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We review the recent progress towards applying worldsheet integrability
techniques to the AdS;/CFT, correspondence to find its all-loop S matrix and
Bethe-Yang equations. We study in full detail the massive sector of
AdS; x S* x T* superstrings supported by pure Ramond-Ramond (RR)
fluxes. The extension of this machinery to accommodate massless modes, to
the AdS; x S* x S* x S' pure-RR background and to backgrounds supported
by mixed background fluxes is also reviewed. While the results discussed here
were found elsewhere, our presentation sometimes deviates from the one
found in the original literature in an effort to be pedagogical and self-

contained.
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1. Introduction

The holographic conjecture [1] is a major advance in theoretical physics. Its study, which is
mainly performed in the framework of string theory [2-5], has generated an incredible
number of results. Our focus here is on a particular instance of holography, that is the duality
between gravity (superstring) theories on backgrounds involving three-dimensional anti-de
Sitter space (AdS;) and supersymmetric two-dimensional conformal field theories (CFT).
The interest of this case is evident, due to the special properties of AdS; gravity and CFTs in
two dimensions.
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This particular duality has been considered since the early days of holography and of
AdS/CFT, and has been investigated by several techniques in the past fifteen years. It is
however a recent realization that AdS;/CFT, may be amenable to the integrability approach
that proved very successful, especially in the case of AdSs/CFTs. More specifically, in [6]
Babichenko, Stefarniski and Zarembo have shown that the nonlinear ¢ model (NLSM) action
that describes the dynamics of free strings on maximally supersymmetric AdS; backgrounds
supported by Ramond—Ramond (RR) fluxes yields an integrable classical field theory. This
prompted a rapid progress in adapting the S-matrix integrability techniques that worked so
well for AdSs5/CFTy to this lower-dimensional and less supersymmetric case. Our main aim
here is to review this progress in a self-contained and accessible way.

Before starting with our review, we will first briefly overview some well-established facts
about the AdS;/CFT, duality. We will then sketch the general aspects of the spectral problem
in AdS/CFT, as well as briefly present the historical development of the S-matrix integrability
approach in this context. The reader who is familiar with these topics may want to skip this
introductory discussion, and jump to the end of this section where we present the plan of the
review.

1.1. AdS3 gravity and holography

Gravity on AdS; should be dual to a conformal field theory on a two-dimensional cylinder,
that is the boundary of AdS; in global coordinates. The continuous isometries of AdS; form
the special orthogonal group SO (2, 2), while the CFT, has an infinite-dimensional symmetry
algebra, given by two copies of the Virasoro algebra. The relation between these two sets of
symmetries was elucidated by Brown and Henneaux in [7]. The group SO (2, 2) is the one
generated by the Virasoro elements that can be defined globally. The remaining symmetry
generators are only asymptotic symmetries of AdS;, and acting with them does not leave the
gravity vacuum invariant, as it modifies the stress-energy tensor.

An interesting feature of three-dimensional gravity is that, despite being much simpler
than its higher-dimensional counterparts, it admits black-hole solutions, that exist precisely in
the case of negative curvature. Such black holes, first found by Bafiados, Teitelboim and
Zanelli (BTZ) [8, 9], are essentially given by a discrete quotient of AdS; and as such are
locally isometric to the maximally symmetric background. Therefore, they have no curvature
singularity. However, they do have (inner and outer) horizons and an ergosphere, see [10] for
a review. Such solutions exist also in supersymmetric extensions of the gravity theory
(supergravities), and preserve supersymmetry as long as they have vanishing temperature
[11-13].

Indeed, supersymmetry comes naturally into the picture if we want to obtain AdS; (and,
as we will see, the dual CFT,) from string theory, in the context of the celebrated D1-D5
system of branes that played a pivotal role in the investigation of black-hole microstates
[14, 15]. The AdS/CFT setup for the D1-D5 system was first detailed in the seminal paper by
Maldacena [3], see also [16] for a review of that setup and [17] for a more detailed review of
the D1-D5 system and an extensive list of references concerning early investigations thereof.
Let us briefly overview some features of the D1-D5 system in AdS/CFT [18-22].

We start by compactifying four directions in target space on' a four-torus T*. Then let us
consider Q; D1 branes along a non-compact direction and Qs D5 branes that extend along the
same non-compact direction and wrap the four compact ones. This configuration is invariant

! More generally, these could be compactified on a K3 manifold, i.e. essentially on a discrete quotient of T*.
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under” so(1, 1), the algebra of boosts along the string, and under so(4) rotations in the space
orthogonal to the branes. Such a brane configuration preserves eight complex supersymmetry
generators, that can be decomposed chirally with respect to so(1, 1), yielding N' = (4, 4)
supersymmetry”. In the near-horizon limit, this geometry reduces to AdS; x S? x T*, where
the curvature radii of the warped spaces are equal,

R/idS3=R523= V01 Os, (1.1)

while the volume of the T* is Q;/Qs. The picture further simplifies in the ’t Hooft (or planar)
limit of the duality, whereby the strings propagate freely in the fixed AdS; x S* x T*
background. It is worth noticing that the superisometries of this background are given—up to
some abelian factors—by

psu(l, 1] 2). @ psu(l, 1] 2)r, (1.2)

which is the subalgebra of A = (4, 4) which can be defined globally—in analogy with
50(2, 2) and Virasoro. The two copies of psu(1, 112) carry labels ‘L’ (left) and ‘R’ (right) to
identify their respective chiralities with respect to so(1, 1) algebra of boosts along the non-
compact D-brane direction—that is, the chirality in the dual CFT. In total, they amount to
sixteen real supercharges, as expected. This is half of the maximum possible amount of
supersymmetry, which is instead attained in the case of the AdSs x S° background.

If we consider the same brane construction but focus on its low-energy excitations, we
will find a supersymmetric Yang—Mills theory (SYM) with su(2)p @ su(2)r R symmetry
(coming from the aforementioned so(4) isometries). This theory contains both vector and
hypermultiplets, that have different transformation properties under the chiral R symmetry.
The presence of matter in both the fundamental and adjoint representations of the gauge group
is noteworthy, as it makes this gauge theory less special and more realistic than N' = 4 SYM.
Another very interesting feature of this AdS/CFT construction is that the gauge theory
description (being two-dimensional) is not conformal, and has a non-trivial flow. This means
that its low-energy limit is some to-be-determined CFT.

Luckily, the brane construction offers some guidance in characterising this CFT,. Let us
focus on SYM the D5 branes, and view the D1 branes as SU (Qs) instantons, with instanton
number Q; [24]. The instanton configurations are parametrized by moduli, and fluctuations
around a given configuration can be understood as fluctuations of the moduli along the time
direction or along the non-compact direction of the D1-D5 branes. Therefore, the low-energy
dynamics of this system is the 1 + 1 dimensional QFT taking values in the space of instanton
moduli space. Such a space is a deformation of the symmetric product of Q) Qs copies of T,
i.e. (TH29s /SQIQ5 where Sy is the symmetric group on N elements [3, 18, 20-22]. The
symmetric-product orbifold description has been validated by a number of comparison with
the dual string theory, including comparison of moduli spaces and of the sprectrum of
protected operators [25-28], as well as more recently of correlation functions [29-32].

It is also worth mentioning another closely related but somewhat more involved back-
ground that preserves the same amount of supersymmetry, i.e. sixteen real supercharges. This
is given by AdS; x S* x S* x S!, provided that the curvature radii of the two spheres spaces
satisfy

2 We will denote Lie algebras and superalgebras in Gothic letters.
3 For a review on the related supergravity solutions, see [23].
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1 a 1 1-a

B2 p2 B2 p2
Ran R jqs, ngz) Rjigs,

, O<a<l. (1.3)

The parameter « gives the relative size of the two spheres. In the limits @ — 0 or @ — 1 either
sphere becomes flat and, up to compactifying back to a torus, we go back to the
AdS; x S* x T* background. The AdS/CFT correspondence for AdS; x S* x S* x S!
backgrounds has also been studied [33-38], but it remains difficult to characterise its dual
CFTy. It is known that its symmetry algebra should be the large N = (4, 4) superconformal
algebra [39-43], which differs from the one of AdS; x S* x T* by the presence of two
additional su(2) subalgebras. The rigid part of such infinite dimensional symmetry is given by
the exceptional Lie superalgebra [44]

02, L) ®0(2, 1 a)r - (1.4)

Sending ¢ — 0 or ¢ — 1 amounts to a contraction of the Lie superalgebra, which indeed
yields (1.2) up to abelian factors”.

It is very interesting to note that similar constructions can be realized in terms of NS5
branes and fundamental strings, rather than D branes. In fact, such a setup is S-dual to the D1-
D5 system. The advantage in this case is that the near-horizon limit of the NS-brane system is
supported only by NSNS fluxes. In this case, worldsheet CFT techniques can be efficiently
used to study the propagation of strings there [45-50]. Let us be slightly more specific. In
absence of RR fluxes, the worldsheet theory can be described nicely in the NSR formalism.
The bosonic theory on AdS; X S? amounts to a Wess—Zumino—Witten (WZW) model with
gauge group SL(2) X SU (2). The non-compact SL (2) factor presented a major obstacle to the
CFT approach, that has however been overcome by Maldacena and Ooguri yielding a
solution of that sector of the theory [48—50]. Fermions can also be included in the picture,
which leads to a supersymmetric SL(2) X SU(2) WZW model. Its spectrum can also be
investigated by considering it as a supergroup coset ¢ model, as it was done in [51] by taking
advantage of the hybrid formalism introduced in [52] in the hope to extend the approach to
backgrounds with RR fluxes.

The super-coset description is the most interesting for our purposes. Super-cosets are
known to be a useful tool for writing down target-space supersymmetric string actions in flat
space [53] as well as in curved AdS backgrounds supported by RR fluxes’, and to study their
classical properties. However, such an approach does not immediately offer a good way to
quantize the theory. Quantization can be done in light-cone gauge, which becomes quickly
very cumbersome. In practice, even when restricting to the 't Hooft limit, observables can
only be explicitly computed at the first orders of a perturbative expansion in the string tension.

Therefore, it would appear that there are little chances to study the D1-D5 system without
resorting to any (non-perturbative and non-planar) S duality. Studying a background sup-
ported by mixed RR and NSNS fluxes—which can be constructed by considering D- and NS-
branes simultaneously—appears even harder [52, 55, 56]. It is in this context that the notion
of integrability can save the day, and provide an effective tool to study the spectrum of such
theories, at least as long as we are in the 't Hooft limit. Remarkably, this seem to be possible
for both the AdS; x S* x T# and AdS; x S* x S*® x S' backgrounds, and even for mixed-
flux backgrounds. Before discussing how that happens, let us the introduce the observables
that we are interested in computing in the ’t Hooft limit, i.e. let us present the the spectral
problem of AdS/CFT.

4 It should be noted that such a limit, as we will see in section 8, requires great care.
5 Most notably, the AdSs X S° background can be described as the super-coset PSU (2, 214)/SO (1, 4) x SO (5). As
shown by Metsaev and Tseytlin [54], this can be used to write down the Green—Schwarz string action.

5
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1.2. The spectral problem

From now on, and in all of this review, let us restrict to AAS/CFT in the 't Hooft limit. We are
dealing with free strings, so that the natural observables are the string energy levels. These are
the eigenvalues {E}'S' } of the generator H** of time-translations in the target space®. For some
string states (such as the vacuum) these are protected by supersymmetry, but in general, they
are a non-trivial function of the dimensionless string length /R, due to the fact that the free
strings probe the curved AdS, ;| X My_, geometry. In the "t Hooft limit [57] of the CFT, the
leading observables are the two-point functions, whose form is constrained by conformal
symmetry—schematically

(0:00;07) = -5 (1.5)

where 4; is the eigenvalue of the generator of dilatations D acting on O}, and is in general a
non-trivial function of the ’t Hooft coupling A. The spectrum {4, } should then be dual to the
string energy spectrum.

Perturbative calculations in the string worldsheet theory will give E ]” at{;/R < 1, while
in the CFT we would find A; at 1 < 1, i.e. in the opposite regime. The aim of integrability is
to give a description valid at any intermediate coupling. This can usually be set-up by
considering either side of the AdS/CFT duality’, but in our case it will be more convenient to
focus more on the string side of it.

String theory in light-cone gauge. Let us consider a theory of closed (super)strings only. In
absence of string interactions, the worldsheet of the string is a cylinder of circumference ¢,
and the classical string theory is defined by an action of the form

2
Shos = —g [z [ do T r#0.X40,X" G (%), (1.6)
-2

for the bosons, which should be supplemented by fermionic terms—here we avoid doing so to
keep the discussion simple. Here h ~ R? / 552 is a coupling constant, y,; is the metric on the
worldsheet, X* can be thought of as coordinates in the target space, whose metric is G,,,. For
more complicated backgrounds, an antisymmetric By, (X) field can also appear, but we will
not include it here.

The action (1.6) is invariant under reparametrizations of the worldsheet and Weyl
rescalings, and should be gauge fixed. To briefly illustrate the strategy, let us assume for the
moment that the target space is flat, G, = nﬂb.g Then, if we introduce light-cone coordinates

X, =X+ X° (1.7)
we can both eliminate the world-sheet metric y* and set

X, (0, 7) =1, (1.8)

S More precisely, this is true when using global coordinates for AdS.

7 While the description arising on the CFT side played a very important role in the development of integrability for
AdS/CFT, it should be noted that it is only from the worldsheet theory point of view that the so-called wrapping
effects can be accounted for.

8 We will discuss the case of curved AdS backgrounds at length in the next section.

6
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where we ignore the winding terms. In this way, one can use the Virasoro constraints

) =0, (1.9)
('5}/“ﬁ

to solve for X~ in terms of the remaining fields. This still leaves one nonlinear constraint, the
so-called level-matching condition, which enforces periodicity of the strings along ¢ and
amounts to the vanishing of the worldsheet momentum P.

This gauge-fixed theory of free strings (or rather, a suitable supersymmetric version on
certain curved backgrounds) is what we want to quantize. In the bosonic sector we are left
with eight physical fields X’ defined on a cylinder. The physical Hilbert space will consist of
the excitation of these eight fields subject to the level-matching condition, which is realized as
a projection on the Hilbert space

P|{M}..{Ms}) =0, (1.10)

phys. -

where {M;} are label the excitations of each field. A preferred basis is the one of eigenstates
of the worldsheet Hamiltonian H, that is the operator generating time evolution on the
worldsheet in the sense of Stone’s theorem. The spectrum we eventually want to compute is
the one corresponding to time evolution in the target space. However, by light-cone gauge
fixing we have related the worldsheet time 7 to X, and hence to X°, that is the target-space
time. From this it follows that the eigenvalues of H'* are simply related to the ones of H, and
it will be enough to compute the latter.

