axis and the dependence on the rapidities will be given by variable with a single branch
cut x(u). In the mirror giant magnon regime, z+% ~ 2[4 ~ 2 while in the mirror BMN
regime, where the branch cut is situated, 279 ~ 1/2[72 — 2. The net result is that after
both mirror transformation and strong coupling limit, z#% — 1/x, which is equivalent to

continuing x to the lower half unit circle U_.

Special care has to be devoted to the continuation of the dressing phase for bound states

to the mirror dynamics, where extra cuts appear. As we explain in appendix D based
n [41, 42], the dressing phase appears in combination with other functions which cancel
exactly the cuts on the real axis and all the other cuts between those of 179 (u) and 2+ (u).
The same combination has no branch cut below that of z*(u) in the physical dynamics,
therefore we are again in the situation represented in figure 5.8 and we can use the analytical

continuation from the BMN physical regime to the BMN mirror regime.

The scalar factor H,,(u,v). The scalar factor for scattering of two bound states of length

a and b is given by

Py (u, v) H H h(ul?M y21) (5.7)

_ H‘llf

The symmetric scalar factor Hgp(u,v) = hap(u, v)hba(v, u) is then given by

x[_a] — y[_b] x[+a] — y[+b] 1 — 1/x[_a]y[+b] 1 — ]_/I[J'_a]y[_b}
plta — y[—b] xl=a — y[+b] 1— 1/x[+a]y[+b] 1— 1/x[—a]y[—b} )

Hep(u,v) = (5.8)

The dressing factor dropped out from the expression of the symmetric factor. In the strong
coupling limit in the mirror dynamics H"(u, v) takes the simple form

u—v—ie“—’b u— v+ €9l
2 2

u—v+w

We notice that the pairwise interaction takes in the strong Couphng limit the same form as

the interaction of the bound states (3.19) in the asymptotic structure constant,

H(u,0) = Agy (4 08 = Ay (u — Liae, v — Tibe) (5.10)

2

the only difference being that the position of the pole is shifted to v = u 4 i(a + b)e/2.

The measure p,(u). The expression for the measure for a bound state, eq.(5.5), is

1 (1 — 1/zl-alplta)?

Ha(W) = 4 T ptralgte) (1= 1/aaa) (5.11)
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Performing mirror transformation for y,(u) and expanding at strong coupling in the mirror
BMN regime |z| = 1, we find

1
fa(u”) >~ —. (5.12)
a
The factor g,(u). Recall that
eipa(u)zB 5 13
ga(u) = m ’ (5.13)
with
[Fal _ = 1 =1/t 1 =1/l = 1
har (u,v) = ——— [x "y [r1"y (5.14)

uttel —p= 1 —1/abdyt 1 —1/al-dy=0,,

After the continuation to the mirror dynamics, o,(u”,v) has extra cuts between those
situated at u — tae/2 and u + iae/2 with u € [-2¢',2¢']. In particular, for even a one
of those cuts is situated on the real axis, i.e. on the contour of integration for the mirror
particle contribution. These cuts are compensated by an extra factor coming from the
normalisation of the transfer matrix matrix, as we will show below. The quantity we have

to consider is

RO RO

Ga = 90(W) L5 - o (5.15)

Here and below we use the notation

R(i)(u> — (w — X:F) = H(l’(u) - x:F(U,j)),

! (5.16)
BH(u) = (1/z —xF) = [[(1/2(u) - 27 (uy)).

J

where the functions R (u), B®) (u) play the role of the Baxter polynomials in the Zhukovsky
plane and encode the rapidities of the incoming state. The simplest strategy to take the
strong coupling limit of the quantity above is to compute it first in the BMN physical
dynamics and the analytically continue to the BMN mirror dynamics. This can be done
because there is no singularity to be met on the path of the analytical continuation. Taking
the strong coupling limit, one can express g,(u) in terms of the three quasi-momenta (3.49)

—Lq

ga(u) N eiap(:v)ZB+iag(:D)—iaA 5tp(z) _ eia(ﬁQ(m)%»ﬁg(m)fﬁl(x)) (517>

and, after the continuation to the mirror regime one has

ga(u'y) - eiap(l/l’)fB—iaA;Llp(l/x) — ia(P2(1/2)+p3(1/2)—p1(1/2)) ,—iaG(1/z) (518)
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We have used that at strong coupling we have, in the physical BMN regime

R+ B4

[a] = iG(z) fla] == —iG(1/z)
f %) = RO e f ) = B € ) (5.19)

where

g(m):%Zmi:i{; - EZM (5.20)

- —~ T - x(u;)
is the resolvent in the z-plane, while in the mirror BMN regime we have

f[“} (u) — e9(1/x) , f[“} (u) — e"19(@) (5.21)

The transfer matrix at strong coupling. Another important element for the
integrand is the transfer matrix, arising after summing over the various polarisations of
the mirror particles. The transfer matrix in the su(2) sector is given, up to a global factor,
by [26, 43-46])

e}

ST w)D? = (1 - Y55D?) (1 - X0 D) (1 - X14D?) ' (1-Y0,D%) . (5.22)
a=0

1 R(_)— 1 B(+)+ 1 2 1€0,
with Xy, = Xii=1, Yoo= W = f__7 Yo = BO+ = ]?_+ and D" =e .

The bar on the function 7, means complex conjugation, and assuming the rapidity u to be

real this means just changing the sign of the imaginary shifts.

A change in the normalisation of the transfer matrix can be obtained by multiplying the
shift operator by an arbitrary function, D> — — N (u) D? in the generating functional. Since
we are using the su(2) hexagon form factor as the dynamical part, we should normalise
the transfer matrices in such a way that the component in the su(2) sector is just 1. This
corresponds to taking N(u) to be R+ /RH)* = 1/f*. Expanding (5.22) and taking into
account the normalization, one obtains (see e.g. eq. (8.67) of [47])

REHd g R(H+al g
200 ~ ¢ gora T @~ Vo e

Tu(u) = (=1)°N,(u) |(a + 1) — a (5.23)

where N,(u) = NO—a NI=e+2 = Nle=1 " Notice that the bound-state quantities entering
ga(u) in (5.5) have exactly the same structure as the prefactor N,(u). Therefore we can
absorb g,(u) into the normalisation factor. This amounts to replacing N,(u) in (5.23) with

Ga(u) = No(u)ga(u) - (5.24)
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We have prefered to keep the sign (—1)® out of the normalisation factor, since it will exactly
compensate the factor (—1)™ in (5.3). Thus the re-normalised transfer matrix T, takes the

form

Ta(u) = ga(u) Tu(u) = ga(u) [(a+ 1) —a f —a f + (a — 1) I fI] (5.25)

As it was discussed in the beginning of this chapter, the re-normalised transfer matrix T, (u)
does not have any cut beyond the cuts of z¥% on the physical sheet, and no cuts within the
strip |Su| < 3ae on the mirror sheet. Therefore, the strong coupling limit of (5.25) in the
BMN mirror dynamics can be obtained by simply substituting = with 1/z in the physical
BMN expression,

To(w) = §*(w) [(a+1)—af—af+(a—1)ff], (5.26)
with f and f being those from (5.21). Let us further define a quantity
t,=g"(2— f"—f"). (5.27)

It is interesting that only these quantities will appear in the final result of semiclassical

limit. They can be expressed in terms of the transfer matrix by the following relations'!

t; =T, (5.28)
ty = 2Ty — T2

ty = 3T3 — 3T,T; + T3

ty = 4T, — 4T3Ty — 2T2 + 4T,T? — Tt

ts = 5Ty — 5T, Ty — 5T3Ty + 5T5T3 + 5T5T; — 5T, T3 + T3,

which can be derived from the generating functionals,

sasl -+6)” = (2L =5, -

Str(1—2G)™ ' = z% log Sdet(1 — 2G)™! = Zza ta-

Here “Sdet” and “Str” denote super-determinant and super-trace respectively and G a
supergroup element with eigenvalues (x1,zs|y1,72) = §(1,1|f, f). By inserting the first
equation of (5.29) into the second equation of (5.29) and comparing the coefficient of 2", we

obtain the relations (5.28). In general, the result reads

% _ Z (_l)k—l(k _ 1)' H ’71;5’!1, k= Zna. (530)

iy, Naa=n a

1 The relevance of this type of relations to clustering of mirror bound states was pointed out to us by
Benjamin Basso. These relations are valid in the semiclassical limit only, both in the BMN and mirror

dynamics, therefore we have dropped the arguments which specify the dynamics.
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5.2 Clustering the mirror particles

We have now prepared all the ingredients necessary to take the strong coupling limit of the
contribution of mirror particles. After substituting the strong coupling quantities in the

BMN mirror regime evaluated in the previous chapter, we obtain

e dzd , ,
B[] _/U HH 27“; Ta(z5) H Aga(2f, 2) X H Auw(zf — Liae, 22 — Libe) (5.31)
Toa g=l 1<i<j<nq 152
1<j<my

Here By, [ri] stands for the strong coupling limit of B[7] in (5.3). Since in the strong coupling
limit T,(z) has a single branch cut, the one of the Zhukovsky variable z(z) situated on
the real axis, one has to specify the contour of integration. By convention we denote by
x the determination z(z + ¢0) and by 1/z the determination z(z — i0), when z is real.
In agreement with the argument on the analytical continuation we have employed in the
previous chapter, the integrals in (5.31) run on the contour just below the Zhukovsky cut,
U_ = [-2¢ —i0,2¢" — i0], where the determination of the Zhukovsky variable is 1/x. The
resummation of (5.2) will employ a method closely related to the clustering method from

the asymptotic case.