It is worth recalling that the spectrum of physical states will organize itself into multiplets
of the symmetry algebra of the theory. Even if we did not construct the string Hamiltonian, it
is easy to see that in the flat case the physical fields X/, j = 1,...,8 will appear in (1.6) in
SO (8)-invariant combinations. This is the manifest symmetry of the theory in light-cone
gauge. However, as there are massive string excitations, whose little group is SO(9), we
expect that the theory should enjoy a larger symmetry, and that the so(8) Lie algebra
multiplets should arrange themselves into irreducible representations of so0(9). This illustrates
how in general the manifest symmetries of the light-cone gauge-fixed theory form a
subalgebra of the whole symmetry algebra, which in fact for flat space should be the full
s50(1, 9) when we also take boosts into account.

In practice, for curved supersymmetric backgrounds there will be several complications:
the action will involve fermions and non-linear terms. As we mentioned, an useful approach is
to rewrite the action (or part of it) as a coset action of a suitable supergroup [54]. Still, the
gauge fixed Hamiltonian will be highly nonlinear, so that only perturbative quantization will
be possible. A way around this complication—valid as long as we can identify asymptotic
states—is to find a (hopefully unique) S matrix that preserves the symmetries of the theory,
and use that to find the spectrum, as we will detail.

The decompactification limit and the worldsheet S matrix. In the light-cone gauge, the
worldsheet is no longer invariant under rescalings. In fact, a more careful analysis would
reveal that the size £ of the worldsheet is fixed in terms of the momentum conjugated to the
light-cone coordinate X_. It is interesting to consider the limit ¢ — oo, whereby the
worldsheet cylinder decompactifies to a plane. In this case, we are dealing with a two-
dimensional QFT with well-defined asymptotic states. In particular, the spectrum can be
described in terms of M-particle states on the worldsheet created by raising operators from a
vacuum,
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>(in,out)

12 = a0 (p )eeq [A0 (p)]0), (1.11)

A yeees Ay

where the in and out raising operators a'@-°") satisfy canonical commutation relations with
the in and out lowering operators @™, If we want to consider physical states, we will have
to impose the level matching condition,

>(in,out)

Plpy )™ = (p 4t 1) =0. (1.12)

AL 5eees am

P ""’pn

Al 5enny ap

We will call a state satisfying equation (1.12) ‘on-shell’, as opposed to a generic (off-shell)
state. In either case, the action of the Hamiltonian is very simple

(in,out) (in,out)
pl ’".’Hl>a] ..... ay ZE({aJ’ pj})|p1 "“’pn>(11 (IM,

.....

H(in, out)

M
E({a, pi )= Yo (p;): (1.13)
j=1

where w, (p) is the dispersion relation, and m, accounts for the fact that particles of different
flavor may have different mass. In the case of a relativistic theory we should find

we(p) = Jm2 + p* . (1.14)

However, for AdS background it has been found that light-cone gauge fixing breaks the
relativistic invariance on the worldsheet so that the dispersion relation takes a lattice-like
form, i.e. schematically

we(p) = [m2+4h? sin2§, (1.15)

where / is the coupling constant.

Given that the two sets of raising and lowering operators {a'@™, (™} and {4, g0}
both satisfy canonical commutation relations, by virtue of the Stone-von Neumann theorem
they must be related by an unitary operator S satisfying

S'S=SS"=1, S [0) =10), atm = § gfluwgh — 4in = § 4ugf, (1.16)

from which one immediately finds that S is the familiar S matrix that relates in- and out-states,
(in) ~ . \(out)

|p1 ""’E‘>al ..... o S |p1 ""’pM>a1 ..... an (1.17)

In practice, finding the S matrix is hard—it can be done perturbatively only at one- or
two-loop order for the models of our interest. We will circumvent this problem by dealing
with theories whose S matrix can be determined by the symmetries of the theory—that is,
integrable theories. We will discuss at length what this means further on in this review, see in
particular section 3.

Let us assume that we somehow have found the all-loop complete S matrix and
dispersion relation. Equipped with these, and remembering that we are dealing with a QFT in
1 + 1 dimensions, we can start looking at some observables. Let us prepare a one-particle state
IpYi of definite momentum and flavour. In absence of external fields such a stable
asymptotic state will satisfy Ip)i" = [p)©°" and its energy will be

E = w,(p), (1.18)

so that the spectrum is continuous. If, however, we take into account the fact that the
worldsheet is a cylinder of size ¢, we should also impose the spatial periodicity of the wave-

8



J. Phys. A: Math. Theor. 48 (2015) 023001 Topical Review

function, which amounts to the quantization condition for the momentum

elrt =1, (1.19)
resulting in a discrete spectrum. Let us now take a state Ip, q)fj“fl consisting of two particles of
the same flavour @, with momenta p > ¢ so that they are asymptotically well separated. Let
us also assume that they scatter elastically without producing any other particle—which is
generally not the case in a QFT. Then the corresponding out-state will contain again two
particles of the same flavour and momenta p, g. If we now impose periodicity, however, we
have to account for the fact that each particle underwent a phase shift due to the scattering, so
that we have

e'?tS(p, q) =1, e’1tS(g, p) =1, (1.20)

where S(p, g) is the diagonal matrix element for the flavour a, S5, (p, ¢). Inserting the
solutions for p, ¢ into the dispersion relations (1.13) will yield again a discrete energy
spectrum.

Since we are interested in the physical spectrum, we must impose the level matching
condition (1.12), finding that there are no non-trivial one-particle states in the on shell theory,
and that for two particles one must have ¢ = —p. If one were able to follow a similar recipe
for any number of particles of arbitrary flavours, then he would have a description of the
string spectrum. It turns out that this is possible provided that S ‘factorizes’, i.e. provided that
a M-body scattering event can be understood as a sequence of two-body ones. Again, this is a
typical feature of integrable theories, which amounts to satisfying the celebrated Yang—Baxter
equation. Then, the M-particle analogue of equation (1.20) are the Bethe—Yang equations (BY
equations), that are schematically of the form

M
eimé’Hs(pk,pj)=1 for  k=1,.,M, (1.21)
J#k
where S (p, g) is a suitable S-matrix element. Equations of this type where first found in the
context of QFTs by Yang [58], inspired by the ansatz that Bethe proposed in the context of
quantum spin chains [59].

A spin-chain picture. The appearance of the periodic dispersion relation (1.15) and the fact
that the spectrum can be described in terms equations of the Bethe ansatz type strongly hint
that the underlying theory may have an alternative description in terms of a discrete model,
perhaps of a quantum spin chain.

It has been long known that some NLSMs are equivalent to certain quantum spin chains,
see e.g. chapter 5 in [60]. For instance, a coset model similar to the one emerging from string
theory but with target space S? is equivalent to the long wave-lenght limit of the Heisenberg
spin chain. The Heisenberg chain is perhaps the prototype of a quantum spin chain, defined
on ¢ sites periodically identified and with Hamiltonian

0
1 = =
H=yu Z(Z -5 sj+1), (1.22)
j=1
where § j 18 a spin at the jth site and p is a coupling constant.

The sphere S> may be part of the target space for our string NLSM, e.g. in the case of
AdS; x S* X M. Therefore the spectrum of the Heisenberg chain could somehow be part of
the one that we wish to compute. For several integrable strings backgrounds this is actually
the case [61-66], and for instance in the case of AdSs/CFT; the first evidence of integrability

9
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was discovered in four-dimensional N' = 4 SYM theory precisely in form of the Heisenberg
spin chain Hamiltonian by Minahan and Zarembo [67]. Let us briefly review that prototypical
picture.

The operator dual to the string Hamiltonian is proportional to the generator of dilatations
D in the CFT. String states are dual to local operators which in the ’t Hooft limit take the form

e.g.
o= tr[Z Z 0¥X 0,Z y--yr Z], (1.23)

where X, Z, y, @ are some of the (bosonic and fermionic) fundamental fields appearing in
the CFT, Lagrangian, which are all evaluated at the same spacetime point, and the trace
ensures gauge invariance. The spectral problem now reads

DO=40. (1.24)

Each of the fields that compose (@ are identified by their transformation properties under the
n-dimensional superconformal algebra. In fact, we can think of them as of ‘spins’ of that
algebra, so that @ becomes a state of the periodic (due to the trace) spin chain.

In particular, in the case of N' = 4 SYM, if we restrict to two su(2)-charged scalar fields
X, Z, we have that an operator O is equivalent to a state |¥)

O=w[ZZXZX-XZ] — Py=141l14L1-11) (125

where the arrows indicate su(2) spins, S3I1|) = —% 1) and §3 IT):+% [ 1). The
breakthrough of [67] was realizing that at 1-loop in the weakly coupled CFT, the dilatation
operator D coincides with H of (1.22) up to suitably identifying the coupling constants. This
is particularly remarkable because H enjoys a large number of symmetries that make the
explicit solution of the spectral problem possible in terms of a Bethe ansatz.

As it turns out, the whole spectral problem of N = 4 SYM can be related to a spin chain
for the superconformal algebra, and solved by considering an asymptotic spin-chain S matrix
[68, 69], in a procedure that strongly resembles the one described for the string worldsheet
theory. The first step is to consider the limit of a long spin chain, £ — oo and effectively
decompactify the chain’. We then consider collective excitations of definite momentum,
called spin waves or magnons of the form e.g.

Ip) = Zeip.i| A A A A N AR (1.26)

j=1

where the overturned spin sits at the jth site. Notice that we have implicitly picked a vacuum
state of downward spins. This operation is akin to the light-cone gauge fixing and breaks the
manifest symmetry of the model. Remarkably, it still may happen that the S matrix
corresponding to the scattering of two magnons is uniquely fixed by the residual symmetries,
and the multiparticle scattering ‘factorizes’ in the sense alluded to earlier. In that case, we can
proceed to write down asymptotic Bethe ansatz equations of the form (1.21) by requiring that
M magnons live on a periodic spin chain of finite length #. Finally, requiring that the states
are invariant under cyclic permutations precisely reproduces the level-matching constraint

® In simpler cases such as the Heisenberg chain we might not need to first consider the £ — oo limit, and the Bethe
ansatz would be exact for any £. However, one peculiarity of the spin chains arising from AdS/CFT is that the
Hamiltonian may couple states of different length—in the case of N'= 4 SYM this can be seen from the presence of
a Yukawa interaction in the SYM Lagrangian. Then the Bethe ansatz description is only asymptotic, i.e.valid for
! > oo.
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(a) Real process (b) Virtual process

Figure 1. Two processes involving exchange of real or virtual particles that wrap
around the worldsheet cylinder, and therefore are not captured by the Bethe—Yang
equations.

(1.12), as we will see in section 6 where we will consider in detail a similar construction for
AdS;/CFT,.

The above picture can be seen to hold for several instances of AdS/CFT. However, in the
cases where a Lagrangian description of the CFT cannot be efficiently used, as it happens in
AdS;/CFTy, it is less clear how the spin chain emerges and how to relate it to the CFT
observables. Still, if such a description exists it may be used as a tool to investigate the CFT
side of the duality, as well as to give an alternative albeit similar way to solve the spectral
problem. One may speculate that a spin-chain description may emerge just by considering a
discretization of the string worldsheet, but it is hard to make such a statement rigorous. In
fact, very recently for AdS;/CFT, there appeared evidence that this may not always be the
case, as we will describe in the last section of this review.

The spectrum of the finite-size theory. The Bethe—Yang equations (1.21) do not describe the
spectrum of the finite-size AdS/CFT duality [70]. They rather describe the spectrum of a QFT
defined on a plane, after periodic identification of its spatial direction. To appreciate the
difference between the two cases, let us consider the processes of figure 1. There we depict
the propagation of (possibly virtual) particles wrapping the worldsheet cylinder, which cannot
be accounted for by the S matrix derived in the decompactified theory. In terms of the spin
chain, a similar effect arises due to the presence of long-range interactions—eventually, for a
finite-length chain, such interactions wrap around the chain, invalidating the asymptotic Bethe
ansatz approach.

In the QFT context, it is possible to estimate that wrapping effects are exponentially
suppressed when 7 is large, but nonetheless they are to be taken into account. One possibility,
pioneered by Liischer [71, 72], is to treat them as (perturbative) corrections to the spectrum
predicted by the BY equations.

One can do even better by fully exploiting the integrability properties of S and the fact
that, while directly dealing with (integrable) S matrices in finite volume is even hardly self-
consistent, doing so at finite temperature is quite natural. The thermodynamic Bethe ansatz
(TBA) is a tool to compute the free energy of finite-temperature integrable QFTs [73]. One
describes the thermal bath of particles in the grand canonical ensemble by taking into account
all the particles appearing in the BY equations and their bound states, and requiring
thermodynamic equilibrium. This means that the number of excitations is large, and their

11



J. Phys. A: Math. Theor. 48 (2015) 023001 Topical Review

densities are fixed. Consequently, starting from the logarithm of equation (1.21) one then
obtains a set of nonlinear coupled integral equations'®.

Zamolodchikov realized that this can be used to find the ground-state energy of a finite-
size theory from the free energy of a finite-temperature one [74], provided that these are
related by exchanging the role of time and space by two Wick rotations—a ‘mirror’
transformation. This procedure does not introduce any additional complication in the case of a
relativistic theory, but is not straightforward in non-relativistic models. This can be seen by

considering the effects of the mirror transformation
p P -1 E= Prirror» E~ _lP = Emirror» (127)

on the dispersion relation E? = w j (p)?, which leaves invariant the relativistic case (1.14)
yields an entirely new relation when one uses equation (1.15). In fact, the mirror
transformation produces a novel mirror theory. The thermodynamic properties of such
ancillary theory yield the finite-size properties of the original one.

1.3. The integrability approach to AdS/CFT

Let us briefly overview the developments that lead to successfully employing integrability to
the spectral problem in AdS/CFT.

The case of AdSs/CFT4. The best understood example of integrability in AdS/CFT is the
case of type IIB superstrings on AdSs x S° and N = 4 SYM. This is unsurprising since such
string theory background preserves as much supersymmetry as possible, and N = 4 SYM
can be easily studied in perturbation theory. A detailed review of the string side of the story
can be found in [75], while a broader account and an extensive list of references can be found
in [76].

The first hints of integrability were found on the gauge theory side. Early on, it was
noticed by Lipatov, building up on the existence of integrable structure in Yang—Mills and
QCD"!, that that such structures and the extended supersymmetry of gauge theory were
closely connected [85, 86]. Later on, integrability was rediscovered by Minahan and Zarembo
[67], by explicitly investigating the one-loop spectrum of the dilatation operator. As we
mentioned in the previous subsection, the key point was to recognize that such operator could
be interpreted as an integrable spin-chain Hamiltonian—again closely related to the
Heisenberg one. It was then realized that similar structures persist at higher loop order in the ’t
Hooft coupling [87-89].