The mechanism of clustering for mirror particles. In the asymptotic case, the
contour of integration is closely surrounding the roots u. By deforming the contour, we pick
up poles z;, = x; + tme which leads to clustering and makes it possible to safely take the
semiclassical limit. Here the situation is slightly different since the contour is along the real
axis in the complex z-plane. The integrals are independent except for the factors A,, which
become important at |z; — zi| ~ e. At strong coupling, it is convenient to use as rescaling
factor e = 1/2g. When g — oo, the two poles of A, are approaching each other and pinch
the integral contours on the real axis 2. In order to avoid this singularity, we can deform
the contours. Again the deformation of contours will catch poles and leads to clustering.
Here we are interested in obtaining only the limit ¢ — oo and not the 1/g corrections, which
are more involved and which are left for a future work. A more straightforward, equivalent

way to obtain the result is to notice that
Aup(z1 —ia€/2, 29 —ibe/2) = 1 — §ap(21 — 29) (5.32)

with d44(2) the contribution of the singularities pinching the integration contour, which

becomes a delta-like function as g — oo,

dz ab
/ﬁ (Sab<2) = i (533)

12This is the contour pinching which is alluded to in [10].
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Evaluating the contribution from J,,(z) will be equivalent to the clustering procedure.

Let us analyse some simple examples in order to illustrate the idea. Let us organise the
sum of (5.2) as

ooo ottom BSC[ﬁ]
C bottom __ ZB”’ B, = Z Ll (5.34)

and consider By, By and B3s. We have

B, — / T / i (5.35)

dz1d22 1 dz
B2 = 5 / (27‘[‘6) (Zl) (ZQ)All(Zl, 22) + = /-Tg(Z)

Using (5.33) the first term of By can be re-written as

% / %Tl(am(@) _ 411 / 42y (5.36)

where in the first term of (5.36), the integrals for z; and z» are independent. The second

term of (5.36) comes from taking the pole or clustering. Using the second line in (5.28), By

B, — % (/ %tl(z))Q + %1 / %tg(z). (5.37)

In appendix E we show that the third term in the expansion is equal to

Bj :% (/ %t@))li (/ %m@)) (/ %m( )) + %/%ta( ) (5:38)

These three terms are consistent with the expansion of the exponential of a sum of diloga-

can be written as

rithms. In the next section we prove that the full expression is indeed the exponential of a

sum of dilogarithms.

Combinatorics of clusters of bound states. Now we can perform the clustering
of bound states in the mirror channel in full generality following the pattern we have just
explained. We start with the sum over bound states with the interactions Ag,. After
taking into account the contribution of the poles d,,, which is equivalent to clustering, we
re-organise the bound states. The final result is again a sum over bound states, but without
the interactions d,, and with a different combinatorics factor. It is this combinatorics factor

that we are going to determine next.
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As a first step, we consider the problem of clustering & bound states into a single bound
state. The initial bound state configuration can be labeled by 7 = {nq,ng,-- -} where n, is

the number of the bound states of length a. Let us denote
n= Z N @, k= Z Na (5.39)

so that k is the initial number of bound states and n is the length of the resulting bound

state. The big bound state is obtained by clustering the following product
MNa T

1T H (5.40)

The clustering rule for the bound states of length a and b is given, according to (5.33), by
Talz) | Tolz) |, Talz)Tolz)

5.41
a b a+b ( )
Therefore, the clustering of k£ bound states with the initial configuration 7 gives
rr Tal k—1)!
11 H1 1)’”% [ Tatzi) (5.42)
a j a

where the factorial (kK — 1)! takes into account different orders of clustering. The last
expression, when summed over all the configurations of initial bound states with weight n,

gives, upon using (5.30),

(k=D Ta(2)™  t
—1)* i = == A
ﬁ'zzn:a:n< ) n 1:[ na! n? <5 3)

We recognise here the factor 1/n? which is necessary to reconstruct the sought-off diloga-
rithm, and which appears as a non-trivial combination of the 1/n factor from the measure

of integration p,(z) and the 1/n factor in the t — T relations (5.30).

In order to complete the proof, we have to also consider the generic case when the set
of bound states 7 = {ny, na, - } cluster into bound states d = {d;, ds, - - - } where d; is the

number of bound state of length [. Again, as in (3.33), we find it helpful to use alternatively

the non-decreasing sequence {qi, qa, -+ ,qm} to caracterise d. The total number of cluster
in the final state is denoted by m =), d;. Each bound state g; in the final set is obtained
from fusing a subset 7) = {ngj), ngj), -+~ } of the initial bound states 7 = {ny,ny,---}. To

prepare the clustering we split the initial factor as

TP T TE ... = AR 5.44
1 +2 +3 - H 1 2 3 ) ( : )
Jj=1
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such that

anj)a:qj, anlj) =kj, inflj) ="ng. (5.45)

j=1
Let us now count the symmetry factors. First, there is the factor from the definition (5.2).
Second, a permutation of the bound states of the same length in {¢, s, - ,¢n} leads to

the same representation d and we have to take care of this redundancy as well. Together,

these symmetry factors are given by
1 1
a l

Next, there is a factor

(1)
na! na na, - na
_ e 5.47
Hf 1 ng)! <”l(ll)) ( ny ) ( )

coming from distributing n, bound states of type a into the different sets ng G)

. By clustering
7Y into a single bound state of length g¢; one gets the same factor as in (5.43) for each j.

We have then
(7)

dzj k-1 (kb — Dy Tae ( ;)
Hdl H / Rl | By (5.48)
TL(])Z n(aj)a —q; J a a -

d i (Z
-5~ H/;ﬁ;

where we have used (5.30) repeatedly. By is the contribution of the bound states after

clustering d, not to be confused with the contribution before clustering, BJ[7i]. Using the

same argument as in section 3.4 we can write the final answer as

eoo]bottom dZ tn(Z
[Cooe]bott :ZBJ:eXp/Q—mZ n2) (5.49)
d n

5.3 The su(2) bottom mirror contribution

The result after clustering is remarkably similar to the result for the asymptotic case (3.36),
with the exception that we are now in the zero shift limit and that t,(z) is composed from

four terms. In the su(2) sector'®

2 = gr (141 — f"— ). (5.50)

13The combination of these four terms for n = 1 in the s[(2) sector was considered in appendix M of [1].
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Here we obtain the full expansion of the dilogarithm

1
log[Ceee]Pottom — / 2d_z (Lig [0/ L, [0 090 012)=p00/)]
_1 4T€

1
_ / 2d_z (Liz [ei(ﬁ<2>(x)+z5<3)(m)—ﬁ(l)(w))] i [ei(ﬁ@)(x)+15<3)(x)—13(1)($))]) 7
_1 &T€E

(5.51)

where p;(z), pi(z) with ¢ = 1,23 are the AdS and the sphere parts of the quasi-momenta
of the three operators respectively. Contrary to [1], here it is the sphere part of the quasi-

momenta which is non-trivial,

V() = $8p(r) = Gulw), $M(@) = Lep(e), k=23,
ﬁ(l)(x) = %A p(z), ﬁ(k) () = %Lk p(z), k=273, (5.52)

where p(z) = z/g(x* —1). In writing (5.51) we also have used p(1/x) = —p(z), as well
as the functional equation of the dilogarithm. The integration path in (5.51) is understood
as follows: choosing the determination 1/z(z) for the Zhukovsky variable in the first line
means that we integrate below the cut, on the contour U_, while choosing the determination
x(z) means we are integrating on the contour U, above the cut. The integral (5.51) can be

recast as a contour integral on the contour U surrounding the cut counterclockwise,
log[cooo]bottom :7{ ﬁ (Liz [61'(13(2)(m)+ﬁ(3)(z)*ﬁ(1)(x))} — Liy |:€’L'(ﬁ(2)(m)+ﬁ(3)(z)*ﬁ(1)(x)):|> . (5.53)
2me
U

This result agrees with the second line of the strong coupling string result (2.13) obtained
in [21].

5.4 The sl(2) bottom mirror contribution

The computation of the wrapping corrections in the s[(2) sector goes along the lines of
the computation in the su(2) sector, the only difference being that the hexagon amplitude
h(u,v) and transfer matrix get replaced with their s[(2) counterparts. The measure p(u)
and the factor H,(u,v) are exactly the same as in the su(2) case, while hg2)(u, v) is defined
in (3.50), so that

ipa(u)lp RO)=dl
sl(2),y — © _ ~ 5u(2)
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We deduce that the analyticity properties of g4 > (u) are the same as the ones for §*® (u).

(2)(

The transfer matrices T, u) are defined in terms of the generating functional

Z(_l)aTy—” (u)D** = (1 - Yo,lDZ)_l (1-X1:1D%) (1 - X5,D%) (1 - Y272D2)_1 ;
a=0
(5.55)
. RH)— B BWH+ RH)- - ) o
with X271 = Xl,l = R(_)_ = f s YQ’Q = ]_, YE),I = WF = f_“‘? D =ce¢ .

The explicit expression of the sl(2) transfer matrices, correctly normalised, is more com-
plicated than (5.23) and it is given by equation (H1) in [1]. Even if it’s not immediately
obvious, the matrices T, (u) have only two cuts situated at distance iae. The remaining cuts
vanish by virtue of the symmetry of T, (u) with respect to the exchange z* <+ 1/2[ for

k # +a. Again, we can redefine the quantities
T2 (1) = [ga(w) T (w)]) @ (5.56)

which have the required analytical properties to allow continuation to the mirror dynamics.
In the strong coupling limit, the matrices T,(u) defined as above obey again the t-T relations
(5.28), this time with

tr® = (=) g/ "2~ 1= ). (5.57)

The sign (—1)" compensates the one in (5.3), while the extra minus sign accounts for the
exchange of the sector carrying the non trivial excitations. All in all, the result of summing
out the mirror excitation gives an expression identical to (5.51) and (5.53), with the quasi-

momenta being now

PV (@) = 1Ap() + Gu(z), () =LLip(e), k=23
pP(x) = JLep(e),  k=1,2,3, (5.58)

)

Again, the result agrees with the second line of the strong coupling string result (2.15)
obtained in [21].

6 Fredholm determinants and free fermions

As it was already remarked in [1], at strong coupling the bi-local scalar factors become
the same as those at tree level. This allows to recycle the techniques developed for the

tree-level structure constant in [6-9, 48]. The techniques in question, which we will refer
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to as determinant methods, reformulate the problem in terms of several equivalent objects,
Fredholm determinants, free fermions and chiral Toda theory, which are related to the

fermionic system by bosonization.

Although we already obtained the solution of our problem by the combinatorics of
clusters, it is potentially useful to give an alternative derivation, which will recast the
solution in a nice operator form and potentially give us intuition about how to adjust our
method to more general class of correlation functions. To our surprise, the determinant
methods work with remarkable efficiency for the resummation of the mirror channel in
section 5.2, where they led naturally to an object which could be named “quantum spectral
determinant”. The quantum spectral determinant is the determinant in the functional space
of a finite-difference operator, obtained by replacing the spectral parameter in the spectral
(super)determinant with the shift operator D?. The finite-difference operator in question
already appeared in the literature [43-45] in the guise of exact generating function for the
transfer matrices, c¢f. (5.22) and (5.54). Our analysis shows that this operator is not just
a formal expansion, but has a deeper meaning and will certainly play important role in

building analytic methods to study the correlation functions.

It is worth mentioning that the fermionic formalism allows to reveal a hidden integrable
structure of the structure constant and identify it (at strong coupling) as a 7-function of the
KP integrable hierarchy'*. This means that the structure constant satisfies an infinite series
of non-linear PDE as a function of the conserved quantities characterizing the operators
01,0, and O3. This integrable structure is not really necessary in the context of this work,
because we have already found the explicit solution, but it could be useful for studying more

complicated objects as the I-I-I type structure constant.

In this section we will focus on the description via Fredholm determinants. We will
show that not only the leading term in the semiclassical limit, but the whole semiclassical
series can be given a condensed formulation in terms of a Fredholm determinant. We
will only briefly mention the fermionic and the bosonic QFT realizations of the structure
constant. In particular, we will give an interpretation of the semiclassical result (3.40) as the
grand canonical partition function of free fermions living on a line. More details about the
representation in terms of chiral fermions can be found in [9, 50]. Our goal in this section
is mainly to give an intuitive explanation of the combinatorial factors obtained in sections
3 and 5.

14Guch a statement has been made in [49]; we evoke a different realization of the r-function.
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6.1  Multiple contour integrals as a Fredholm determinant

With the help of the Cauchy identity

Ty (m—a)? det (%) (6.1)

€ (zj —zp)? + € Gk \zj — 2 + i€

the n-th term in the expansion (3 16) can be put in the form

/H Z;Jz det ( . Z]l ZE) - (6.2)

Then the sum o = 1+ 11 + Io+. .. in (3.16) takes the form of the expansion of a Fredholm

determinant,

oo _1)"
o =Det(1-K) =3 ( m) 7{ da ...z detK (3. ) (6.3)
=0 . Xn

with the integral operator K defined as '°

1 F(u)
K =@Qdz K K = — 6.4
v = s K)o, Kl = 5ot (6.4
The logarithm of the Fredholm determinant is a series of multiple integrals
1
log Det(1 — K) = —]{dz K(z,2)— 5% dz1dze K(21, 22) K (29, 21)
C Cx2
1
— g f d21d22d23 K(Zl, ZQ)K(ZQ, Zg)K(Zg, Zl) + ... (65)
Cx3
The Fredholm operator in (6.4) can be represented in the factorised form
K =FD*P, (6.6)
where D? = ¢%? is the shift operator and P, is the Cauchy transform
1 1
P dz — —— 6.7
L U0) = § e 5 U ). (67

The semiclassical limit of (6.5) has been studied in [9], where the first two terms of the

semiclassical expansion
1
log%:—ﬁo+ﬂ1+eﬁg+... (68)
€

have been obtained. Compared to the analysis in [9], the method of clustering described
in section 3.3 is more powerful because it allows to obtain, after some combinatorics, the

whole semiclassical expansion.

15Tn the particular case when F is a constant in the interval [—L/2, L/2] and vanishes outside this interval,

the Fredholm determinant has been computed for by Michel Gaudin [51].
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6.2 The leading term by Fredholm determinant

The operator formalism provides an alternative (shorter, but not rigorous) derivation of the
leading term of the semiclassical expansion. It is based on the following approximation for

the n-th power of the operator K,
K" = (FD’P,)" = (FD*)"P, + subleading. (6.9)

Replacing P, with the identity'® on the rhs is equivalent to retaining only the contribution
of the poles at 21 = z;+14e. The operator K™ in this approximation is an integral operator

with kernel

1 Fn(Zl)
K" S ——— 6.10
(21, 22) 2mi 21 — 22 + ine’ (6.10)

where the function F),(u) is defined in (3.25). Now we can evaluate the sum in (6.5) as

Trlog(l — K Z/de” z,2) j{ Z n2 , (6.11)

which coincides with the expression (3.38) obtained by the clustering method. This operator

representation will be particularly useful when computing the wrapping corrections.

6.3 The leading term as the free energy of a Fermi gas

The above result can be given an intuitive explanation by the analogy with a grand ensemble
of one-dimensional fermions living on the contour C. We place for simplicity the integration
contour C along the real axis, from left to right, and close it at infinity in the upper half-plane.
This simplifying assumption does not change the short distance behavior, in particular the
mechanism for clustering. The Cauchy transform (6.7) acts as the projection operator to the
functions analytic in the upper half-plane, which we choose as our Hilbert space. Such are
the wave functions of the right-moving fermions. The Hilbert space H. of the right-movinf

fermions is spanned by the plane waves
Ur(2) = (2]k) = e**/¢ with k > 0, (6.12)
while the dual Hilbert space H_ of the left-moving fermions is spanned by the plane waves

Up(2) = (k|z) = e”**/¢  with k > 0. (6.13)

Tmagine that the contour C is deformed so that the new contour obtained from C by translation z — z+ie
is inside C. For that the contour should be stretched to +ico. Then the operator Py is the identity operator

in the space H, of the functions analytic inside C.
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The plane wave decomposition of the identity operator in H, is
o < dk 1 1
k)(k| =P P = — (z1]k)(k =— — 6.14
[ W =P (P = [ @) = 5 s (614)
The fermions are allowed to have only positive energy k and their wave functions are the
plane waves (6.12). The grand canonical partition function of the fermionic ensemble is
given by the Fredholm determinant (6.3), with the Fredholm kernel (6.4) playing the role

of a density matrix in coordinate representation:

< dk
K(z,u) = / — F(2) (z]k) e™" (k|u). (6.15)
0 2me
The coordinate u and the momentum k = —ied/0u are canonically canonically conjugate
operators
[u, k] = ie (6.16)

and the limit € — 0 corresponds precisely to the semiclassical limit of this free fermion
system. In the semiclassical limit the logarithm of the function F' can be considered as an

external potential which adds to the kinetic energy k of the fermion:
Ea(u, k) = k —log F(u). (6.17)

As is well-known, the grand potential in the semiclassical limit is given by the integral over
the phase space of the right-moving fermions,
1 [d o
Ino/ ~—— % _u/ dk In (1 — e_ECI(“’k)) . (6.18)
0

€ 27
C

Performing the integration over k, we reproduce the leading term in (3.39). Note that the
discussion here is in complete parallel with the Fermi gas approach to the ABJM matrix
model [19]. In that context, the subleading corrections can be determined by the Wigner-
Kirkwood expansion [52, 53], which can be carried out e.g. by the method of co-adjoint
orbits [54]. It would be an interesting future problem to apply it to the three-point function

and try to compute the subleading corrections systematically'”.

6.4 Semiclassical expansion by nested Fredholm determinant

It happens that the exact result (3.36) obtained by the nesting method can be expressed in
terms of a (different) Fredholm determinant. Applying the Cauchy identity as in (6.1), we

17Conversely, we can apply the clustering method to the AB JM partition function and obtain the leading
term in the M-theory regime. This is demonstrated in Appendix F.
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can write the integrand /summand in the n-th term of the series (3.36) as

1

j=1

n

T a2 = (1) A Ky 2120, (6.19)

g<l

qu

where the matrix kernel K = {K_, 4, (21, 22) g1.qo>1 is defined by

L th(zl) 1

K , —.
2w qu 21 — 2o+ leqq

q1,92 (Zh ZQ) =

(6.20)

This turns (3.36) into the expansion of a generalised Fredholm determinant Det(1 — K).
In addition, this is a "nested Fredholm determinant” in the sense that the integration
for the n-th term of the expansion is performed for a nested configuration of contours
Ci < (Cy < ... < (C, associated with the contour C. The relation C; < Cy means that C;
is inside C,.'® All contours C;, from the nested configuration are obtained from the contour
C by a continuous deformation without crossing poles or other singularities of the function
F(z).