Almost in parallel, similar investigations were performed on the string side. As we
mentioned, the light-cone gauge Hamiltonian there is highly nonlinear [90-92]. However,
exploiting the Metsaev-Tseytlin [54] coset description of the Green—Schwarz action [93, 94],
it was shown that the worldsheet theory is integrable as a classical field theory [95]. Classical
integrability allowed to consider special solutions of the equations of motion [96-98],
including ‘giant magnons’ [99, 100], and to write down generalized Landau—Lifshitz equation
[61-66]. These are string solitons that can be thought of as semi-classical limit of spin chain
magnons in the dual theory. In particular, they feature the nonlinear dispersion relation (1.15),

19 More precisely, one obtains such an integral equation for each species of particle configurations appearing in the
thermodynamic limit. Identifying those usually requires some assumptions that go under the name of string
h?/pothesis.

" Such structures emerge in particular when considering the reggeized hihg-energy gluon dynamics. This is
described by the BFKL Hamiltonian [77-81] which was found to be integrable and related to a generalization of the
Heisenberg model [82, 83], see also [84].
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Figure 2. The quiver diagram of ABJM theory, where we have drawn an arrow from
the fundamental to the anti-fundamental representation of each gauge group. Note that
the scalars ¥* and the fermions y,, as well as their conjugates, carry an index of the R-

symmetry group SU (4), A =1,..4.

which was also found in [92, 101]. While classical integrability is in no way guaranteed to
carry over to the quantum theory, in the case of AdSs x S° it was possible to find indications
that this is the case [102, 103]"*,

Eventually, integrability was established as an all-loop feature of the AdSs/CFT; duality,
at least up to including wrapping effects. This was first realized on the gauge theory side,
where an integrable all-loop S matrix was proposed [68, 105, 106], and then on the string side
as well [107]. In fact, the two descriptions can be precisely mapped into one another [108].

As for wrapping effects, it was shown [109] that the approach of Liischer [71, 72] can be
extended to the AdSs X S° NLSM, and in fact that the whole mirror TBA approach can be
applied, yielding an exact description of the spectrum. Following the reasoning of [70], the
mirror model was constructed [110]. Since this is related to the original theory by an analytic
continuation [111], its all-loop S matrix is automatically integrable. Then, the mirror TBA
equations (or equivalently, the ‘Y system’) were worked out [112—118]. These can also be
simplified to a finite set of nonlinear integral equation [119, 120], ultimately taking the form
of a ‘quantum spectral curve’ [121, 122]. All these descriptions by construction yield a
spectrum organized in multiplets of the superconformal algebra [123], for which finite-size
effects are essential [124]. The study of spectroscopy for AdSs/CFT, by either analytical
[125-131], or entirely numerical methods [132—134] has been initiated and both provided
substantial evidence in favour of the holographic duality and demonstrated the power of the
integrability approach.

The case of AdS,/CFT3. It is worth briefly reviewing another holographic set-up that is
amenable to integrability and is in many ways ‘intermediate’ between the prototypical one of
AdS5/CFT, and the one of AdS;/CFT, to which this review is devoted. This is the planar
limit of the correspondence between type IIA strings on'> AdS4 x CP? and the ‘ABIM’
theory of Aharony, Bergman, Jafferis and Maldacena [135]"*. ABJM is a three-dimensional
N = 6 superconformal Chern-Simons gauge theory with gauge group U (N) x U (N) and
Chern-Simons levels k and —k, see the quiver diagram in figure 2. The planar limit consist in
sending k, N - oo while keeping the 't Hooft coupling A = N/k fixed.

Besides its dimensionality, the amount of supersymmetry of AdS;/CFI3—24 real
supercharges [137]—is also intermediate between AdSs/CFT; and AdS;/CFT5, that preserve
36 and 18 supersymmetries, respectively. This results in some features that we will also

12 Integrability was later identified also by studying string theory in the pure-spinor formulation, see [104] for a
review.

13 Following standard conventions we denote by CP” the n-dimensional complex projective space, which can be
regarded as the real quotient manifold S*'+1/U (1).

14 This is really a limit of a more general correspondence between M theory on AdS, X S7/ Zy and ABJM, see
e.g. [136]. However, there is no loss of generality in restricting to type IIA strings if we are only interested in the
planar limit of the correspondence.
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encounter later on for AdS;/CFT,, such as the fact that fundamental excitations transform in
reducible representations of the symmetry algebra, or the existence of a ‘slope function’. In
fact, while in AdSs/CFTy S duality fixes the expression of the coupling constant in terms of
the *t Hooft coupling & = h(1) = +/4/2x [138]", when we write all-loop expressions such as
equation (1.15) in AdS4/CFT; [142], h is some to-be-determined function of 4.

Integrability manifests itself in the ABJM theory, where an integrable spin-chain
Hamiltonian was found first at two loop in perturbation theory [143, 144]. In parallel,
integrability can be studied for the string NLSM; to this end, it is useful to represent the
Green—Schwarz action [94, 145] as the supergroup coset action

0Sp(6]4)
SO(1,3) x UQ3)’

(1.28)

as done in [146, 147]. However, such a coset description is equivalent to the original Green—
Schwarz action only in a specific x gauge [146, 147] '°. Classical integrability was found for
such a coset description [146, 147], and then generalized to the Green—Schwarz action [148].
Semi-classical integrability was found in terms of giant magnons [144, 149—-152] and of an
algebraic-curve description [153], and an all-loop S-matrix was proposed [154] by postulating
the symmetry that then emerged from the off-shell analysis of the gauge-fixed theory [155].
From such an S matrix, the all-loop Bethe ansatz originally proposed in [156] could be
validated.

These investigations culminated in a mirror-TBA and Y-system description for the exact
spectrum of the duality, first conjectured in [113] and then derived (with some modifications
with respect to the original proposal) in [157, 158]. Recently, these were reformulated as a
quantum spectral curve [159], which in turn was used to exactly compute the slope function
h (1), see [160]. For a more detailed discussion of this duality we refer the reader to [161].

The case of AdS3/CFT,. The first indication of integrability for AdS; backgrounds was the
presence of giant-magnon solutions to AdS; X S* x T* equations of motion [162, 163]. This
is not entirely surprising since the AdSs x S solutions are contained in R X S?, which can be
embedded in AdS; x S°.

The confirmation of classical integrability was found in [6] by relating the Green—
Schwarz string action in a specific k gauge to an appropriate supercoset [55, 164, 165]. Up to
some U (1) factors, this is

PSU(1, 112). x PSU(1, 1]2)r

, (1.29)
S0 (1,2) x SO(3)
for the (pure Ramond-Ramond) AdS; x S* X T* background and by
D2, 1; x D2, 1;
( a)L ( a)R (1.30)

SO(1,2) x SO(3) x SO3)’

for the (pure Ramond-Ramond) AdS; X S* x S? x S! one. This was then generalized to
arbitrary x gauges in [166]. Another indication of integrability emerged in studying the
Gubser—Klebanov—Polyakov ‘spinning string’ classical solution [167].

15 This was a posteriori verified by comparing the results for the exact Bremsstrahlung function found by
integrability with the one known from supersymmetric localization, see [139-141].

Additionally, such a x gauge becomes singular for certain bosonic string configurations; we will see that
something similar happens also in AdS3;/CFT,.
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A peculiar feature of these backgrounds is the presence of massless excitations in the
string spectrum, which could not be straightforwardly included in the integrability machinery.
For this reason, the efforts to determine the integrable S matrix and Bethe—Yang equations
focused on the sub-sector where only massive asymptotic states are involved. After some
initial investigations based on semiclassical integrability properties [168, 169], these were
fixed in [170, 171] for AdS; X S® x S® x S! and in [172, 173] for AdS; x S3 x T*. As for
the massless modes, they were initially considered in a weakly-coupled spin chain description
[174] and in the semi-classical string integrability picture [175]. Only very recently an all-
loop S matrix for all fundamental (massive and massless) string modes was proposed
[176, 177]. These investigations were supplemented by a number of perturbative or
semiclassical calculations that, as we will see in section 7, confirmed the integragrability
picture [178-188]. Even if perturbative calculations of non-protected quantities in the
symmetric-produt CFT are also possible [189], it is still not completely clear how integrability
would enter the gauge or CFT side of the duality [190].

It is also very interesting to note that the AdS; backgrounds discussed above remain
classically integrable even when supported by a mixture of RR and NSNS fluxes, as it was
recently shown by Cagnazzo and Zarembo [191]. This lead to very rapid developments in
their study [192—-196], to which we will come back in section 8.

1.4. Plan of the review

As we have seen, the recent progress towards integrability for AdS;/CFT, touches upon a
number of different models. To keep our discussion simple, we discuss in full detail what is
perhaps the simplest instance, i.e.the massive sector of pure-RR AdS; x S* x T* super-
strings. This will be done both from the point of view of the worldsheet theory and of a spin-
chain, which as we will show are precisely related to one another. After detailing that
prototypical case, it will be relatively straightforward to describe the more general ones,
which indeed share several features with it. Our presentation will not always follow the
original one adopted in the original literature, in an effort to be more pedagogical and self-
contained.

In section 2 we will discuss the worldsheet theory of free strings in AdS; x S* x T* in
terms of a coset NLSM. We will focus on the massive excitations and derive their symme-
tries. This follows closely ideas that were first developed for AdSs X S5 192, 107], but
highlights some novel unexpected features of the AdS; x S* x T* background. Some of the
results presented here have also been found, among other things, in [176, 177] by different
techniques. Our presentation here strives to be as pedagogical as possible by drawing a
parallel with the case of AdSs X S°.

In section 3 we will review the main ideas behind integrability, and in particular fac-
torized scattering approach of Zamolodchikov. We will then use the symmetries found in the
previous section to find the two-body S matrix. This can be determined up to two scalar
functions—the dressing factors—and satisfies several non-trivial consistency checks, most
notably the Yang—Baxter equation, which is a necessary requisite for integrability. The results
of this section were first found in [170, 172], while the presentation follows [75, 108].

Section 4 is devoted to the study of crossing symmetry. Firstly we will discuss crossing
invariance for worldsheet excitations, which will be a generalization of the familiar relativistic
one [197]. Then we discuss a proposal for crossing-invariant dressing factors, originally put
forward in [173], and discuss some of their analytic properties, notably their compatibility
with the expected massive bound-state spectrum of the theory. This is a relevant check
because crossing symmetry alone does not fix the form of the dressing factors completely.
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We will switch gears in section 5, and introduce a spin-chain picture, constructed in such
a way as to be dual to the worldsheet theory of the preceding sections. Again the focus will be
on its symmetries, and it will lead us to a two-magnon S matrix. We will relate it in a precise
way to the worldsheet S matrix, and discuss the notion analogue to crossing in the spin-chain
picture. This section follows more closely the original approach [170, 172] in which the S
matrix was found.

In section 6 we will see in some detail how the S matrix we computed can be used to find
the string energy spectrum up to the so-called wrapping corrections. To this end, we introduce
in quite some detail the asymptotic ‘coordinate’ Bethe ansatz for both the spin-chain (which
was originally worked out in refs. [171, 172]) and worldsheet pictures. Since we will be
dealing with non-diagonal S matrices, we will need to use the nesting procedure in order to
write the Bethe equations. As we will show, the Bethe ansatz in the spin-chain and worldsheet
picture describe the same physical spectrum.

In section 7 we will discuss how the integrability construction was put to the test. Up to
that point we will have assumed the worldsheet theory to be integrable at the quantum level,
and derived an S matrix based on that assumption. We will now check that S matrix,
including the proposed dressing factors, against perturbative and semiclassical calculations in
the worldsheet theory [6, 178—187, 192] up to one-loop and including a non-trivial two-loop
consistency check, finding complete agreement. Unfortunately it is much harder to perform
such comparisons with the perturbative expansion of the dual CFT,, where therefore some
further validation remains necessary.

In section 8, the final section, we will overview several directions in which the topics
discussed here can be and are being evolved. The most natural one is the inclusion of the
massless fundamental excitations to the integrability picture [174—177]. Another is the
extension of integrability to the other maximally supersymmetric AdS; background, i.e.
AdS; x $? x $3 x S!. For that case, the all-loop massive S matrix and Bethe ansatz was
proposed in [170, 171] up to the dressing factors, but several open questions remain—notably
what happens in the limit where one of the spheres blows up to give back AdS; x S* x T,
up to a compactification. Finally, we will discuss the AdS; backgrounds supported by a
mixture of Ramond-Ramond and Neveu-Schwarz-Neveu-Schwarz fluxes [191-196], which
may be a novel important playground to further our understanding of AdS/CFT integrability.

A note on notation. 'The bulk of the material presented here has already appeared elsewhere
[170-173, 176, 177, 192—-194]. To streamline our presentation, our notations here may differ
from some of the original ones. Furthermore, for the same reason we sometimes use slightly
different convention and normalizations—most notably for the S matrix, which after all is a
matrix and as such depends on the choice of basis. We also should warn the reader that some
quantities that appear both in the worldsheet picture and in the spin-chain one (such as the
S matrix, the generators of the symmetry algebra, etc) will be indicated by the same letter,
despite not having the same value in the two cases. We do so because these objects play the
very same role and are almost identical in the two pictures, and because we feel that
introducing different notations for each of them would be an unnecessary burden. When
confusion may arise, we do clarify in the text what quantities we are referring to.

Let us also point out that throughout this review we will not discuss the form of the
interpolating function /(1) for AdS;/CFT,. We will always indicate the coupling constant as
h, without specifying its relation with the ’t Hooft coupling 4.
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2. The nonlinear 6 model and its symmetries

In this section we will analyse in more detail some features of the NLSM on AdS; x S* x T*.
In particular, we will write down its gauge-fixed action, restricting to massive excitations for
simplicity. Out of that we will work out the symmetries of the theory, which will be important
in the subsequent sections.

As anticipated in the introduction, we want to study our theory in the light-cone gauge.
However, the technique to do so will be different and slightly more involved than the one
sketched there. In fact, in AdS backgrounds it is impossible to impose conformal and light-
cone gauge on top of each other [90, 198]. The way around this issue is to use first-order
formalism, which has the further advantage naturally producing the Hamiltonian, whose
eigenvalues are what we are after.

Firstly, we will demonstrate this approach in the case of a bosonic NLSM on
AdS; x S* x T*. This will allow us to describe the strategy in some detail, without dealing
with the complications due to fermions. In order accommodate these, we could take two
routes

1. Consider the Green—Schwarz (GS) action for the superstring [93, 94]. This is known up
to quartic order in the fermions [199], which would give the complete action for the case
of our interest.

2. Following the approach used to study classical integrability in [6], write the superstring
action as a coset action

PSU(1, 1]2) x PSU(1, 1]2)
50(1,2) x SO(3)

x U(1)*. 2.1)

The former method is completely general, but makes it harder to see how the isometries are
realized. This is instead manifest in the coset formulation, which however requires a specific
choice of which fermions we consider physical (the x-gauge fixing). This choice is not
suitable for studying massive and massless excitations at the same time. Since our focus will
be on the massive excitations only, we will use the coset action, and work out its symmetries.
As we will discuss in section 8, the GS approach has been used in [176, 177] precisely to
understand the role played by the massless excitations.

2.1. Bosonic strings in light-cone gauge

To exemplify the procedure we will follow later, let us first consider a bosonic NLSM action
for closed strings”, of the form

/2
S = ‘% f do dr y7%0,X0 ;X" G, (X), 22)
—{/2

where we consistently set to zero the Fradkin-Tseytlin R, term. Notice further that we

replaced the worldsheet metric by the conformally invariant combination y* /Iyl — y®. Let
us introduce the conjugate momenta

17 Integrable open superstrings can also be considered in principle, see [200] for a review in the case of AdSs x S°.
While such an investigation has been initiated in the case of AdS;/CFT, [201, 202], the understanding of the
integrability properties in this case is still limited.
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p = % = —hyoﬁ()ﬂX”Gﬂ,,(X), (2.3)
where X" = dyX*. Then the action can be rewritten as [90, 198]
S = / " dzo(p Py A ch} 2.4)
—tn H 700 2 hy
where
C =pX"*, C=G6"pnp + G, X'"X'", (2.5)

with X'# = 0,X#. The action (2.4) is no longer manifestly covariant on the worldsheet.
However, due to the Virasoro constraints we have that it must be

C, =0, C, =0, (2.6)
so that the y* plays the role of a Langrange multiplier and will not appear in the Hamiltonian
after (2.6) is imposed.

Let us specialize to the background AdS; X S* x T*. Let ¢ be the time-coordinate in

AdSj and ¢ be an angle in S3. Translations and rotations in these directions are isometries, to
which correspond two conserved charges

2 tr2
He==[ “dop.  d= [ dop, @7

where p,, p, are conjugate momenta. The target space energy H"% is what, after quantization,
will give us the energy spectrum we are interested in, and J is a distinguished angular
momentum. Out of these two coordinates, we can construct light-cone ones [203] 18

1
X = ¢ - t? Xy = E((ﬁ + t), (28)
and denote by x' the remaining coordinates. The light-cone gauge-fixing condition is then
Xy =71, P+ = 1’ (29)

where we assumed that there is no winding'®. We will always restrict to this case, which is the
only one where the large-tension expansion of the string is well-defined. Our coordinate
choice implies that the light-cone momentum is p, = %(pq& — p,), so that the corresponding

Noether charge is P, = %(J + H"*). In addition, the eigenvalue P, of P, is

P—/md = =i+ (2.10)
T, O T ) ' '
This shows explicitly how in light-cone gauge, invariance under worldsheet rescaling is lost,
and in fact the worldsheet radius is fixed in term of physical charges. Moreover, relating t with
7 will allow us to compute the target space energy E“% in terms of the worldsheet
Hamiltonian.

One of the advantages of light-cone gauge fixing is that spurious degrees of freedom can
be eliminated, which makes quantization easier. In particular, we can get rid of the metric y**
by a suitable gauge fixing, whose precise form is irrelevant here, and eliminate the long-
itudinal modes of the string x,, p,. To this end we solve C; = 0 for x’

8 I fact, a more general coordinate choice is possible [91, 204], where x4 = a¢ + (1 — a)t.
19 One can account for a winding of the form x (r) — x(—r) = 2z2W, with W € Z by allowing for a term linear in
oin x,.
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x! = —pjx/k. (2.11)

Then, p can be eliminated by solving the nonlinear constraint C, = 0. We have, plugging in
the light-cone gauge conditions

C, = %(G‘M’ - G”)(p_2 + 4) + (G¢"’ + G”)p_ + %2(G¢¢ - Gn)XLz

+ Gﬂ‘pjpk + thjkx’jx’k, (2.12)

where Gy,Gy4,Gjx are metric elements and x” is a function of the transverse fields as in
equation (2.11). Formally inverting the constraint equation gives

P =p_(xf, x', p,-)- (2.13)

Plugging these expressions into the action (2.4) and dropping the total time derivative x_, we
find

ZIN ' o
= X/ Iox',p.
S [[/2 da(pjx +p_(x , X ,p])), (2.14)
whence we can immediately identify the worldsheet Hamiltonian density
H=—p (x), 59, p)), 2.15)

and the Poisson structure
{xk(a), pj(a)} =6 5(c - ). (2.16)

For H to be positive, p_should be taken to be the negative root of (2.12). We also see that the
worldsheet and target-space energies are related by

H=H>_J. (2.17)

where H is the worldsheet Hamiltonian. When eliminating the longitudinal degrees of
freedom we did not solve for x_, but only for its derivative x. For consistency, we have to
impose that x_ is periodic,

%) e ,
0= / do x! = —/ do p,x'i. (2.18)
—0/2 (/2

This last condition, the level-matching constraint, is difficult to impose before quantization.
Instead, we will impose it on the Hilbert space of the quantum theory. To this end, notice that
the worldsheet momentum, i.e. the Noether charge corresponding to o-translations, is given
precisely by

o _
P= / do p,x'/. (2.19)
—£/2

This should not be confused with the Noether charge P,, which is constant and equal to .
Therefore, the physical states in the quantum theory will be the ones annihilated by the
(quantum) worldsheet momentum.

Perturbative expansion of the action. It is still not straightforward to quantize the
Hamiltonian H = / do H, which comes from inverting the nonlinear constraint C, and is
highly interacting. In order to proceed, we need to systematically expand it. A way of doing
so is to suitably redefine fields and coordinates so that the Hamiltonian density can be written
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as

where H, is quadratic in the fields, H4 quartic, etc, and take a large-h limit. One such
procedure is the Berenstein—Maldacena—Nastase (BMN) limit [205], whereby

P, .
P, — oo, h — oo, 7 fixed. (2.21)

The action then admits a perturbative expansion in 1/P,.
Alternatively, one can first consider a decompactification limit

P, — o,  h fixed, (2.22)

which is enough to identify asymptotic states and define an S matrix, since £ = P.. Then, to
perform perturbative calculations we can take a large-tensions expansion in 1/4. Building on
that, one can go on and construct a perturbative Hamiltonian and S matrix, see e.g. [75] for
more details. The advantage is this approach is to distinguish the decompactification of the
worldsheet from the expansions of the Hamiltonian. In what follows, we will adopt this latter
procedure.

Evaluation of the quadratic Hamiltonian. The line element of this geometry reads
ds? = =G, dr* + Gy dgp® + f, dz; + g; dy, + dX7, (2.23)

where we denoted the transverse coordinates by zj,z, for AdSs, by y,,y, for S? and by X1 ,..., X4
for the torus. The metric elements are

2 2 2 2
4 + |7 4 — |yP 4 4
4 — |4 4+ |y 4 — g 4+ |y

From (2.12), we see that it is convenient to perform the rescaling

c— ho, x/ = 12, p;— h_”zpj. (2.25)

The first replacement suitably rescales the o-derivatives, and the other two implement a field
expansion. In (2.12), keeping track of all the sub-leading terms for now, and picking the
appropriate solution have

_ 2G" + G¥
- Gt — G¢¢

\/4G‘/’¢G” +(G" = GM)H + 2 (G"Gyy + GHG, — 2)x2
+2 T

, (2.26)
with

1, . 1
1 _ 2 k vl Jk
M= (51 pipy + 6xx ) + 0(—h2). 2.27)
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Expanding to leading order gives
1 2 ,
m=EU@|+WF+Mj
]
+ —
2
This is the (relativistic) Hamiltonian of four massive excitations (the four transverse
coordinates in AdS; x S*) and four massless ones (the tours coordinates). By supersymmetry,
we expect the superstring action at quadratic order to be given by the above H, plus 4 + 4
free fermions of the same masses.

At this order H is free and can be quantized in a standard way in terms of raising and
lowering operators a J-T (p), a’(p) satisfying canonical commutation relations

[ ®). aj(p)] =65 5(p ~ p). (2.29)

2 1 2
p| +IZP + |z|2) + E(\px| + |X’|2). (2.28)

yielding®
8
H= /da M, = /dp Yo, pal(pajp), @ = Jm}+p?, (2.30)
j=1

with m; = O for the four number operators of the torus and m; = 1 for AdS; X S®. The
worldsheet momentum (2.19) is then

8
P= f dp Yp al(p)ajp), (2.31)
j=1
so that a multiparticle state |p, ,...p,) is physical if and only if p; + --- + p, = 0.

2.2. The AdS; x S® x T* supercoset

In this section we will write down the coset action for the superstring, following [6]. Even if
this construction is inspired by the one orginally performed in AdSs X S° [54], there are some
remarkable differences due to the presence of the T4 flat directions. In that case, the coset
action coincided with the GS action before fixing the x-gauge. Here, the correspondence holds
only when k-gauge is completely fixed. This will lead to some complications that fortunately
are irrelevant as long as we focus on the massive modes alone. We will describe
AdS; x S* X T* as the coset (2.1) which can be essentially constructed out of two copies of
the superalgebra psu(1, 112).

The superalgebra psu(1,1]2). The superalgebra psu(1, 112) consists of an even (‘bosonic’)
part given by a non-compact su(1, 1) or s[(2), and a compact su(2) algebra. We can think of
the former as being some of the isometries from AdS; and the latter as coming from S3. These
are supplemented by eight (‘fermionic’) supercharges.

Let us denote the generators of the non-compact bosonic algebra as L;, the ones from
su(2) as J;, and the supercharges as Q. In terms of raising and lowering operators the even
part of the algebra, in a suitable real form, is given by

20 Owing to the decompactification limit, the integration ranges from —oo to +oc0, and we omit to indicate the limits
in the integral.
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[Ls, L.]=7Fi L., [L.. L] =+2i Ls,
[ 5. J] =i L., [Jo 1] =-2iJs, (2.32)

and the supercharges are charged under the bosonic subalgebra

1

[L37 Qim] = iEQim, [Li7 Qim] = +Q1Kh

(5 Q] =F5Que [V Qun] =i Qs (2.33)
with k = + , 1 = + and a = +. Finally, the supercharges’ anticommutators read
{Qissr Qu}=%Lg, {Qe+- Qi) =F L,
{Qies Qi }=7Fi 1, {Qic, Qi) =%i s,
[Qiiw: Quaz}=i(+L3+ J5).  {Quuz, Qzu) = i(-L3 7 Jy). (2.34)

In what follows, we will need to identify two copies of this algebra with part of the
superisometries of AdS; x S* x T*, and use an explicit representation for it. In order to do so,
we will consider a realization of the su(1, 112) in terms of supermatrices, and find psu(1, 112)
as a quotient subalgebra.

Supermatrix realization. Let us consider Z,-graded vector space C2'2. The set of its linear
endomorphisms form the superalgebra gl(212), that can be represented in terms of 4 x4
supermatrices

A 6O
= , 2.35
(2 9) a5
where the 2 x2 blocks A, B are even and ©, = are odd>'. The subalgebra u(1, 112) can be
singled out by imposing a suitable hermiticity condition

M +H ' MH=0, H = H' = diag(1, -1, 1, 1), (2.36)

where H implements the non-euclidean signature. There are 8 odd and 8 even independent
solutions to such condition. Among the latter, there are two central elements

I =diag(1, 1, 1, 1), I’ = diag(1, 1, -1, —=1). (2.37)
The supertrace
str M =trA — tr B, (2.38)

is an invariant of gl(212) and u(1, 112) which can be used to impose the condition str M = 0,
that mods out I* and defines the matrix algebra su(1, 112). However, we cannot get rid of I by
consistently imposing tr M = 0 because for a generic odd (and therefore traceless) element
of u(l, 112) we have

tr( { Modg: Moaa}) = =2 tr(ModdH—lMgddH) <0. (2.39)

Therefore psu(1, 112) does not admits a matrix realization. With a small abuse of language
we will refer to the quotient su(1, 112)/I as the ‘matrix realization’ of psu(1, 112) and, when
writing anticommutators, understand equalities modulo a multiple of the identity. In
appendix A.1 we give the explicit form of the generators in terms of 4 x4 supermatrices, as
well as some additional properties of the superalgebra.

2! Note that the odd elements of the supermatrix are nonetheless commuting (non-Grassmann) scalars.
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The full algebra and Z 4-automorphism. The algebra generating the supercoset (2.1) is given
by two copies of psu(1, 112), which we will denote by ‘L’ or ‘left’ and ‘R’ or ‘right’ and four
copies of u(1). As it is always the case when considering a superalgebra that is direct sum of
two subalgebras, psu(l, 112)p @ psu(l, 112)g enjoys a Z4-automorphism €2, on top of the
natural Z,-grading due to the superalgebra structure. This can be defined, for instance, by a
permutation of the two copies together with multiplication by the fermion sign of one of them.

There are several inequivalent ways to define a realization of
psu(l, 112)p, @ psu(l, 112)g in terms of 8 x8 supermatrices M. A possibility would be to
consider two identical realizations of psu(1, 112) and take their direct sum. However, this is
not the most suitable choice for the coset construction that we will carry out in the next
section’”. The elements of psu(l, 112);, @ psu(l, 112)g can be split in two,

ML =MO, Mr=0& M, (2.40)

where 0 is the zero matrix, and M and M are in two matrix representations whose bosonic
subalgebras have opposite notions of what the highest weight vectors are. In appendix A.1 we
give the explicit form of these matrices and comment more on this choice. There are also
several inequivalent ways of defining the Z, automorphism 2. We will rely on an exchange
of the two psu(1, 112) copies supplemented by a ‘fermionic’ operation. In particular, £ will
take the form

QM) =K MK, QY (M) = M, (2.41)

where K permutes left and right and takes into account the fermionic signs, so that in terms of
the (Hermitian) Pauli matrices we have

K= FL 7), FL = Iz ® (()’3 b Iz), P= o] ® (12 ® 61). (242)

In this way, £2 maps the left and right bosonic subalgebras into each other and accounts for
their different matrix representations, see appendix A.1.

The advantage of such a construction is that it gives a natural way to decompose the
symmetry algebra into the direct sum of four eigenspaces relative to the eigenvalues i* with
k = 0,...3. Using the matrix representation (2.35-2.40) it is easy to see that the eigenspaces
relative to 1 consist of even elements. In particular, the eigenspace given by matrices such
that Q (M) = M consists of su(l, 1) @ su(2). The corresponding group is precisely the
quotient part of the coset. It only remains to extend the automorphism to 1(1)*. A simple way
of doing so is declaring that all of the u(1) generators have eigenvalue —1 under 2. A more
‘symmetric’ choice is to introduce a Z,-grading on u(1)}, which amounts to realizing U (1)*
as a coset (U (1)>/U (1))*. Since the latter is trivial, the two descriptions are equivalent.