It is important that the matrix elements of the generalised Fredholm kernel (6.20) depend
only on the first index ¢;. This allows to replace the matrix kernel K with a scalar kernel,

but of different functional form. Indeed, in the expansion

log Det(I — K)pested = — Y f{ dz K, (2, 2)

q>1
1
o 5 Z fé cdzl dZQ qu,Q2 (’217 Z2)KII2,q1 ('227 Zl) — ... (621)
q1,q2>1 7 1<tz

the sums over ¢; decouple and the matrix kernel K can be replaced with a scalar kernel

1 = 1
K — . 6.22
(21, 22) = omi ; 21 — 29 + iqe ( )

As a consequence, the quantity &7 is given by a nested Fredholm determinant of the scalar
kernel K:

o = Det(I— K)pested - (6.23)

A convenient operator expression for .7 is obtained by representing the kernel K in a
factorised form, as we did for K in (6.6),

K:Z?‘] D¥Py =) P, = —log(1— FD?) -P,. (6.24)

q=1 9

18This also means that the two contours remain separated at finite distance in the limit e — 0.
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6.5 CFT representation

The representation as a determinant enables us to use the formalism of quantum field theory
and 2D conformal field theory as in the case of random matrix models [55]. To formulate the
semiclassical expansion in QFT terms, we first identify the fermionic system associated with
the determinant (6.23) and transform it into a bosonic collective field theory. Let us first
remind the representation, given in [56], of the original “unnested” Fredholm determinant
(6.3) as an expectation value of two-dimensional chiral fermion 1), with with two-point
function (0]1(2)y(u)|0) = 1/(2 —u) and interacting with a common external potential
determined by the function F. We have (for the details we refer to [9, 56] )

o =(0]exp f & P) SED(E) (6.25)

C

The nested Fredholm determinant (6.23) has the Fock space representation

o =(0) (exp [ 355 o1 - F(z)Dwz)) 0). (6.26)

nested

where the “nested exponent” is defined as

(exp /C dz f(z)>nested = Z% ]{ dzy .. dzy, f(z1) ... f(z). (6.27)

k=0 Ci< ...< Cg

This simple fermionic system can be transformed into a chiral Toda-like theory by two-
dimensional bosonization, ¥ — e® 1) — e ®. In the bosonic theory, the g-clusters are

represented by the vertex operators
V,(2) = e~ () pd(2+ige) (6.28)

which are electrically neutral but have dipole charge ge. The function A,,,(u,v) defined
by (3.19) is the correlation function of the dipoles V,(u) and V,,(v). The leading term is
the free energy of the gas of dipoles in the external potential —log F', in the dilute gas
approximation. Taking into account the interaction generates a series of connected graphs
which is the QFT formulation of the cumulant, or Mayer, expansion. For instance, the
subdominant term in (3.39) is given by the connected correlation function of two vertex

operators.

6.6 Wrapping corrections by Fredholm determinant

The sum over the mirror particles has a form very similar to the asymptotic contribution

after being reformulated in terms of multiple contour integrals. It is possible that this latter
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formulation is more fundamental than the sum over partitions. Remarkably, the strong
coupling limit of the contribution of the mirror particles associated with the bottom edge,
eq. (5.2), can also be converted to a Fredholm determinant. The derivation is again based
on converting the bi-local products into determinants with the help of Cauchy identity.
All statements and derivations in this subsection are valid only to the leading order in the
semiclassical strong coupling limit. It is of course desirable to develop these techniques
beyoud the leading order, but this is far beyond the scope of the research presented in this
paper. Since we are interested only in the leading behavior, we can rescale € so that 2ge = 1
and then take the limit ¢ — 0.

Let us consider for definiteness the case su(2). The analytical properties of the T-
matrices allow to perform a shift T, — T in the original integral along the real axis in
the mirror dynamics. This leads to (5.31) with 2* — 2% +iae/2. After the shift, the bi-local

factors Ay, which give the asymptotics of H],, transform to

Agp(z —iae/2, 2z —ibe/2) — Ayy(z — iae, 2" —ibe) = Apo(2, 2')

and (5.31) can be written equivalently as'’

roeodzt
Bsc[n]—>/U HH FZLETL Iz H Agal(2,28) % H ANpa(2f,20). (6.29)
Toe = 1<i<j<na 122
1<j<ny

The next step is to write the re-organise the sum of all B[fi| in (5.2) as a sum over all
possible sets I of double indices {i,a}, with a and i being otherwise unrestricted positive
integers. Then for any set I we express the product of the factors A in the rhs of (5.31) as

a Cauchy determinant of size k = |I|. This allows to write the sum over all B[ri] as

[e.e] —a

1 dz® T (29)

eco]bottom J j

[ 123]511(2) - E 7l E /U H i gsz 0 ae (6.30)
k=0 |I|=k {i,a}el v J

Reasoning in the same way as in the derivation of (6.23), we express the right-hand side

as a Fredholm determinant

rhs of (6.30) = Det (I + iKa> : (6.31)

a=1

where the term K, in the Fredholm kernel is associated with the transfer matrix T,:
1 THw)

K, (21, = — 6.32
(1 Z2) 2T U — U — 1ae ( )

19Tn the sl(2) case the factor (—1)™ in (5.2) is not compensated and should be added in (6.30). This will
lead to a factor (—1)® in (6.32), (6.33) and (6.35).

48



The Fredholm determinant (6.31) can be computed with the help of the explicit ex-
pression for the generating function for the transfer matrices, generating function for the
transfer matrices, (5.22) for su(2) or (5.55) for s[(2). For that we represent the integral

operator with kernel (6.32) can be written in a factorised form
K, =T D2ep_, (6.33)

where the operator P_, which plays the role of the identity operator,?’ acts as

P_t(u) = /U IO (6.34)

- 2mi u— 2z —i0

Now the sum in (6.31) turns out to be exactly the generating function for the transfer

matrices, multiplied from the right by the operator P_,

oo
[Cr53]eey™ — Det (Z Tl D=2 P) : (6.35)
a=0

Both generating functions are products of operators whose determinants have been
already computed in the semiclassical limit ¢ — 0. This fact allows us to write the
determinant (6.31) as a product of simpler determinants for which we already know the
semiclassical limit. (Since the operators act in a functional space, the factorisation to a
product of determinants is not exact, but it is corrected by subleading factors.) Let us see

that this indeed reproduces the result obtained by clustering.

The su(2) bottom mirror contribution. To evaluate the sum in (6.35), we take the

complex conjugate of the generating function (5.22),
STThaD = (1-gD?) (1-gf'D?) (1 - gf D). (6.36)
a=0

where f = R /R f = B /B and the function g(u) is defined (5.13). Following the
prescription of section 5.1, which is valid at strong coupling, will first take the semiclassical
limit of these functions and then continue analytically to the lower edge of the Zhukovsky

cut. This amounts to replacing

STThdp 5 1-VT'D?) (1-XD) T (1-Y D),  welU. (6.37)
a=0

20Up to exponentially smal terms the operator P_ is the identity operator in the space H_ of functions
analytic in the lower half-plane and decaying exponentially for £ < —1 or « > +1 on the real axis (in the

normalization 2ge = 1).
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where

Y (z) — eP@+im@=in@) gy eh(l/e)ima(/n=iba(l/e) |y () emipl@) FFE (6.38)
In the limit we are concerned with, the last factor in (6.33) acts as the identity operator
and the product (6.37) is a product of operators of the type (6.9) whose determinants we
know how to compute. Since in the leading approximation the determinant of a product of
operators equals the product of their determinants, the contribution of the bottom particles

is given by the product

Det (1—17_1 D—Q) Det (1_y—1 D—z)
Det(1-X~-1D~2) Det(1-x-1D-2)

(5 louny ™

Det (1—D2 f/) Det (1—D2 Y)
~Y

"~ Det(1-D%X) Det(1-D2X) (6.39)
Evaluating each of the factors by (6.11), we write
loglCags beiom / (LY (2)] + L[ (2)] - 2La[X(2)).  (6.40)

Using the relations Y (u — i0) = —1/Y (u +i0) and X (u — i0) = 1/X (u + i0), this linear
integral can be further expressed as a contour integral around the Zhukovsky cut (or along

the unit circle in the z-plane)

loglCIs ™ =+ f 5r (LialY (@) - Lin(X () (6.41)

which coincides with the semiclassical expression (5.53) obtained by clustering.

We have found that the contribution of the bottom mirror particles is given in the strong
coupling, semiclassical limit by the determinant the generating function for the transfer

matrices considered as a difference operator:
Crsslboeom = Det™ (sdet (1-GD?) ) G = diag(X, X |Y,Y). (6.42)

When the operator D? is considered as a classical expansion parameter as in (5.29), the su-
perdeterminant in the parenthesis gives the equation of the classical spectral curve W (z, u) =
sdet (z — G(u)) = 0. The fact that the spectral curve appears as an operator (sometimes

called “quantum spectral curve”) is very intriguing and merit to be better understood.

The sl(2) bottom mirror contribution. Proceeding in the same way as in the su(2)
case, we first write the s[(2) analog of (6.29), which differs only by a sign (—1)". Then we
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express the determinant in terms of the generating function for the T-matrices (5.56), which

can be written in the form

ST D = (1- g D) (11— g D) (1-g fIDf) (6.43)
a>0
Evaluating the determinant as in the su(2) case and taking into account the asymptotics
(5.17) and (5.21), we obtain an expression identical to (5.53), with the quasimomenta given
by (5.58).