Therefore, we have a vector-space decomposition of

A = psu(l, 112) @ psu(l, 1]2) & u()*, (2.43)
as
3
A= @AY, Q(A<k>) = ik A®. (2.44)
k=0

2 In fact, it is easy to check that carrying out the construction with the more naive representation would lead to an
ill-defined Poisson structure in the resulting coset action.
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Using the fact that  is realized linearly and that
QM) My) = Q(M)2(M>), (2.45)

we have that the decomposition turns A into a Z4-graded Lie superalgebra, i.e.
[A(i), A(k)] C AUFk modd (2.46)
This structure has two important consequences:

e It provides a simple way to realize the supergroup coset starting from the superalgebra
elements and to write down the string action and its symmetries, as we will do in the rest
of this section.

e It ensures that the string equations of motions can be written as the flatness condition for
a suitable (Lax) connection, a feature that guarantees classical integrability, see
section 3.1.

Parametrization of group elements. It is convenient to parametrize a generic element
g € PSU(1, 112)> x U(1)* in terms of the ‘exponential’ of the algebra elements. Several
choices are possible. Here we will set

gt .y, x, X) = At, P)g(¥n)g(H)g (x)g(X), (2.47)
where

e f, ¢ are the time coordinate in AdS; and an angle in S?, respectively. We will later use
them as light-cone coordinates.
e ¥}, are all the fermions, which we will split into massive fermions ; r contained in ¥,,

and massless fermions nIiR contained in ‘#.
e x = (z;;) are the remaining four bosonic coordinates on AdS; X S,

e X = (Xi,...X4) are the four bosons from T*, so that g(X) commutes with all the other
parameters.

In particular, let us set

At, @) = es (L) +3(I5-0%) = einizimfer (2.48)
where we introduced the light-cone matrices in psu(1, 112)?
i 2, = (LY - L¥) + (35 - J%). (2.49)

The remaining four fields {x; } = (z1,22,y;.y,) appear through g(x) which is written in terms of
the remaining transverse angular momenta. For their form as well as for the forms of the
fermion parametrization we refer the reader to appendix A.2.

Lagrangian and Noether current. Let g € PSU (1, 112)> x U (1)*. The one-form

A= —g\dg, (2.50)
takes values in .4, and therefore can be decomposed according to (2.44) as
A=AD 4+ AD 4 A®) 4 A®) (2.51)
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Inspired by the case of AdSs x S, let us define the Lagrangian
h
r= —E(y“ﬁstr(Af)A/Sz)) + s“ﬁstr(Ao(,l)A/?))), (2.52)

where for definiteness we fixed the coefficient of the Wess—Zumino term strA”) A A®. This
Lagrangian and the resulting action have several good properties. Firstly, as it is easy to check
they are manifestly real. Furthermore, A and therefore £ is invariant under left multiplication
of the group element g by any constant element go—the theory is manifestly invariant under
global (super)isometries.

One may worry that the action depends on g, rather than on the corresponding coset
representative. However, it is easy to see that under a transformation of the
SU(1, 1) x SU(2) from A® all the current components appearing in the action A®),
k = 1,...3 transform covariantly, so that £ is left unchanged. Moreover, if we take g to be
parametrized by (2.47) and set the coefficients of the odd algebra elements to zero, we have
that the Lagrangian £ reduces to the one of the bosonic NLSM on AdS; x S* x T* given by
equation (2.2).

An important feature of (2.52) is that the resulting equations of motion can be written as a
flatness condition for a Lax connection. This fact, familiar from AdSs x S° [95] was pointed
out in [6] for the AdS; x S* x S* x S! background of which AdS; x S* x T* can be seen as
a limit, at least in absence of winding. In [6] it was also argued that the coset action coincides
with the GS superstring action in a suitable x-gauge, namely one where all the massless
fermions are eliminated by the gauge fixing. This was checked up to quadratic order in the
fermions.

Finally, owing to the global A-symmetry, there exists a conserved Noether current,
which takes a simple form in the coset formulation [6]

1
P g(yaﬂA/@ - Lev(ag - A;,3>))g—1. 2.53)

2.3. Massive modes in light-cone gauge

Following what we did in section 2.1, let us rewrite the Lagrangian (2.52) in the first-order
formalism,

1

h ]/01
— _ (2) Zoap (1 4 (3) o R
L= (str(wAO ) + 28 str(A(Z Aﬂ ) + },OOCI o }/00

cz), (2.54)

where we introduced the auxiliary field w that without loss of generality we take to be equal
to its component w®. The constraints are C; = C, = 0 where now

¢ =su(wA®).  C= str(w2 + h( A )2) (2.55)

To preserve as much supersymmetry as possible, we want to fix light-cone gauge in
terms of the coordinates x,. constructed in section 2.2. Such a gauge fixing is incompatible
with the xk-symmetry fixing that was necessary to assume to have a coset description [6], and
should we proceed in this way we would find that the massless fermions lack a good kinetic
term (i.e. quadratic in a field expansion). In what follows, we will restrict to considering only
massive excitations, i.e. truncate the coset to AdS; x S?. This will be enough to elucidate at
least some of the symmetries of the theory, which is what we will later need to find the
worldsheet S matrix for massive particles. Let us therefore set, from now on,
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'{f = 0, Xl = = X4 =0. (256)

Evaluation of the action. 1t is useful to split the current into an even and odd part under the
74 decomposition, Aeyen and Ayqq respectively. We also single out the part AZ., of Acven
which depends only on the transverse bosonic coordinates. In terms of these quantities (whose
explicit expression we give in appendix A.2) and up to the imposing the Virasoro constrains,
the Lagrangian can be rewritten as

L= pi_+ iy — st @Ak, ) - i%e“ﬂstr(A;dd.Q(A/?dd)), 2.57)

where we also made use of the Z, automorphism. Note that p, is the momentum conjugate to
x_, while p_ differs from the conjugate momentum to x, due to the contribution of the Wess—
Zumino term. To see this, let us define the decomposition

I i 1
w=—w, 2+ —w_2_— —w X, 2.58
STt 5 Pkk (2.58)

valid up to trace contributions, where X corresponds to the bosonic generators of the
transverse directions, see equation (A.14). Then, using the explicit expressions from
appendix A.2, we get indeed

p, = w,Gy — %w_G_, p = éstr(w2+gx(1 + 25'/,3)gx). (2.59)

Note that we introduced the short-hand notation g, = g(x) for the transverse bosonic

coordinates and the metric in the light-cone directions, G, = %(G,, + G¢¢).

Gauge fixing. Let us now fix light-cone gauge (with zero winding)

Xy =7, p, = 1. (2.60)

From the latter equation we can immediately find the value of
1 1
o, =—|1+ —w_G_|. (2.61)
Gy 2
Substituting w,. in the C; = 0 constraint we find as expected
—x_ = p,x; + fermions, (2.62)

where the complete expression of the fermion contributions are given in equation (A.29).
Recall that it is this expression that appears in the level matching constrain, which as in the
bosonic case amounts to vanishing of the worldsheet momentum

(2
0= / do x/ = P. (2.63)
—{/2

The last longitudinal component of the auxiliary field w_ can be found from the quadratic
constraint C, = 0, with

Cr=ww_+ @+ h str((A;2> )2) (2.64)

The expansion of and solution to this constraint is given in appendix A.2, where we also give
the form of the auxiliary fields @y in terms of the conjugate momenta p, as well as some other
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Figure 3. The elements of the psu (1, 112)> matrix M of (2.68), distinguished by the
dependence on x. in the resulting charge Q4. Elements on a white background yield
an x-dependent charge (that does not commute with H), while the one highlighted in
yellow K, D yield conserved charges. We further distinguish between kinematical (K),
i.e. x_-independent charges, and dynamical ones (D).

useful formulae. Using all this, in the next section we will write down explicit expressions to
the leading order in a field expansion.

Noether charge. We conclude this section by writing down the conserved charges
corresponding to the Noether current (2.53). By making use of the equations of motion for the
auxiliary field @

w=h },OﬂA/(jZ) , (2.65)
we can write down the charges in a form that is independent of the worldsheet metric,
(2 |
Q= / do g(x. x, ‘I’m)(w - Eh(Al(l) - A1(3)))g‘1(xi, X, ), (2.66)
—t/2

which by using the Z4-automorphism £2 can be recast in the form
%) )
i N\ — 1 14—
Q - / do- A glﬂugx(w + Eh gx Q(Tm)gx 1) gx lgyjmlA 1’ (2‘67)
-t
where we also expressed g(x., x, ¥,) by means of (2.47). The Noether charge

Q € psu(l, 112)* is written as a matrix, and its independent components may be projected
by defining

Qu =str(M Q), M € psu(l, 1]2)%, (2.68)

which relates the superalgebra structure of psu(1, 112)? to the one induced in the phase space
by the Poisson brackets>>. By construction Q4 will be conserved,

_ dQu _ MQu
dz or
where in the last equality we have expressed the conservation law in terms of the Poisson
structure. This highlights the fact that some charges will not commute with the Hamiltonian,
namely the ones that depend explicitly on 7 = x,. Only the remaining charges will constitute
the manifest symmetry algebra of the theory, with H as central element. This is similar to
what we discussed in the introduction for strings in flat space, where the so(1, 9) symmetry is

broken down to so(8).
The x, dependence enters (2.67) in a simple way, i.e. only trough A = A(x;,x_). This
makes it easy to identify the elements of M that give rise to charges commuting with H.

0

{H, Qu}. (2.69)

2 This pairing can be understood in terms of the moment map [107, 206].
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These are depicted in figure 3, and consist of the bosonic charges lying on the diagonal of M
and eight supercharges. Similarly, it is also easy to see that all of these supercharges carry a
dependence on the unphysical (and highly non-local) field x_, a fact that will be important
later.

Perturbative evaluation at leading order. We now want to find explicit expressions for the
action and its symmetries perturbatively in a field expansion. To this end, as discussed in
section 2.1 we will take the decompactification limit and perform a field expansion. We are
interested in the quadratic Hamiltonian, that comes at leading order in 1/h, and should be a
suitable supersymmetric completion of (2.28), together with its symmetry algebra.

Quadratic expressions in the fields. Using the expansion of the auxiliary fields provided in
appendix A.2 we find that the Lagrangian can be written, at leading order, as

L= pix = éstr(zﬂ’m ¥,) — Ha, (2.70)

where the quadratic Hamiltonian is

1 1 1 1 1
H, = E‘Pk| Ty 5|xk’ 24 5|xk| ‘- Estr(ZJj’m Q(‘P,/n)) + Estr(ﬁ”,ﬁ). (2.71)

As expected, this is a supersymmetric relativistic extension of what computed in the purely
bosonic NLSM. In order to write down more explicitly these results, let us use the fermion
parametrization (A.15) so that the Lagrangian becomes

Lry=poix+i 000" +i0,r6"% - H,, (2.72)

where the fermion fields are conjugate to each other, 8 = 6%, and indices are raised and
lowered with /%, & - The quadratic Hamiltonian is

I 2 1,2 1
H, = 5‘pk| + 5|xk ‘4 5|xk|2 +0/00r — 0700 + 0,00/ + 0,04 (2.73)

In particular, this implies that upon quantization we find the the non-vanishing canonical
commutation relations

[x(@). p(8)] =i 64 8(c—5), (2.74)
and anti-commutation relations
{0/@. 0 (®} =6l 6(c-5), {0d©),0r(®}=5{5(c-5). (2.75)

Let us now work out the charges that commute with the Hamiltonian. We start from the
bosonic charges. From figure 3 we see that they can be found from contracting Q with a
diagonal matrix M. Taking into account that M € psu(l, 112)>, we are left with four
independent choices of M, yielding as many central charges. Two of these are well familiar:

%str(ZJ, Q)=H, %str(z_ Q)=-2P, =-2P. (2.76)
i i
The remaining two come from

M=L} +Ly+Ji +Jk,  N=L{ +Ly-J{ - Ji 2.77)

and are given in appendix A.3. We define the supercharges that commute with the
Hamiltonian by contracting Q with odd supermatrices with a single non-vanishing entry (akin
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to raising and lowering operators). As expected we find eight supercharges, that we label

Q'LR, QLR QLR Q2LR, (2.78)
and which are Hermitian conjugate in pairs, (Q/“R)" = Q/™R. The general form of the
charges in terms of fields is

Qz/do-e+%"*(p9+x6_/+x9),

Q= /do- e‘éxf(p 0+x6 +x 9), (2.79)

where we considered only the leading order contribution inside the brackets but kept track of
the e*2*- factor coming from A (x..). The precise form of all charges is given in appendix A.3.
It is however more convenient to take a Fourier transform and introduce a basis of raising and
lowering operators, thereby making the action of the o-derivatives more apparent, and
diagonalizing some of the charges. In particular, we will take all of the central elements to be
proportional to the number operator.

Momentum-space representation. Let us introduce the bosonic creation and annihilation
operators aj g . , and af'g, as defined in appendix A.3. An annihilation operator takes the
schematic form

1 do )
)~ — [ ' ~iqo 2.80
@@ % = /\/w_q(wqx(o)+lp(0))e (2.80)

where

w, = Jm?* + p*. (2.81)

The respective creation operator is the complex conjugate of (2.80). The definitions in
appendix A.3 are given in such a way that the operators have canonical commutation relations

[at'®), al w:(P)] = 65 6! 6(p = B), [ak'®) akw(P)] =856/ 6(p—5).  (2.82)

Similarly, we introduce the fermionic operators aﬂR ++ and aff, also defined in
appendix A.3, that have the general form e.g.

1 do
as(q) = Ef\/w_q

where we used the fermion wave-function parameters

(1, 0@) + g, 0(0) e, (2.83)

wp, +m _p ) - 5 .
S &y =g Sy mgEme f g, =0, (284)

fp =
The fermionic operators are defined to satisfy
{at'0) alw(p)} =05 6! 6(p-p).  {ak®). adu(p)} =065 6/ 6(p - p). (285

Since the Hamiltonian (2.73) contains only particles of unit mass, from now on we set m = 1.
At leading order, the Hamiltonian and the other central charges take the form
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H=[dp 3 (alval + afoai o,

K==+

M= fdp Z (aEKzafl - aRTKlalgl)s
K==+

N= /dp Zk(a]fkka]’f’c - a]IKKa]’{K). (2.86)
K=+

In particular, we see that L-excitations have charge +1 under the angular momentum M, while
R-excitations have charge —1. We will therefore refer to these excitations as ‘left’ and ‘right’.
However, these do not correspond to left- and right-moving excitations on the worldsheet.
Since the angular momentum M has a component on AdS3, these excitations can instead be
thought of as left- and right-movers in the dual CFT,.

The supercharges are given by

QlL = fdp Z(fp aI:I:—laL-H + gp a]z-l—laR_[)’
=%

Q'szdp Z(fp ag _,ag' + g, aﬂLHaL_’), (2.87)
=%

and

Q% = for 3 (1, alai® + g, abesai )
K==+

QR = fde(fp ag._agt + g, aEKJraf_)K, (2.88)
K=+

together with their Hermitian conjugates Q/“R = (Q/LR)7, Notice how the form of the
supercharges is completely symmetric under exchange of the labels L < R, a fact that is true
also when we write them in terms of the field, see equation (A.46).

Finally, let us recall that the worldsheet momentum is given by

P= /dp Z (aﬂ'maf’ + ag K,a]'{’)p. (2.89)

K==+

2.4. Symmetry algebra and its representation

We can now use the perturbative information we just obtained to study the symmetry algebra
and its representations.

Commutation relations. From the explicit results of the previous section it is easy to read off
the anticommutation relations. The non-vanishing ones are

1

{QIL’ 61L} — { Q% QQL} — EH + %M,
{QIR, QlR} — { Q=R QZR} — %H _ %M (2.90)
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Figure 4. The action of the supercharges on a zero-momentum (on-shell) worldsheet
excitation (2.95). In this case an L-excitation is charged only under Q/“ and Q/", and
similarly for R-excitations. As explained in the text, the raising operators are Q/~ and

Q.
and
{QIL QlR} {QzL Q2R} — —%P,
{QIL, Qlk} — { QX QzR} — —%P. 2.91)

From (2.90) we recognize two copies of su(1/1)%, and from (2.91) we see that each of them
gets centrally extended by two u(l) charges, which at leading order coincide and are
proportional to the worldsheet momentum?®*. We conclude that the symmetry algebra is

[ (su(1iDy @ su(l|Dg) @ w(D) @ () [/ u())?, (2.92)

where e.g. Q'F, Q' and their central charge form one of the four su(1/1), and --- @ u(1)?
denotes the central extension by two copies of P. The quotient ensures that the central charges
of commutators differing by 1 < 2 coincide. Since this algebra can be found from centrally
extending psu(111)*, we indicate it as psu(111)7,.

It is quite remarkable that the algebra has been extended by two elements proportional to
the worldsheet momentum P, which was not part of the original superisometries. Such an
extended algebra should not be a symmetry of the physical states, which is guaranteed by the
fact that the level matching constrain (2.63) imposes

P |physical state) = 0. (2.93)
Therefore the algebra (2.92) is valid off-shell, whereas the on-shell algebra is just

(su(lD)y, @ su(1|Dr)’/ u(1)2. (2.94)

Representations on one-excitation states. Let us consider excitations of a defined
momentum p, which can be created by acting on a vacuum as

|2 ) = al x@I0), | P) = al i x@IO), (2.95)

24 From this leading-order analysis we cannot establish whether the two right-hand-sides of (2.91) also coincide at
higher orders, but only that such charges should be Hermitian conjugate to each other. We will later see they do not
coincide, by more carefully investigating the structure of the supercharges.
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where the former and latter expressions correspond to bosonic and fermionic excitations,
respectively. We should distinguish between representation of the full, off-shell algebra and
representations of the on-shell one. The former is realized for general p, while the latter when
we impose p = 0. Let us start from this simpler case.

On-shell representations. On-shell states are annihilated by the total momentum operator P,
so that one-particle on-shell states are just given by particles with momentum p = 0. As a
consequence, the on-shell action of the supercharges (2.87-2.88) and their conjugates is
easily found, by using that when p = 0, we have f,_, = w,-0 = l and g,_, = 0. We see that

L- and R-excitations form two distinct representations that are charged under Q™’s and QR’s
only, respectively. In figure 4 we draw the action of the supercharges. We see that the left
excitations transform into a bifundamental of a psu(l111)? consisting of the four L-
supercharges. The right excitations are in a bifundamental representation of psu(lll)zR.

In figure 4 we have depicted the left and right representation slightly differently. This is
because we cannot take the same raising operators to be the same in the L- and R-algebra if
we want this representation to smoothly extend to the off-shell one. If we took the raising
operators to be, e.g.

QL Qx, QR Qx, (2.96)

it would be impossible for the anticommutator {Q/~, Q*"} to be non-vanishing on an highest
weight state, which should happen if we deform p to be different from zero. Therefore, we
will take the raising operators to be

QL Qx, Q'R, QX, (2.97)

If we want to think of this algebra as embedded into psu(1, 112)p @ psu(l, 112)g, it then
follows that the two copies of psu(1, 112) are in different gradings with respect to each other.
As we discuss in appendix A.l, this nicely ties to our choice of different supermatrix
representatives for the left and right copies of psu(l, 112).

Off-shell representations. Let us now consider an excitation of arbitrary momentum p, e.g. a
left excitation. Now this is charged under all of the supercharges—the left ones act
proportionally to f,,, and the right ones to g,. However, no supercharge can transform it into a
right excitation, since nowhere in (2.87-2.88) appears an operator of the form agaL. The left
representation is then an irreducible representation of the whole psu(111)7, .

Clearly, the same reasoning can be applied to any right-moving excitation. Therefore,
fundamental massive particles of the superstring transform into two irreducible (L and R)
representations of the off-shell symmetry algebra, as it can also be seen by the fact that they
have different eigenvalue under M.

Tensor-product structure.  From the form of the on-shell representation depicted in figure 4 it
is easy to see that we can describe the symmetries by means of a tensor product structure,
whose factors are related to the indices 1 and 2 of the supercharges. We then can obtain the
bifundamental representation of e.g. psu(111)? from the tensor product of two fundamental
representations of a psu(1I1)L.

Moreover, a tensor product structure exists in the off-shell algebra too. To see this let us
introduce bosonic and fermionic operators a]iR, arLr and dﬂL,R, dy r, respectively. They obey
canonical (anti)commutation relations
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|¢"(p))

[ (p)) 9™ (p))

Figure 5. The action of the supercharges q“® and @R of psu(111)L @ psu(lll)g
centrally extended on an arbitrary momentum (off-shell) excitation (2.102).

[aL@). al(p)]=6(p - 5).  {dw.di(p)}=6(p-p), (298
and similarly for L < R. By means of them we can define the supercharges
a = [dp(fdia +gaide). o= [dp(f,diax + g,aidy) (2.99)

and their Hermitian conjugates @~ and gR. It is easy to verify that these satisfy a centrally
extended psu(111)> algebra given by

{aha)=ch+m  {ata*}=h-2m

{d" o*}= —%p, {a" a"}=—p, (2.100)

where the central charges are
h= /dp(aiaL +di'dy + agag + dRTdR) ®p,
m = /dp(a;aL +di'dy, ~ ajag — didg),
p= /dp(aiaL + dLTdL + aRTaR + dRTdR)p. (2.101)
Let us introduce excitations

| PR @) =alx@I0).  |wRp)) = diRP)IO). (2.102)

On shell we have f,_, =1 and g,_, = 0, so that the excitations indeed transform in two
fundamental representations of su(111)p and su(1l1)g, respectively. Off-shell, these two
representations get deformed as depicted in figure 5.

The symmetry algebra of our worldsheet theory is in fact just given by the tensor product
of two copies of (2.99) together with the relative central charges. To see this, note that the
annihilation operators are

a]:H' =a;, ® a, a;” = dp ® dy, af_ =a; ® dy, ClL_+ =d. ® a, (2.103)

and similarly for the creation operators and for L <> R. When we want to emphasize that the
excitations @R and yR are to be taken as elements of a tensor product we will instead
denote them as

|@E®) =|ptR),  [@lR) =|ytR), (2.104)
so that - = &- @ &, and &} = &R ® BN For the charges, we have
Q]L - qL ® I’ Q2L =1 ® qL’ QlR — qR ® I’ QZR =1 ® qR’ (2105)
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and similarly for the Q’s. The tensor product here should respect the Z, grading, and yield a
minus sign when two fermionic operators are swapped. By taking this into account we see
that the charges defined in this way precisely agree with (2.87-2.88).

This scenario is quite similar to what happens for the AdSs x S’ superstring. In that case,
the off-shell algebra is given by two copies of su(212) centrally extended, and the excitations
transform in a representation that is the tensor product of two fundamental representations of
that algebra. In our case, su(111)p @ su(ll1)g plays the role of su(212). Excitations now
transform in two distinct representations that are once again of the tensor product form. This
will have important consequences for the form of the S matrix that we will compute in the
next section. Before moving to that, let us further investigate the central charges appearing in
the off-shell algebra.

The central charges. Studying the symmetry algebra at quadratic order in the fields we have
seen that it has the form of a subalgebra of the original isometries, supplemented by two
central charges that we will denote by C and C and that vanish on-shell. At quadratic order it
so happens that these two central charges are equal and proportional to the worldsheet
momentum P. In particular, in terms of the fields we had e.g.

{Q, @R} = - %51* /da Xl (2.106)

at leading order.

While—as the coset construction highlighted—the rest of the algebra is fixed by the
embedding into psu(l, 112)%, these additional central charges are not, and it is important to
understand how they are modified if we consider higher order terms in our field expansion. In
particular, we would like to understand

e whether there is any additional central charge that vanishes on-shell and appearing at
higher order in the expansion,
e and what is the form of C, C when we account for higher order terms.

The former point is negatively answered by observing that the one we are considering is
already the maximal non-trivial central extension of psu(1, 1)*. As for the latter point, the
scenario we have here is very similar to the one found in AdSs X S5, and in fact find an
answer by repeating an argument employed there, which spares us the—hardly feasible—
computation of the charges at very high orders in the field expansion.

The key observation is that in the coset construction the unphysical coordinate x_ is
neatly packaged in A(x.) so that the supercharges can be cast in the general form

Q= /da e+é*(9 : (g<1>(p, x) + %g@)(p, x) + ) + (9(93)), (2.107)

see also appendix A.3. Here we have expanded the charge density first order by order in the
fermions, and then we have expanded the coefficient of each such term in 1/A. Therefore,
GY(p, x) is linear in the bosons, G (p, x) is cubic, and so on. Since the central charges
should vanish on-shell, they should be a function of P which vanishes at zero. In particular, if
we find the functional dependence of C and C on the bosonic fields alone, we will be able to
unambiguously fix their full form [107]. The bosonic part of the Poisson bracket of two
supercharges is then e.g.
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4 _ . 1
{Q/L’ QkR} ~ S f daelx( G CiR + Z(Q(j‘ﬁ GR + 6 g;{%) + ) (2.108)

In fact, the leading order term is precisely what we have already calculated, that is x’
restricted to the bosonic fields only. Therefore, at the leading order of this hybrid expansion
we find

{Q, @R} = - géjk f doex! = i%(e”‘-(“") — sy (2.109)

Repeating this calculation to include higher orders of the bosonic expansion, one can check
that these do not spoil the form of equation (2.109). It is actually convenient to rewrite this in
a way that makes the dependence on the worldsheet momentum manifest™,

{Qit, Q%) = s C=isk¢ g(e’? - 1), (2.110)

where we isolated the boundary condition ¢ = e”(~*). In fact, on the one-particle
representation we can consistently set e.g. x_(—o0) = 0 so that { = 1. A similar calculation
shows that, as required by hermiticity

[@" 0%} =s,C=~i 5f"é’§(e‘il)— 1). 2.111)

Of course the nonlinearity of C, C in the off-shell algebra means that the same must be true in
each copy of the tensor product for ¢ and ¢, while the last line of (2.100) holds only at leading
order in 1/h.

2.5. Section summary

The main result of this section is that we derived the off-shell symmetries of the massive
excitations of AdS; X S* x T* from a perturbative analysis of the NLSM action. The sym-
metry algebra is given by two copies of a central extension of su(111)y @ su(111)g, which
has anticommutation relations

(dat )= dne dm [aat]-

{d" o’} =c, {a a*}=¢ 2.112)

The central charges ¢, € vanish on-shell, and otherwise are nonlinear functions of the
worldsheet momentum p, which for an appropriate choice of boundary conditions can be
written as

c=+i§(e+fp - 1), c= —ig(e‘”’ - 1), (2.113)

where we stress once more that we are not investigating the relation of the parameter 4 with
the ’t Hooft coupling 1. The role of the central extensions for su(111)> was originally
discussed in [207], in the context of AdSs/CFIy duality, and in the case of AdS;/CFT; in
[6, 162] and more recently in [192] 26 We found two one-particle representation of the
algebra (2.112), which are deformations of the fundamental representation of psu(111): the
‘left’ representation (L) has a bosonic highest weight state, whereas the ‘right’ representation

% Equation (2.91) can be recovered by performing the rescaling P — P/h and expanding in 1/A.
The same symmetry algebra was also found in the analysis of the Pohlmeyer reduced sigma model of the
AdS; x S* in [208].
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(R) has a fermionic one. Massive particles of the worldsheet theory are in two tensor product
representations, L ® L and R @ R. This accounts for all of the 8 = 4; + 4 massive
excitations.

Some remarks are in order. Firstly, owing to the coset construction, even if our approach
is perturbative we were able to capture the general form of the algebra including the nonlinear
central extension. We should still bear in mind that our calculation was entirely classical, and
in principle some of these result might still be spoiled by quantum anomalies.

To exploit the coset formulation we ‘froze’ all the massless excitations. Could taking
them into account modify the symmetries we identified? We know that the AdS; x S? x T*
backgrounds has 16 supersymmetries, and that the choice of light-cone gauge will break at
least half of those. Therefore, we cannot expect any new supercharge to appear from
including the massless modes. In principle, we may be overlooking some bosonic symmetries
that should supplement the algebra we found. Still, we know that the off-shell theory has at
least the symmetries given by two copies of (2.112). Of course this does not say anything on
what are the symmetries of the massless excitations. We do know that since H (and therefore
the mass) appears in the symmetry algebra, the massless excitations cannot transform in the
same representation as the massive ones. We will come back to this in section 8.

Let us finally stress that even if physical excitations transform under the on-shell sym-
metry algebra, our interest lies mainly in the off-shell symmetries, which are the ones that
constrain the S matrix.

3. The all-loop integrable S matrix

In this section we will conjecture the scattering matrix for fundamental massive excitations of
the AdS; x S* x T* superstring. To do so, we will rely on two results:

o the off-shell symmetry algebra found in the previous section,
e and the fact that the underlying classical field theory enjoys a large amount of symmetries
that make it ‘integrable’ [6, 166, 191]*".

We will supplement these fact by two assumptions, namely

o that the off-shell symmetries which we found persist in the full quantum theory,
e and that the integrable structure also extends to the quantum theory.

In this way, we will be able to derive an essentially unique S matrix S, up to some
prefactors—the so-called dressing factors.

We begin by exploring the idea of integrability in classical and quantum theories, and
derive restrictions on the resulting S matrix. Then we will formulate the off-shell symmetries
at the level of the S matrix. This will be sufficient to find an S which will have several
desirable physical properties, guaranteeing the self-consistency of our procedure, as we will
see. Ultimately, the validity of our assumptions will have to be tested by comparing the S
matrix against perturbative calculations. We will come back to this in section 7.