There is no principal difficulty in computing the subleading term on the rhs of (6.41),

0 2 correction to the approximation

which is of order €’. The subleading comes from the ¢
(5.9), as well as from the subleading term in the expansion of the logarithm of the functional
determinant (6.42). The latter will contain diagonal terms of the form (3.39) with F' replaced
by X and Y, as well as a cross term, which represent a correction to the factorised form

(6.39) of the determinant.

7 Conclusion and outlook

In this paper, we developed two different methods to take the semiclassical limit of three-
point functions in the su(2) and sl(2) sectors of N' = 4 SYM theory. The first method
is based on contour deformations of the multiple contour integral representation of the
structure constant, which leads to formation of bound states, a phenomena which we call
clustering. The second method applies the generalised Fredholm determinant and the Fermi
gas approach. Using these methods, we analyse in detail the semiclassical limit of two

configurations of three-point functions.

For the type-I-I-II case where all the three operators are non-BPS, we take the semi-
classical limit of the asymptotic structure constant at any coupling both for su(2) and s((2)
sectors. For the simpler case where two operators are BPS and the third is non-BPS we
are able to achieve more. Apart from the semiclassical limit of the asymptotic structure
constant, which is a special case of the previous type, we are able to take into account
the contribution from all the bottom mirror excitations. The multiple contour integral is
considerably more complicated compared to the asymptotic part and we can only take the
semiclassical limit at strong coupling. We compare our results of both configurations at

strong coupling with the string theoretic calculation and find that they match precisely.

Our work leaves many interesting open questions to be explored in the near future. One
immediate problem is to take into account the contributions from mirror excitations on all

the three mirror edges in order to obtain a complete result of the structure constant. It
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is known that when the rapidities of two mirror excitations on two different mirror edges
coincide, the integrand is divergent. Once these divergences are properly resolved, we can

further develop our method and try to reproduce the full result at strong coupling.

The results obtained in this work for asymptotic part are valid at any coupling while
for the bottom mirror contribution we only take the semiclassical limit at strong coupling.
It is desirable to fix this imbalance by studying in more detail the semiclassical limit for
the mirror parts at finite coupling. The Zhukovsky cut disappears at finite coupling since
g = ge — 0, but it is not clear whether the wrapping correction will disappear as well. We

are planning to address this problem elsewhere.

We also restricted our analysis to the simplest set-ups, namely the type-I-I-II case and
the BPS-BPS-non BPS case. Results both at strong coupling and weak coupling based on
classical integrability techniques strongly suggest that our method can be generalised to
more general set-ups, in particular the type-I-I-I case. This is one of the most interesting
and at the same time challenging configuration where all the three operators are entangled
with each other and the result in general does not factorise into simpler building blocks. At
weak coupling, the semiclassical limit was obtained very recently in [21] by using similar
methods as those used at strong coupling. Reproducing this result directly from the sum over

partitions, both at tree-level and at finite coupling, remains an important open question.

Another direction of generalisation is to consider three-point functions with operators
in other sectors, especially those higher rank sectors. The spectral problem has an elegant
solution in the semiclassical limit in terms of algebraic curves. Our result in the semiclassical
limit shows that the structure constants in this limit also takes a compact form and the
dependence of three operators are only through the quasi-momenta. It is tempting to
conjecture that this compact form survives for higher rank sectors. If this were the case,
we will have an equally elegant description of semiclassical three-point functions in terms

of the spectral curves.

It is also important to take into account the subleading corrections in a systematic
manner. In our approach, the computation of the subleading corrections is straightforward
and is given by the Mayer expansion of the gas of clusters. In the fermionic formalism, the
Mayer expansion becomes the standard semiclassical expansion for the bosonised system. It
would be interesting to compare our formalism with the Fermi gas approach developed
in [19], where the subleading corrections can be worked out by the Wigner-Kirkwood
expansion. The efficiency of the two methods can be compared on models which exhibit
the clustering phenomenon, but whose subleading corrections (at all order) are nonetheless
completely determined by the Wigner-Kirkwood expansion. An example of of such a model

is considered in Appendix F.
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We would like to emphasise that we consider the methods developed here as more
important than the final results, which just confirm what has been widely expected. First, in
our formalism the asymptotic part and the wrapping corrections look very similarly and are
evaluated by the same method. Second, we were successful in computing the sum over the
mirror particles due to the appearance of the “quantum spectral curve” as finite difference
operator whose classical limit is the classical spectral curve. The contribution of the mirror
particles is given by the determinant of this operator in the functional space. The fact
that the final result depends only on the eigenvalues of the monodromy matrix could give
us a hint how to generalise the approach to the whole symmetry group, shortcutting the

intimidating sums that appear in the hexagon proposal.

Finally, it is worth mentioning that similar integral representation shows up in the study
of stochastic processes. In particular, the integral appears in the resolution of identity. This
may provide us with new insights in understanding the origin of integral representation of

structure constants in the present work.
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A An example for clustering

In this appendix, we give an explicit example of clustering. Consider the case n = 3, we

have
dzi1dzedz
b _f I—Qi”z))F(ZQF(Z?)F(%)A(ZhZz)A(Zsz)A(Zz,zs) (A1)
e (2me)
1. Deform contour of z3, we obtain
d dzd
I = i 2:; 7{ 22;:2 VF(20) F(23)A (21, 20) A2, 23) Al 2, 23) (A.2)

1 dzdz
" 2 fgu (2711‘6); F(21) Fo(22) Ara(21, 22)

1 dzdz
+ 5%2 ﬁFQ(Zl)F(ZQ)AQI(Zh 252),

2. Deform contour of x5 in (A.2), we obtain

%72 ;l;ij{ %FQ (21)F(23) A1 (21, 23)

%7{ ;Zfej{ %F (21) F(22) Ava(21, 22)
+%?£2 ;lfej{ %FQ (21)F(29) A1 (21, 22)
+2 % %72‘ ;l—?iF:s(Zl)

The three terms containing a double integral are equal, so that we therefore obtain the

multiplicities in figure 3.7. The procedure can be generalised to any number of integrals.

B  Scaling limit of the sl(2) and su(2) scalar factors

Here we give the crossing transforms of the scalar factor hg2) = hpp and hg2) = hyy and
their semiclassical limit. We recall first the definitions of the various objects, together with

their properties under the crossing transformation,

r —y 1 - z—1y+ 1

hﬁ 9 = 9 B]_
[(2) (u U) T — y+ 1 - gc+1y+ O'(U,7 ’U) ( )
hi2) (™7, v) _ x+1y_ o(u,v) o(u,v)
s1(2 ) - ) - )
. S Alu, v)



T =y - 1y+ 1
rt—y 1-— x+y+ o(u,v)’
2 y* ; 2
hsu(z) (U™, v) = = o(u,v), bey2) = e_lp(”)hsu(g)(u T v) = o(u,v).

The other transformation properties used are

2 (u",v) = 1/haz) (v, u)
Dy ( et haic2) (u, v),

( Tv) = 1/hsu ( u)

hsu ( el UQ'Y ”)hsu(g)(u,v).

hewz)(u ,v) =

v) =
) =
) =
) =

The semiclassical limit € — 0 of the various quantities is
i (2% — a® + xy — y)
g =1 (y*—1)(z—vy)
iey’ | ap(e) o dea’  ip(y)
r—y y -1 y—z 22-1
log bey2y(u,v) =logo(u,v)
= 10g haue)(1/2,y) — ip(y) = log hau) (2, 1/y) + ip(z)
ey ip(z) , B 1ex’ N ip(y)

:_1/x—y_y2—1_Zp(y) 1/y—x 22-1

log heu2)(u, v) —

+ip(x)

izy(ry — 1)
9@ =1)(y*=1)(z—y)
ey aply)  ied N ip(z)
r—y 22—1 w—y y2-1
log bg[(2) (U, ’U) — IOg hs[(g) (1/1’, y)
ey iply) e’ ip(z)
T ljz—y 1/22—1 x—1/y 1-1/y*

log hey(2) (u, v) —

C Computing the phase factor for the asymptotic C}33

(B.2)

(B.4)

In this appendix, we compute the phase factor denoted by phase in (4.5) in the main text

and show explicitly how to derive (4.8) from (4.5). This phase factor comes from changing

between spin chain and string frames when we perform crossing transformations.

The

phase factor is trivial for s[(2) case but is non-trivial for the su(2) case. In what follows, it

is convenient to write the hexagon form factor in the form

H(as|as|az) = (blan)|az)|as).
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The excitations in the two frames are related by
Dstring = Dspiru (I)string = \/Eq)spin \/Z (02)

We see that the derivative excitation is the same in both frames which is the reason that
the phase factor is trivial. A state with n scalar excitations in the two frames are related
by

B Dy )string = |VZP Z DBy Z -+ Z By NV 2 gpin (C.3)
= Fn’chbl e (I)n>spin ,
where in the second line we have moved all the Z-markers to the leftmost by the rule
’...q)kza...>:eipka|...Zaq)k...>_ (C.4)
It is straightforward to derive that

" oipi/2 . A
ﬂ=HN}Q, Go=e™Gr, G=C. (C.5)

=1

We can also write (C.3) as
@1+ Prspin = Fy 1271+ oy string. (C.6)
Substituting (C.6) into the hexagon form factor (C.1)
(Blon)|az)|as)spin = (Fay Fay Fag) (0] 271" a1) | 2712l 0g)| 2719 g ) string - (C.7)

The next step is to move all the excitations on the same edge and then pull out the Z

makers by the rule

(b1 770) = (), 2= e ()
where P is the total momentum of the state |¢). This leads to
(hlar)|aa)|as)spin _ p3lp(an)(lon|+las|—laz)+p(az)(az|+|a|~|as)+p(as) (jas|+az|—|ai )] (C.9)
X (Foy FoyFoy) " (Blon) | o2) | 03) string »

where |ay], |az|, |as| denote the cardinality and p(aq), p(az), p(as) denote the total momenta
of the sets oy, as and a3 respectively. Now that we are in the string frame, we can perform
the crossing transformation and obtain the fundamental hexagon form factor where all

excitations are on the same edge

<h|a1>|a2>|a3>string = (_1)‘(13' <h|a4117’ agv’ a2>string' (C.10)
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The factor (—1)lesl appears due to crossing transformation (@“5)27 — — b,

In order to compute the fundamental hexagon form factor, we need to change back to

the spin chain frame. We apply the rules (C.2) and (C.4) again

<f)|(1/1 aa3 aa2>str1ng _F F F, <b|Z|041|a/477Z\GB\Q§7’Z|a2|a2>Spin’ (Cll)

a2+ ag

=F, FazFa31 ilova|(—p(as)+p(an))+iles|plon)— 5 (Joa|+]oz|+es|) (p(ea)—p(as)+p(ez2))

<h‘a1 ,063 7a2>spm;

where in the first line, we move the Z-markers corresponds to the excitations ay,as and

ag to the leftmost of the corresponding set, which gives rise to the factors F,,, F,, and

Fa_; = F 2. In the second line, we further move the Z-markers Zleal Zleal and Zlosl to the
3

leftmost and then pull out the Z-markers by the rule (C.8). Note that p(a3)*” = —p(as).
Combining all the phase factors from (C.9), (C.10) and (C.11)

(Dlo)az) o hspin = (= 1)1 E ZefloalPlen=rlea i) (pla), o, ag) i (C.12)
Therefore the phase factors in (4.4) read

phase, = (_1)|0¢3|Fa—ﬁeilaz%\(17(011)—13(062)-H?(Cm))7 (C.13)
phase, = (_1)|5t3|Fd*feﬂds\(P(dz)*P(@1)+P(5¥3))_

The total phase factor phase = phase; x phase,. This ends the derivation of the phase

factor.

In order to obtain the more compact result (4.8), we need to combine the phase factor
(C.13) with the other phase factors which comes from the crossing transformations of the
scalar factors of the su(2) sector. There are two sources of the other phase factors. The
first source comes from passing from (4.5) to (2.3), where we extract the global factor
(=1)Nh=<(uy, u;)h<(uy,us)h=(us, uz) and neglect it systematically. In order to extract this

global factor, we used the crossing relation hgy)(u??,v?7) = PP h 0 (u,v) which

leads to
2% 2
h:u(z)(a?)wa az’) =phase,, h5,<u(2)(a3a as), (C.14)
2y 2y _
hs<u(2)(a3’y7 a;') =phase;, hs<u(2)(a3a as)
with
phase,, = H e'PiT Pk phase,, = H eI~k (C.15)
J:k€as j,k€as
i<k j<k
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Notice that for s[(2) sector we have h(u*",v*’) = h(u,v) and the phase factor is again trivial.

The second source of phase factor comes from rewriting the following terms in (4.5)

hsu( )(ailwa Qg )hsu(Q)(Oé’Y? 042) = = ei(p(ag)ip(almag'—, (Cl6)

— ei(p(a1)—p(az))las|
where we have used the crossing property heya (4?7, v) = g (u,v). The phase factors in
o) Y Tsu(2)
(C.15) and (C.16) combines nicely with (C.13)
phase; X phase, X phase,, x phase,, X elPlaz)=plan)las| o gilp(@)—p@)lasl — 1 (C.17)
The final result can be written neatly

ooe ‘a1| ’Lpa li— 1,i ]. O'(O{3’ 0[2) 0'(0_53’ dl)

- X
123 azwzluz H au2) (s @) hey(a) (@2, 01) heyy (a1, ) o (i3, o) o(ig, ay)
(C.18)

which is (4.8). For completeness, we also give the result for the sl(2) sector which takes a

very similar form

oo o €Paili-Li 1 h(oz%,a )h(d%,d )
123 = Z H 1)l Z‘ X 502 s (C.19)

aUa;=u; i=1 Mo, i)~ hlag, ar)h(as, az) h@‘?a ) h(d?a Q)

D The analytic structure of the transfer matrices in

mirror kinematics

The purpose of this appendix is to show that the combination of the dressing phase with
the extra factors from (5.15),

o1 R(-)la—2k]
a1 (u, u)HW(U)’ (D.1)

does not have any cut between the cuts z*% when continued to the mirror dynamics in the
variable u. To do so, we compute the jump of the logarithm of the function given above,
between u = ug—ie(a/2 —k)+1i0 and u = ug —ie(a/2 — k) —i0 on the interval uy € [—1,1]*".

21972k () has a second order branch cut and we call 2172 the determination uy + 0 and

2'We choose € = 1/2g for simplicity.
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1/2/972# the determination 1y —40. It is clear that the jump of the logarithm of the product
part is given by

1 B B L .
08 \ Zla=2H —y= 1 jgla2H _y+ ) (D-2)

To compute the jump of the dressing phase we use the DHM representation [38].

DHM representation. The dressing phase has the following structure:
log o(u,v) =i (x(z*,y7) — x(z7,y7) = x(z",y") + x(z7,y7)) . (D.3)
For two bound states of size a and b, it is given by
log ap(u, v) =i (x(=™, y!=%) — x (@ y ) — x (@ ") + x (27, yh)) - (D.4)

The function x(z,y) is given by the following integral expression first obtained by Dorey,
Hofman and Maldacena [38]

1 C[1+4idg(z+ 2 —w— 1))
=—1 1 z el D.5
x(@.y) Z}g 12m7{w| 12mx—zy w OgI‘[l—ig(z+§—w—l)] (D5)

w

This expression is valid in the physical kinematics; namely when |z| > 1 and |y| > 1. If we
want to compute the quantities in the mirror kinematics, we need to analytically continue
this expression, for example to the regime |z| < 1. Under the analytic continuation, the
poles of the integrand cross the unit circle and yield extra contribution. For instance, the
dressing phase o4, (u”,v) in the mirror-physical kinematics has extra contributions coming

from the analytic continuation of x (%, y[=") — x (2%, y). The other terms are unaffected.

Analytic continuation. Let us explicitly perform such analytic continuation. More
precisely, we analytically continue z in (D.5) to |z| < 1. In the process, the integral picks

up a pole from 1/(x — z). The expression after the analytic continuation is

Xmirror(xay) = X0<x7y) + Xjump(xay) ’ |.T’ < 1 (D6)

where xo and xjump are given by

1 I'l+iglz+L—w—-21
_i]{ 2%2% 27rzx—z logF[l_Z'g(Z i_w_i)]7 (D.7)
|z|=1 |lw|=1 y—w [ Zg(z_|_ . w w)]
)
)

M +igz+ L —w-—

1
(T, y) = —i @ lo : v
Xjump (2, ) ]{wﬂ?my—w gF[l—zg(:I:—l—%—w—i

]
T

Xo has no singularity as a function of = except the one at |z| = 1. As we show below, the

(D.8)

function Xjump(,y) contains an infinite arrays of branch cuts, which show up in the mirror

dynamics of the bound states dressing phase.
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1

Xj ump X jump

Figure D.9: The integration contours for XT and inump (both denoted in black). For XjTump,

jump
z[=2¥] is outside the integration contour whereas 1 / 272 is outside. On the other hand, the

situation is opposite for Xi T4

Jump- The discontinuity Xjump — Xjump is given by the integrations

around z[=2* and 1/2[-2¥, which are denoted in red.

Analytic structure of xjump. Let us now study the analytic structure of Xjump. For

this purpose, it is useful to re-express (D.8) by integration by parts as

Xjump (2, Y) = —97{ I g — ) (1 _ i)

lw|=1 271 w? Do)
9
: 1 1 . 1 1
x U (14igle+——w——) )| +V(1—-iglx+-—w——)]]|,
x w x w
where
dlogT'(z + 1) 1 1
V(t+l)=—"—"=- =) . D.10
(z+1) e 2\ %) (D-10)
k>1
This enables us to write, ignoring the constant in the function ¥(z),
. dw 1
Xjump (T, Y) = ]{w e log(w — y) (1 — E)
1 1
X _
kZZl wt I g Ly L gl ﬁ] (D.11)
dw 2[—2K] 1
= 4y .
' fw =1 2mi Og vy kzﬂsgn |: x[—mf]) + w — 1/x[—2k]}

Obviously, Xjump(,y), as a function of z, has discontinuities whenever one of the poles in
the sum above hits the contour of integration |w| = 1. This happens whenever z! with k

a non-zero integer hits the unit circle. These are exactly the discontinuities we are looking
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for. Moreover, we are interested in the discontinuities of Xjump(a:[“],y) situated between
ug +tae/2 and ug — iae/2. This means that we restrain ourselves to the terms with positive
k, k=1,...,a—1in the last line of (D.11).