3.1. Classical and quantum integrability

Integrability is a broad concept that first emerged in the context of Hamiltonian systems and
later was extended to classical and quantum field theories. There is no universal mathematical

27 Classical integrability is also seen by studying the Gubser—Klebanov—Polyakov ‘spinning string’ [167].
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Figure 6. In classical mechanics, the Liouville-Arnol’d theorem establishes that, when
enough conserved quantities in involution exist, the phase space is foliated in tori
where the dynamics is supported. Here we depict such a foliation, with the arrow
representing the motion of a particle.

definition of what an integrable theory is. Colloquially, an integrable theory is one that enjoys
so much symmetry so that its dynamics is completely constrained and can be solved ‘exactly’.
Here we will try to make this idea more precise. Note that our discussion of this general
framework will be quite essential. We refer the reader to e.g. [209, 210] for further details on
classical integrability and the inverse scattering method and to [211-213] for scattering
factorization and quantum integrable theories.

Classical integrable theories. In the case of an Hamiltonian system with M degrees of
freedom (p,,q;,...,Py.qy ), integrability can be defined through the Liouville-Arnol’d
theorem. This states that if there exists M Poisson-commuting independent quantities
F,....Fy, then there exists a foliation of the phase space into invariant tori*® on which the
motion is supported, as depicted in figure 6. Furthermore there exists a canonical
transformation to action-angle variables (K@, ,..., Ky.@,,) that takes the equations of
motion to the form

K;=0, o, =1, j=1,.M. (3.1

Typically, we know only one of the F;’s, which is the Hamiltonian. The other charges can
sometimes be found from the geometry of the problem. When that is possible—which
happens quite exceptionally—even if the Hamiltonian appears to be highly nonlinear, the
theorem guarantees that we are in fact dealing with a simple system ‘in disguise’—such as the
Kepler problem or the Euler top.

The idea of having enough commuting conserved quantities is at the hearth of
integrability, but it is not the most convenient approach to extend it to classical field theory. In
that case there are infinitely many degrees of freedom, so that we would need to exhibit
infinitely many quantities in involution. This may be possible, but how many should we
actually produce? Two infinite sets of charges may have the same cardinality while one is
strictly included in the other. A way around this complication is given by the Lax
formalism®. Consider a two-dimensional classical field theory, and assume that the resulting
equations of motion can be cast in the form

0;,U(r, 0,x) — 0,V (z, 0,x)— [V(z,0,x), U(z, 0,x)] =0, (3.2)

28 If the orbits are compact. The generalization to non-compact orbits is straightforward.
2 Such a formalism can also be very useful when dealing with finite dimensional integrable systems, but this is
beyond the purpose of our discussion.
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where U, V are matrices depending on the fields and on the complex parameter x. Let us
define the monodromy matrix T (z, x) by the path-ordered exponential

T(z, x) = e‘?p( f_:jz do Uz, o, x)). (3.3)

An explicit computation shows that this obeys the evolution equation
0T (7, x) =[V(z, = €/2,x), T(z, x)]. (3.4)

As a consequence, d; tr [T (z, x)/] = 0 and all of the eigenvalues of the monodromy matrix
are conserved by the time evolution. In fact, an object that nicely encodes all of these
conserved quantities is the complex curve defined by the eigenvalue equation

I'(x, ux)) =0, I'(x, ) =det(T(r, x) —ul), 3.5)

where p (x) is such as to solve the leftmost equation. The resulting I” (x) is called the spectral
curve.

On top of this set of conserved quantities, the Lax formulation guarantees more. Without
loss of3f);enerality, we may think of the equations of motion (3.2) as arising from a linear
system”

0,¥ (r, 0, x) =U(z, 0, x)¥ (3, 0, X),
o.¥(1,0,x)=V(z,0,0)¥ (1, 0, x), (3.6)

by requiring the compatibility condition (9,0, — 0,0,)%¥ = 0. This gives us the means of
solving the nonlinear equation (3.2) in terms of linear ones—a procedure sometimes called
the inverse scattering method [214-217]. The matrices U, V are functions of the fields, and in
particular U (0, o, x) is completely determined once we fix the initial conditions for the fields
at 7 = 0. From this, finding ¥ (0, o, x) amounts to solving a linear equation. So does finding
the time evolution for ¥ (z, o, x). Once this is determined, the only missing step is to
reconstruct U (z, o, x) (and therefore the value of the fields at any given 7) from ¥ (z, o, x).
This can be done by solving an integral equation, the Gel’fand—Levitan—Marchenko equation
[218, 219], which again is linear.

In conclusion, the mere fact that the equations of motion for a two-dimensional classical
field theory can be cast in the form (3.2) implies that the system has infinitely many conserved
charges and that its equations of motions are relatively simple to solve. Moreover, for such
systems it is generally possible to relate the matrix structure with the Poisson structure of the
original Hamiltonian description in such a way as to guarantee that the conserved quantities
Poisson-commute.

Integrability for two-dimensional QFTs. Let us assume that we can quantize an integrable
theory as the one described before, and that we can do so without spoiling its infinitely many
symmetries. Let

F..F,,.. [F,-, Fk] =0 (3.7)

be the set of commuting conserved charges. These charges can be simultaneously
diagonalized. For definiteness, let us suppose that this happens in a basis where Hilbert
space states are identified by their momentum and a flavour label a. Then we will have

30 fact, the monodromy matrix takes its name from representing the monodromy of a solution of this linear
system, ¥ (z, r, x) = T (7, x)¥' (z, — r, X).
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E, [p)imo = F, (p; a)|p)imo. (3.8)

For instance, in the particular case of the sine-Gordon model where there is only one scalar
excitation of mass m, one would have

Fopi1(p) = p**, Fo(p) = p*" \p* + m?, 3.9

which give higher charges generalizing momentum and energy. In a more general theory, the
higher charges will feature some invariant tensor constructed out of the labels a and infinitely
many functions of the particle’s momentum.

Let us consider the action of such a charge on an M-particle state. Considering e.g. an in-
state, we have

E,

(in) (in)
Proty)e = (R a) + o+ Fpys )| propy ) (3.10)

.ay

After we evolve the state |p, ,... py, )2]‘” ,, We obtain some corresponding out-state, which we

.a

denote by Ip; ,... Py )(a‘j“t) 4+ Since the charges are conserved, it must be that

M M
ZFn(p,-; a,,-) = Y E (5 &) G.11)
j=1 k=1

The only way for these sums to be equal for all of the F,(p) is if the set of ‘in’momenta
appearing {p; } corresponds to the set of ‘out’momenta {p, }. In particular, it must be M = M.

This scenario, together with the peculiar topology of two-dimensional QFTs, has deep
implications for a scattering event. Let us start by considering a two-particle scattering event.
The in-state is Ip,, p, )8%2 Since this state is defined at time 7 = —co, momenta are ordered so
that p, > p,. As time evolves, the particles move on a line until at some point they come
together and scatter. After the scattering, the products move away from each other and can
again be considered as two real particles. Because of the conservation law (3.11), the resulting
state is proportional to Ip,, p)a,a, Where the momenta are exactly the same and the labels
@»,0) may have changed.

This can be readily extended to a M-particle in-state Ip,.,...p,, )S?)W with
P > Dy > ... > py. At some point two of the particles undergo a 2 — 2 scattering like the
one described above. After that, the we are left with M real (as opposed to virtual) particles
propagating on a line. After a sequence of %M (M — 1) scattering events, the particles are
spatially ordered as in the out-state, having momenta p,;, py,_;,...p; from left to right.
Therefore, an M-particle scattering event factorizes into a sequence of two-particle events,
and was first put forward by the Zamolodchikov brothers in the seminal paper [212]. This is
the special property of the multiparticle S matrix that we alluded to in the introduction. The
object that we need to determine is only the two-particle S matrix S(p,, p,).

For internal consistency, we have to require some conditions on the S matrix. The most
obvious one is that there is no 2 — M scattering unless M = 2, in sharp contrast with what
happens e.g. in a typical particle collider experiment. Another obstacle is that there are several
apparently inequivalent ways of resolving an M — M scattering in terms of a sequence of
2 — 2 ones. In figure 7 we depict a generic 3 — 3 particle scattering, and the two ways of
resolving it. We must require that these two sequences of scattering events yield the same
result. Each of them gives a cubic expression in the S matrix, and their equality results in a
nonlinear matrix equation—the Yang—Baxter equation. The physical reason for the
equivalence of the pictures in figure 7 can be traced back to the existence of the higher
conserved charges F,. These generate unitary transformations that shift the momentum p; of a
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AN

1 2 3 1

2

3

Figure 7. Different ways of resolving the 3 — 3 particle scattering (central panel). The
lines are colored in such a way as to allow for a non-trivial flavor structure, which may
be affected by the scattering. Taking time to flow upwards, we have in the left panel the
sequence of scattering (12)-(13)-(23), while in the right panel we have (23)-(13)-(12).
The Yang—Baxter equation imposes the equality of the two resolutions.

particle by an amount of order (p; Y=, and effectively transform the leftmost panel of figure 7
into the rightmost one.

To better investigate the constraints that S(p;, p,) should satisfy it is convenient to
introduce a more formal algebraic framework.

The Zamolodchikov—Faddeev algebra. The Zamolodchikov—Faddeev (ZF) algebra
[212, 220] is a tool to encode the integrability properties of a two-dimensional QFT. It is
defined in terms of abstract raising and lowering operators A, (p) and A% (p) which create or
destroy a particle of definite momentum and flavour. Their action on the vacuum is

A% (p)|0) =0,
AL (P0) =p)a» = p), (3.12)

where we used the fact that in an integrable theory like the one we want to describe a one-
particle state undergoes a trivial time evolution. Following the discussion of the previous
section, it is natural to relate the two-particle in- and out-states as

(in)
pipy) = AL (PDAL (p,)I0),

<<:n>2 . with p, > p,. (3.13)
‘pl’ 1) >a3,(14 - (—I)E(af‘)e(‘“)A‘L (pZ)AUA (p1)|0>’

Notice that we used that the set of momenta is conserved and we ordered the action of the
creation and annihilation operators according to the ordering of the particles in the final states.
We have also written explicitly the sign arising from the exchange of two fermions, where
e(a) = 1 for fermionic particles and zero otherwise.

The two states in (3.13) are precisely the ones related by the S matrix from (1.17) in the
2 — 2 case

(out)

(in)
P ps), = S (e )| Pro pa) (3.14)

9
az,a4

where we indicated by § jﬁ,i“ the matrix element of S. This equation, together with (3.13),
yields the commutation relations for the ZF operators
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A (DAL (py) = (=D @eansmasp b YAT (p)AL (p)), (3.15)

which makes it evident that A, A satisfy a different algebra than the one of the canonical
raising and lowering operators a’, a.

To avoid carrying around too many indices it is useful to introduce a matrix basis. Let E;
and F’ be rows and column vectors with a single non-vanishing unit entry in the jth place.
These gives bases of the two dual vector spaces ¥"* and ¥". A basis of the space of matrices
on 7" is given by E jk =E® E*, so that by indices are naturally contracted to give

E'EJ = 68! EJ, EE* =5} E}, E/E/ =6! E/. (3.16)

We can then introduce vector and row operators of the ZF algebra
A = Af(p) = A (p)E“, A=A@p) =A"(P)E,. (3.17)

It is also useful to reabsorb a permutation and the fermionic signs into the R matrix
R(p, C]) — R:I?’CZA‘(P, q)Ea;ZI ® Ea?z’ Rg]z’l&(;% P, C]) — (_l)s(az)e(m)sczig(p’ q)’ (3.18)

so that R differs from S by a graded permutation 778, R =18 S. In these terms the
commutation relations (3.15) take the form

AlHAD) = ABA R, (3.19)

where we added subscript indices specifying on which factors of the tensor product ¥~ ® 7~
the operators act.
In the same way as we have obtained (3.15) we can now derive similar relations
involving the annihilation operators, thus completing the ZF algebra
AlpAL = ALARM),  AnAe = RapApAn),
AnAbL = AgRenAfy + 8(p, — py)L. (3.20)

Consistency conditions. The algebra (3.20) in principle consitutes a tool to express an in-
particle state in terms of the out-particle basis and vice versa, i.e. a way of computing S-matrix
elements. For this to be true, however, we have to impose some further consistency
conditions. We immediately find that

AII)A(TZ) = AgZ)A(Tl)R(IZ) = A(T1)A22)R(21)R<12), (3.21)
so that it must be
RiopRaz = RapRepy = L (3.22)

This condition, called braiding unitarity, supplements the usual physical unitarity condition,
which states that S and therefore R should be unitary as a matrix:
Ry R =R{5 Ry =L (3.23)

So far we have used the ZF algebra only on two-particle states. We now want to extend it
to arbitrary multiparticle states in such a way as to implement the factorization of the
scattering. To do so, we extend the definition (3.13) by
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(in)
[prepu) = AL DAL (PiI0).

Y e(an)e(a)

) = Al (py) AL, (p)I0), (3.24)

‘P1 Dy

ap,...a

again with p; > p, > --- > p,,. If we want to use (3.20) to express in-states in terms of out-

states, we are faced with an ambiguity. Consider, for instance, the combination Afl)Afz)A(Z)
actingon v~ ® 7~ ® ¥ . We can rewrite it in two different ways:

AlHALAG = AGALA| RuR3RE3),
A&)A?z)Afs) = A(T3)A22)AZ1)R(23)R(13)R(12)- (3.25)
These coincide only provided that

RiyRa3Re3) = Ry Ri3Ry). (3.26)

This is the Yang—Baxter equation that we described in the previous subsection. In fact,
comparing with figure 7 one can see that the product of the matrices appearing in the equation
precisely corresponds to the sequences of scattering events depicted there. It is then
straightforward to see that, by repeatedly using the Yang—Baxter equation, it is possible to
rearrange a string of ZF operators of arbitrary length, which ensures factorization of any
multiparticle scattering.

Symmetries. In our subsequent study, it will be important to make use of the transformation
properties of S matrix under the off-shell symmetry algebra.

The simplest case is given by the central charges, which make up the whole bosonic part
of the off-shell symmetries. Let us consider a charge that is proportional to the number
operator

X = [Wf A @AR), (3.27)

where f(p) is an arbitrary function of the momentum. Using braiding unitarity it is easy to
prove [75] that X, must satisfy the relations

X, A Q)= AQ)(f ) +Xs). X, AQ) = AQ)(=F () + X;).  (3.28)

Therefore, these functions must form an abelian subalgebra of the ZF algebra. In particular,
we expect the worldsheet momentum, the Hamiltonian and the two central charges found in
the previous section to be part of it.