Let us now compute the discontinuity XjTump - when x[=2¥] crosses the unit circle

Xjump
from going from outside to inside (see figure D.9). In the same time, the pole 1/x[=2* crosses
the unit circle from inside to outside. The discontinuity is accounted for by the contribution

of the two poles,

T |u+zke J] y) Xjump Xjump (D12>

j{ j{ w, ) zl=2H] N 1 _ 1/2=2H —y
1212k 2] 2m og(w =y w(w — z=2K)  w — 1/2l=2H — OB T A —y

[—2K]

The small subtlety that, after crossing the unit circle, 2172 gets exchanged with 1/z
instead of 1/x[72* is resolved by noticing that Xjump only depends on z + 1/z, which on the
unit circle is the same as its complex conjugate = + 1/z. Combining everything, we obtain

the discontinuity of the mirror dressing factor,

log Ual (l’ Y) |u—i(a/2—k)e - i(XN’(x[a]v y_) - XTi(l‘[a}a y+))|u—i(a/2—k)e

1/x[a—2k] _ y+ m[a—Zk] —y~
P02yt 1/gl—2H _y-

= log (D.13)

which exactly compensates the one from (D.2). This completes the proof that the combi-

nation in (D.1) does not have any discontinuities in the desired region of the mirror regime.

E The term B3 at strong coupling

In this appendix we compute the terms By

/H dz; T1(2:) A(z1, 29) A(21, 23) A( 22, 23) (E.1)

+§/%T (21)To(22) A1 2(21, 22 +i€/2) + 3/;—;1;(@.

To compute the first term of (E.1), we can recycle the result of the asymptotic integral I3
in appendix A. The combinatorics is the same, with the exception of signs, since in the
present case every fusion of two already existing clusters generates a minus sign, cf. (5.32)

and (5.33). This gives
%(/ %mz)f _ i (/ %Tﬂ@) (/ %Tl(zV) + 5/%1( P (B2)
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For the second term of (E.1), it is easy to obtain

%(/ %Tl(z)) (/ %Tg(z)) - 5/ ;'f Ty (2)Ts(2) (E.3)

Substituting (E.2) and (E.3) into (E.1), and using (5.28) we obtain as announced

By = (/ %tl(z)>3+}l (/ %ma) (/ %@( )) +%/%t3(z>. (B.4)
F The ABJM matrix model and clustering

In this Appendix, we re-derive the M-theoretic large N limit of the ABJM matrix model as

an extra example of the utility of the clustering method explained in the main text.

The partition function of the U(N) x U(N) ABJM theory on S? can be computed by
the localisation [57]. The result reads

dx; 1 1
t| —— Fi1
N' /H 27k 2 cosh xl de <2 cosh m;kxj ) ’ ( )

where k is the Chern-Simons level. To study the M-theory limit (N — oo, k fixed), it is

convenient to consider the grand-canonical partition function,

=> NZ(N), (F.2)

where z is the fugacity. As explained in [19], this can be expressed as a Fredholm determinant

n

O(z) = det (1 4 2p) = exp (- > (=2)" (p")) . (F.3)

n=1

Here the action of the operator p and the spectral trace Tr (p") are given by

b1 = [ 3ot i),
" (F.4)
Tr (ﬁn) = / (27Tk)np(xla x2) e p(ajn—b .Cljn)p(.’ll'n, 1‘1) 5
with
ol y) = — . (F.5)

z =y
2 cosh 5 2 cosh o
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To understand the M-theoretic large /N limit, we should understand the small k£ expansion
of the grand canonical partition function ©. Just as in the case of the three-point function,
the kernel p(z,y) develops a delta-function singularity in the & — 0 limit and the integral
exhibits the clustering. To see this, we first express the interaction term in the kernel as a

sum over rational functions:

o0

Z 4k2 —1)%(a+1/2) (F.6)

—|— 4k (a+1/2)2°

cosh 2 cosh =¥
a=

This summation over positive integer is reminiscent of the summation over the bound states
appearing in the main text. To make clear the relation, we introduce the “bound-state

kernel”

,aa = ﬁaJr + ﬁaf ) (F?)

with
7

Par - f = / 4 cosh § (z —y) + 2ikm(a + 1/2)f(y> 7

—1

Pa— ] = / 4mcosh § (v — y) — 2ikm(a + 1/2>f(y) '

Then, the grand canonical partition function takes a form similar to (6.31),

1+ 2 (Z(—l)“ﬁa)] = ZHT)M,ZR Tr (Z(—l)“ﬁa> ] . (F9)

a n=1 a

In©® = Indet

To compute (F.9), we need to evaluate the spectral traces

ja1,“',an =Tr (ﬁal e ﬁan) ) (FlO)

which can be further decomposed as

Jarvean = Y T (ayer ** Panes) (F.11)

p—
As mentioned above, one needs to take into account the pinching of the contour to obtain
the correct result. One important difference from the analysis in the main text is that, for
most of the choices of the signs ¢, in (F.11), there are some contours which are not pinched
in the limit. When this happens, the contribution coming from such an integral will become
subleading. The only ases where all the contours are pinched are the ones with ¢, = + for

all k or ¢, = — for all k. Thus, the leading result in the M-theory limit is given by

Jar,an ~ 1T (Par+ = Pan+) + Tr (pay— - - 'pan—) . (F-12)
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The contributions from these two terms can be determined using the clustering method

explained in the main text and the result reads

1 dz 1
o~ _ “ - F.13
Jarean ™ g > (a; +1/2) / 2m (2 cosh 5)" (F.13)

dx 2z "
n® ~ Z /27r (2008h§) ’ (F.14)

with the constant ¢, given by

aj

= Z Z Zz ot 1/2) (F.15)

al= =0 a_O

To compute this sum, we convert the summand to the following integral

IR S E >t / dpe—rTimi @ +1/2). (F.16)
a1=0 an=0 0

Then, exchanging the order of the summations and the integration and performing the sums

explicitly, we arrive at

> e P2 \" * dp 1
= d . — F.17
¢ /0 b (1—1—61’) /_oo 2 (2cosh Z)" (F.17)

Now substituting (F.17) into (F.14), we obtain

Yyl dxdp 1 1
1
ne~ Z / 27h (2cosh§2cosh§>

(F.18)
dxd
T
with
D T
h=2rk, H(p,z)=In (2 cosh 5) + log (2 cosh 5) ) (F.19)

This is precisely the expression derived in [19].

G Separation of variables from clustering

In this Appendix, we study the integral representation of the tree-level three-point function
with one non-BPS operator in the su(2) and the sl(2) sectors, and show that they are related
to a totally different integral expression, which is based on the separation of variables (SoV)
[56, 58].
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The su(2) sector

We start from the integral expression??

o = Z nl j{ H_f9 %) HA(ZjaZk), (G.1)

i<k

where, for later convenience, we introduced the twist x and deformed the potential term
f(z) as
‘ . M ¢ .
—6,—1i/2 z—u;+1 z—0,—1i/2
) G.2
folz H —0s+1i/2 E Z— Hz—93+i/2 (G-2)

s= 1 s=1

As the first step, we rewrite (G.1) using the Cauchy determinant identity as
1
o = — ) det (| —— ) . G.3
nz%n'j{ Hsze ¢ (zi—zj—i> (G.3)

This expression is similar in form to the Fredholm determinant and therefore the logarithm

of .o/ admits the expansion:

log o = — i S

! (G.4)
W, = 7{ i) p(z1, 22)p(22, 23) - - p(2n, 21) -
with
plu,v) = % (G.5)

As (G.4) shows, the integrand of W), contains poles at z; = 65 —i/2. The basic idea to make
connection with the SoV representation is to deform the contours and close them around
these poles. Such deformation yields two additional contributions: The one comes from

poles in the interaction term A(z;, z;) and the other comes from poles at infinity.

Let us first examine the contribution from interaction terms. Suppose that we already
deformed some of the contours in (G.4) and are in a position to deform yet another contour,
say the contour of z,. In the process of deformation, the contour of z, first hits the poles
at z; = z; +in (n € Z), where z; is a variable whose contour is not yet deformed. The

poles of this type are precisely the ones considered in section 3.3 and, as discussed there, it

22Tn this Appendix, we set € = 1.
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produces the bound-state contributions. Now, when the contour of z; approahes 05 + i/2,
it hits another set of poles at z = z,, + in (n € Z), where this time z,, is a variable whose

contour is already deformed. Interestingly, in the case of su(2), these two contributions

precisely cancel out?® with each other. Thus we get
log o/ = log o + log <y (G.6)
with
~ > /{/
log .o/ = —
og Z n
(G.7)

d
W, = j{ p(21, 22)p(22, 23) - -+ p(2n; 21) -

Here Cy- is the contour surrounding 6, — i/2 counterclockwise and log <7, denotes the

contribution from infinity.

We next study the contribution from infinity. To illustrate the basic mechanism, let us

consider W,

B dzidze  fo(z1) fo(z2)
WQ_%; . (G.8)

u (27Ti)221—22—i22—21—i

Since the integrand scales as 1/z7 when 2; ~ oo, it may seem that the contribution from
infinity is completely absent. However, this is actually not true: If we first take the pole of

1/(z1 — 2o — i), we arrive at a single integral whose integrand is given by

1 dzy .|
2 Jo. 2mi”?

(22)fo(22) - (G.9)

Then, if we take the residue of this integrand at infinity, we get the contribution —(¢ — M),
where M is the number of magnons. Repeating such analysis, we can prove the contribution

from infinity for W, is given by

—(=D)"(—M). (G.10)
Therefore we have
o0 ,{n
1 =(-M = =log ((1— k)&M) 11
ot = (0= M) 32 = 1o (1)) (G.1)

230ne can show this by the combinatorial argument as in section 3.3. Since the argument is similar, we

will not repeat it here.
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As (G.11) shows, 7 is divergent in the zero twist limit x — 1. As we see later, this

divergence is canceled out by a vanishing factor coming from o .

As the next step, we interpret (G.7) as the Fredholm determinant. As mentioned before,
the form of (G.7) is similar to the expansion of the Fredholm determinant det (I + Iié)
However, to make the relation more precise, we need to specify the definition of G and the
Hilbert space it acts on?*. As the Hilbert space, we take a space of functions with simple
poles at 6, (i = 1,...,¢) and infinity, Hy. Obviously it is (-dimensional Hilbert space and

a general vector belonging to Hy van be expressed as
F(z)=)_ b (G.12)
— - 0

The dual vector space H* is given by a space of cycles spanned by t; (j = 1,...,{), where

t; is the contour around ;. The inner product is then defined by

(F|F) = ?{ d—xF(x). (G.13)

P 21

When F and F are given by

F(z) = Z /i F=>" fitk, (G.14)

x—0; ’
the inner product coincides with the standard inner product between two vectors (f1, .. ., fi)*
and ( fl, ey fg). Now, consider the operator G acting on this function space as
A dy fo(y) ,
G-F(x) = — F . G.15
0=, gy T+ (G.15)

Then we can check that logdet(] + £G) = Tr log(I + kG) indeed yields the series (G.7).

Thus in the end the structure constant can be expressed as

_ det(I + e

o = e (G.16)

Now, we relate (G.16) to the SoV integral formula. For this purpose, we first decompose

the operator I + kG as

I+kG =KL, (G.17)

24This was already clarified in [9] and what we explain below is the minor modification of their

construction.
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where K and L are given by

. e~ % OF
K-F(a:)zji @—QG—@F(y),

_ 2 ) - Qu
A ) dzzxe¢ny EZ; e ) (G.18)
LoFw)= Tm—y@;<y>”y”72_%—y Qity) WY

-
Here ), and @)y are the Baxter polynomials defined by

M ¢
Qu(u) = H(u - U’z) ) QG(U) = H(u - 95) ) (Glg)
i=1 s=1
and ¢ is related to the twist by ¢ = —k. Since the operator K acts diagonally on the basis
{1/(x —07),...,1/(x —6,)}, its determinant can be easily computed as

Hs,t(es — 0, — Z)

e [1,.00 —uw —i/2)

(G.20)

To compute the determinant of L, we first express the matrix element of L in the basis

1 T xffl .
{Q;(x)’Qg(x)""’Q;(I)} : (G.21)

Then we get
() - Qo [ et e i
nm o- 2mi Qf (2)Qy (x) o 2mi T (2)Qy ()

(G.22)

% d_xegi)xQu(x)xmfl
 Jozuer 2m Qg (2)Qy ()

Now using the Vandermonde determinant formula, we can express the determinant of L as

- ¢ dz, \ 1- " Qu () -
det L = J (71[[1 jgnue,f 2—m> 11 0T (o) [z — ). (G.23)

m=1 1<j

where J is the Jacobian for the change of basis, which is given by

1 d_x ™ B 1
S =det (ﬁ; 2mi Q;’(x))nm B Hi<j(9j - 92‘) . (G.24>

The expression (G.23) is already very similar to the SoV integral formula. However,
there are two important differences. First, in the SoV formula derived in [56], the twist

¢ is set to zero. Second, the number of integration variables in the SoV formula is ¢ — 1
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whereas here we have ¢. Thus, to obtain the SoV formula, we need to integrate out one of
the variables sending ¢ — 0. For this purpose, we first change the integration contour of
(G.23) to Cy+, which surround all the 0, +i/2, at the cost of introducing an extra factor in

the integrand®:

B dz, e?*rQu(z,)
det I =
e HKJ(ezwa s ]{ E 271 Q (20)Qy (T

ST = @ — ) (G259

i<j

Now using the Vandermonde determinant formula again, we can convert this multiple

integral to the following determinant:

o J
det L = det M,, ,, ,
T (e e
oz (G.26)
e, 2mi @y (2)Qy (@)
We then perform the integral of M ,, in the regime ¢ ~ 0 to get
My = (=¢)* 17" 4o (G.27)

Thus the leading contribution comes from M , and this precisely cancels the divergent factor
o, given by (G.11). As a result, the remaining contribution is given by the subdeterminant
where the first row and the /-th column are omitted. Converting this sub-determinant back

to the integral, we arrive at the following expression for the structure constant,

dxn Qu(xn)ezﬂxn 2mxy _ 27x
o = Cf; 71 Q3 (225 () L1 — 7 =)

9 n
_ (G.28)
0= oo Ll =0 =) H (0: — 0)
[0, —w —1/2) L3 (e — )
which coincides with the formula in [56].
The sl(2) sector
We next study the sl(2) sector,
> dZJ s0(2
o = Z % £ HA % %) (G.29)
n=0 u o i<k

25See [56] for details.
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where f;m) in this case is given by

14

1 z—0s—1i/2 Y —w—i{yz—0 — /2
S12) ) _ s _ i s (.30
fo " (2) hﬁ[(z)(z,u)sl_[lz—93+i/2 E Z— U 81_[12—934—2'/2' (G-30)

The basic strategy is the same as in the su(2) sector. Namely, we write down the
expansion for log.eZ as in (G.4) and deform the contours. The important difference is that
unlike the su(2) sector, the contributions from poles in the interaction term do not cancel
out each other but they add up. By the straightforward (but complicated and tedious)
computation, we arrive at the following expression:

o = ( “MZ H > B[] (G.31)

Ng!

Here the factor (1 — k)t comes from poles at infinity as in the su(2) case and the

contribution from each configurartion 7 is given by

% E[H%mz b (25) I 2eallz) 1 Aanlt2) (G.32)

. a a<b
a<i<j<ng 1<i<ng

1<5<ny

where A, are defined by (3.19) and fy., is given by

[—2a] [1—2q]
a2y _ Qu” ()@~ (2) ‘
f@;a ( ) Qu(Z) Qe (Z) . (G 33)

Now, as in section 6.6, we can convert this to the following generalised Fredholm determi-

nant?6:

o = (1— KM " det (1 + i(—m)aéa> : (G.34)

Here G, is the operator acting on the space H as

s0(2)
G, Flz) :74 v Joa Wy (G.35)

cy 2mi T —y

As in the su(2) sector, we can decompose the operator I + 3, k*G, as

/\

]+Z/{@ = Ko Laa) (G.36)

26This can be verified by expanding the generalised Fredholm determinant and compareing with the series
(G.31).
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where KE[(Q) and is[(Q) are given by

S dy e=™Y  cosh
fay Fio)= § 32 wlv)
¢, 2mi x —y Qu(y)Qy (v)

. dy e~ =™V Q, +
L) - F(z) = ]46 ) ﬁyiex = Qcogl)ze(y()y)l’(y) (G.37)
dy e (¢ y ai Q[Za( ) 1 Qa](y) '

where coshg,(z) denotes

coshg, (2 H coshm(z — (G.38)

As in the previous case, the determinant of f(s[(g) can be computed straightforwardly as

follows since it acts diagonally on Hy:

1 cosh (05 — 6;)

det Kg[ 2) = €(¢_7r) L
® [L.(67 —w) &y (6, —6)

(G.39)

To compute the determinant of ﬁs[@), we again use the basis (G.21). In this basis, the

matrix element reads

dx Q ) w)zl.mfl
( (2 nm Z% 20-1] 277 Costh(x) ' (G.40)

Converting this to the multiple integral using the Vandermode determinant formula and

changing the integration contours by introducing the factor sinh(w(z; — x;)), we obtain

det zﬁ[(g

d, e Qu(w,)
= sinh(mw(z; — x;))(z; — x;),
) [lic; smh j{ H 2mi coshg, (z,) g JI
where Cj is the contour which encircles all the 6, —i(a + 1/2) with @ > 0. Now, assuming

that ¢ has a small negative imaginary part, we can deform the contour Cp to the one along

the real axis (see figure G.10). Then we get

det Loy = T =77 | Hd”“" O Qul) TT b, — ) — ).

[[;c;sinh(m 2mi coshg, () oy
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Figure G.10: The deformation of the contour. Initially, the contour encircles counterclock-
wise 05 — i(a + 1/2) with @ > 0. The contour after the deformation is denoted in red and it
runs along the real axis from co to —oo. (—1)¢ in the formula comes from the change of the

direction of the contour.

To take the limit ¢ — 0, we rewrite it as

7 o (_1)ZJ 5((2)
det Le(a) = Hi<j<€27rej ) det Mnm ’
(G.41)
Mg[(Q) _ /oo d_xe—d)z@u(x) zm—lew@n—ﬂ)x
i 0 2mi coshg, (z) 201 '

By studying the asymptotic behavior of the integrand, it is easy to verify that only when
n = ¢ does Mf{[%) becomes singular in the limit ¢ — 0. Since the divergence comes from
x ~ 00, we can approximate the integrand as

MSI(Z) /oo dr Qu(:E) xm—le(wf—qﬁ)m
0

tm 2mi coshg, () 20-1

N/O AT o (@) (G.42)

47
(M +m —1)!
AipM+m

Thus, MZIE(Q) cancels the prefactor in (G.34), when ¢ — 0. As a result, the remaining
contribution is given by the subdeterminant where the /-th row and the ¢-th column are

omitted.

Converting it back to the integral, we finally arrive at the following expression,

Mm/w dan _Qu(wn) Hsmh ) (; — ). (G.43)

. 2m coshg, (z,)

Upon setting 65 = 0, this reduces to the SoV-integral expression for the spin 1/2 sl(2) chain
obtained in [58].
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