Let us now consider a more general non-abelian (super)algebra G, and let us assume that
the one-particle vector space ¥~ carries one or more irreducible representations of G.
Eventually we will identify G with the full off-shell algebra. It is then natural to take G to
commute with the worldsheet momentum and the particle number®' as well as with all the
higher conserved charges—compatibly with our assumption of integrability. Then we can
write the linear action of a symmetry generator Q € G on the zero-, one-, two-particle Hilbert
spaces, etc as

31 Since we are dealing with a supersymmetric theory, we also require that (—1)*', where F* is the fermion number, to

be conserved. Note that F itself is generally not conserved, resulting in processes such as fermion-fermion —boson-
boson.
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Q- |0)=0,
Q- AL I0)= 0L (A (p)0),
Q- Al (WAL, @)= QL=(p, @A}, (PAS (9)]0), (3.29)

and so on.
Since Q, is a symmetry of the theory, we can simultaneously transform the in- and out-
states without affecting the S-matrix elements. In particular using (3.13) in

(out)

(in)
Q- |n. p2>m’a2 =5-Q-|p. p2>aw, (3.30)
we get the invariance condition
S (P P QEL (P2 o) = (S (e e a)el )
Q4 (Pys POSKL(Pys P2 (3.31)

which can be more compactly expressed in the matrix notation in terms of R:
R (pys P2) Qa2 (py> P2) = Qan (py, PRy (py, Py)- (3.32)

Let us further investigate the form of the structure constants. Since our symmetry algebra
G has a non-trivial centre, any of its irreducible representations is labelled by the value of the
momentum and the other central charges {c}. Therefore we in principle we have to allow for*>

QL (p) =~ QF (p; {c}),
Dl2(py py) = Q02 (s pys (enea)). (3.33)

In a matrix notation, we can decompose the action of Q2 on the factors of the tensor
product as

Qua (Pys po3 (enea)) = Q(py, (1)) @ T+ (1@ Q(py, {e2)))I, (3.34)

where I¢ is the graded identity matrix.
In order to further specify the form of this representation we will need to input some
information on the symmetry algebra. We will do so in the next section.

3.2. Representations of su(1 [1)? centrally extended

Rather than focusing on the whole off-shell symmetry algebra psu(111)? ., let us focus on a

single su(111)2. . The commutation relations are given by (2.112), and we rewrite them here
for convenience

{qL’ (—lL}=hL’ {qR’ (—lR}th’
{a" a*}=c, {a- a*}=¢, (3.35)
where we introduce a left- and right-‘Hamiltonian’ h™R so that

h=h"+hX,  m=h"-hR (3.36)

We already know that how to represent this algebra on the space of left- and right-excitations
¢"R, yR whene=¢ = —%p. In terms of oscillators, that representation is given by (2.100)

32 This notation is a bit heavy, and we will keep the dependence on the central charges implicit where no confusion
may arise.
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and (2.101). Here we want to deform that representation to allow for
= . h +ip ¢ = —if h —ip
¢ = +1CE(e - 1), ¢ =il E(e - 1). (3.37)

This will amount to suitably deforming the parameters f,, g, and w, appearing in the
representation. The deformed parameters will depend on the momentum p, the coupling
constant /& and the phase ¢ that we found in (2.110).

The phase { has the meaning of a boundary condition on the unphysical field x_ in the
coset model, ¢ = e*-(-*). When we want the representation of su(111)?, to describe exci-
tations of the superstring, we will set { = 1. Then

c = +i %(eﬂ'v - 1), c=—i g(e“"’ - 1). (3.38)

Shortening condition. In the previous section, we have found two irreducible representations
of dimension two. These are both short (or atypical) representations of 5u(1|1)§_e.. In fact, if
we consider e.g.the left representation, we have that I¢-) is the highest weight state,
annihilated by the two raising operators

a|¢t) =0, q¥|gt)=0. (3.39)
However, the highest weight is also annihilated by a combination of the lowering operators
(hR q- - ¢ qR) \¢L> =0. (3.40)

The vanishing of this combination of charges is the shortening condition. It also implies the
vanishing of the anticommutator

0={qL, hRqL—ch}=thR—éc, (3.41)
which we will also refer to as shortening condition.

Had we considered the right-representation, we would have found a fermionic highest
weight state

q- \WR> =0, q? \wR> =0. (3.42)

The same combination appearing in (3.40) annihilates lyR). In fact, we can take (3.41) as
shortening condition of both the left- and right-representations.

One-particle representation. Since the excitations span a space ¥~ of dimension only four, it
is quite handy to introduce a 4 x4 matrix representation for the (super)charges. Let us pick a
basis

B = (o vt IR uh). (3.43)
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We can then make an ansatz for the supercharges in the one-particle representation,

, (3.44)

where we made it manifest that (q“R)" = @“R. The parameters a“R, bR and their

conjugates characterize the L- and R-representations, which sit in the diagonal matrix blocks.
We can think of these matrices as explicit realizations of the tensors Q ;‘ (p; {c}) introduced in
the previous section. The set of parameters {c} consists of & and £, on which a“R, b"R and
their conjugates depend.

From the anticommutators, we find immediately the central charges

L,L _LiL
¢ =(u'70]’ ¢ =|ab 1] 0 | (3.45)
0 |aRR1 0 a1

It can be explicitly checked that the shortening condition holds. Furthermore, can use the
fact that the angular momentum

m = h — bR = diag(+1, +1, -1, —1), (3.46)

is quantized and should not receive corrections, together with the explicit form (3.37) of ¢, ¢
in terms of the momentum to solve for the representation parameters. To do so, let us
introduce the Zhukovski paramterization of the momentum in terms of variables x pi satisfying

x; . 1 1 2i
o _ g, [x; + _+] - [x,,— SN P (3.47)
xp _xp .xp ]’l
We find
a;“:aﬁ = \/Ze%ip;’] dI]; :d}} = _e—%ipnp,
—3ip _ _ 1 e%ip
T RN N T Y 3.48)
P P Xy 14 p P \/Z x;r P

where we explicitly indicated the momentum dependence on the representation parameters
and introduced the function

[ h
n, = e’ zg(xp —x;). (3.49)
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The definition (3.49) is given in such a way that 77, will have nice analyticity properties that
we will use in the next section. Note that if we want to identify the vectors in ¥~ with states of
the superstring, we should restrict to representations having { = 1 to reproduce (3.38).

There is some arbitrariness the choice of the representation coefficients, e.g.
corresponding to a change of normalization of the basis vectors in 8. We fix some of this
freedom by requiring that we are truly deforming the relativistic representation found
perturbatively in the previous section. In this way, if we rescale p — p/h and expand the
coefficients in 1/h, we find as expected

ap®=f, + 0(1/h) = af*, brR =g, +0(/h) =5, (3.50)

Dispersion relation. By explicitly evaluating h = h* + h® we find

I x;—%—x;+i_ I=\/1+4h2sin2(£)l. (3.51)
2i Xp X, 2

h

We anticipated the presence of such a non-relativistic dispersion relation in the introduction.
In fact, it is an immediate consequence of the shortening condition (3.41) and the nonlinear
form of ¢ and €. Let us rewrite (3.41) as

O=(th+m)th—-—m)—-4cec, (3.52)
Using the fact that the eigenvalues of m are 1 so that m*> = 1, we have

h2=1+4éc=1+4h2sin2(g), (3.53)

i.e. precisely the dispersion relation (3.51).

Left-right symmetry. The identity between left- and right-representation coefficients in (3.48)
suggests the presence of a discrete symmetry relating them. This is not surprising when we
think of the original coset model, where L and R where introduced as arbitrary labels for the
two copies of psu(l, 112). Furthermore, as discussed in the previous section (see also
appendix A.3), the supercharges in the symmetry algebra are naturally split in two sets
differing only by the relabelling L < R, while the energy and the central charges take have
the same form on both representations. As a consequence, up to exchanging raising and
lowering operators, we can map the left representation into the right one and vice versa.

This results in a discrete Z,-symmetry, which we will call left-right (LR) symmetry.
When extended to multiparticle states, this will tell us that e.g. any configuration involving
only left excitations has an equivalent realization in terms of right excitations only, etc, which
will yield restrictions on the S-matrix elements.

Two-particle representation. The two-particle representation is the tensor product of two
one-particle representations like the one we just constructed. Its structure constants will be of
the form Qa’i{’aﬁ; (P, pys {cc2}) where p;, p, and cj,c; are the momenta and the central
charges of the one-particle representations. Even if the two-particle representation will have
central charges of the form (3.38), i.e. with { = 1, this may not necessarily be the case for the
two factors. To see that, let us evaluate the structure constant Q /1% Py, py; {ci,c2}) for the

ay,a2
central charge ¢ of (3.38). Since this acts diagonally, we have
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¢ AL (DAL (P10} = i () = 1)3A52A1L (AL (pI0), (3:54)

where we used (3.28) which implies that the worldsheet momentum of this state is p; + p, as
we expect. From this, we can read off

CLit(pys py: {enea}) = ig(ei(l’l+1’2) - 1) shal. (3.55)

On the other hand, we can commute ¢ with one creation operator at the time, finding
instead

C({j]{;gizz(pl, Py {Cl,c2}) = i%(é’l(e’p] — 1) + Cz(eipz — l)) 5({31150{322, (3.56)

Clearly, (3.55) and (3.56) should match, which cannot happen if {; = {, = 1. We conclude
that the two-particle representation is the tensor product of two one-particle representations
with non-trivial central-charge values {; . It is easy to check that the two expressions we
found match if and only if

@M: =1, G=er o () G=er, &H=1. (3.57)

As discussed, for consistency with left-right symmetry it natural to take the same choice of
{12 for both the L and R irreducible representations. Therefore, we can label the whole
representation space ¥~ by the choice of the central charge, ¥~ = ¥ (p;,{;). Then the action of
the S matrix on the two-particle (reducible) representation is

St 1 (pt)® 1 (pte) = 7 (pria) ® ¥ (p161): (3.58)

If we assign the value of {; , on the intial states according to either choice in (3.57), we find
that S exchanges (I) with (I) or vice versa. In what follows we will consider the choice (I) for
the initial states, which as we will see will reproduce the perturbative results.

We can now rewrite more explicitly (3.34) for a supercharge as

Qo (P ) =Q(pli=1) @1+ T ® Q(pyla = &™), (3.59)

where we used that Q is odd in order to rewrite the action of the graded identity in terms of
the fermion sign matrix, which in the basis 9 is

X = diag(+1, —1, +1, —1). (3.60)

The 16 x16 matrix representation is then found by taking the one-particle charge Q to be
equal to each of the matrices (3.44).
The choice of a non-trivial {; gives the general form of the two-particle representation

Qu» = Q(p) ® I +e*Lp; Z® Q(p,), (3.61)

where the sign in the exponent depends on which supercharge we consider—positive for Q
and negative for Q. This can be compared to the more usual relation

Qi =Q(p) ®I+ 2 Q(p,). (3.62)

In algebraic terms, the latter is a trivial (graded) coproduct, i.e.the most natural way of
extending the action of an operator to a tensor product space. We can then say that the
symmetries of the superstring have a non-trivial coproduct. The mathematical object to deal
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with such structures is an Hopf albegra™. The relevance of Hopf algebras in AdS/CFT is well
known [221], see also [222, 223] for a review. In fact, it is possible to use such an algebraic
approach to find R in the case at hand. Here we will follow an equivalent and more direct
route, and refer the reader to [172] for the Hopf-algebraic derivation of the S matrix.

In principle we could go on and construct the representation of the symmetries on higher
multiparticle states. This can be done either explicitly [75] or by subsequent applications of
the Hopf-algebra coproduct. However, since our focus is on the two-particle S matrix, we will
not need to work out the resulting expressions.

3.3. Finding the S matrix

In this section we want to find the S matrix of massive fundamental excitations of the
AdS; x S* x T* superstring. This can be done working with R or S, but it will be useful for
us to introduce the graded matrix S, q) satisfying

S, 9) =S, ¢ = 11 R(p, ¢), (3.63)

where I1 is the permutation and I$ is the graded identity. This will make some of our
expressions easier to manipulate, because all permutations of tensor product factors will be
automatically accounted for, and match with [170, 172].

Our strategy will be to write down the most general operator

S . H® 7 (g.¢7) - 1 (q.e")® V. 1), (3.64)
as 16 x16 matrix, and require that it satisfies suitable physical properties, which we now list.

Off-shell symmetries. The S matrix should commute with the whole off-shell symmetry

algebra. Since the latter is generated by the supercharges, it is enough to impose that the S

matrix commutes with q©R and @R in the 16 x16 matrix representation given by (3.59).
Explicitly, in terms of S, we have

Sa2 @, 9Qu2 @s @) = Qua (g, P)Saz @, @), (3.65)

where Q12 (p, g) is defined by (3.59). This should be imposed for all four supercharges.
Notice that, unlike (3.32), this equations does not feature Q(yy).

Since (3.65) is a linear equation, any solution can be multiplied by a prefactor. In our
case, the charges (3.44) have a block-diagonal structure due to the presence of two (L and R)
irreducible representations in ¥~. Therefore, we expect (3.65) to determine S at best up to four
scalar factors for the LL, LR, RL and RR blocks. We will refer to the part of S determined
independently from these factors (i.e., suitable ratios of the matrix elements) as its
‘matrix part’.

Left-right symmetry. An additional constraint is the discrete left-right symmetry, which
amounts to imposing that scattering processes differing only by relabelling L < R should be
indistinguishable. In particular, this removes part of the ambiguity due to scalar factors,
relating the LL block to the RR one, and the LR one to the RL one.

Braiding and physical unitarity. In section 3.1 we have established that the R matrix must
satisfy braiding unitarity as well as be unitary as a matrix. In terms of S this gives

3 More precisely, an Hopf algebra is also equipped with an ‘antipode’ involution, which has the physical
interpretation of a particle-to-antiparticle transformation.
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LL LL
CPII DPlI
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RL
qu
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qu EP(I
RR RR
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qu

Figure 8. The matrix representation of S(lz) (p, g) in the basis constructed out of the

tensor product of 98. Notice how each block is given by a 4 x4 S matrix suitably
embedded in a tensor product structure.

Saz (@ PSan @, @) = L (g(lz)(l?, 61))T San (@, ¢) =L (3.66)

One of these two equations quadratic constrains can be eliminated in terms of the linear one

Sa2 (@, p) = (S(lz)(l?’ Q))T~ (3.67)

While this linear equation will put a restriction on the reality properties of the scalar factors, it
is easy to see that the matrix part should automatically satisfy it. In fact, taking the conjugate
of (3.65), we find

Qu (s Q)(S(IZ)(I” Q))T = (S(12>(P, q))T Qa2 (g p). (3.68)

Since for any charge Q2 its conjugate Qi) is also part of the algebra, we have that

g(lz)(p, ¢)" satisfies the same invariance condition that define S(u) (¢, p). Therefore the part
of each of the two S matrices that is completely determined by symmetries must coincide.

The reflectionless su(1|1);, S matrix. It turns out that imposing all the symmetries together
with the unitarity requirements gives two physically distinct solutions for S,, = S(12) (p, q).
These coincide on the LL and RR sectors, but are different on the mixed sectors. One solution
gives

(M:  (XLYR| §,, [XLYR) =0 and (XRYL| S, |XLWR) #0, (3.69)
and similarly for L & R, whereas the other gives
R): <XL)7R‘ S, |xLyR> #0 and (nyL\ S, \xLyR> =0, (3.70)

where X, Y are two generic excitations. Keeping into account that the matrix S permutes the
final states, the case we indicated by (T) corresponds to pure transmission of the target-space
chirality, while (R) corresponds to pure reflection. From the symmetry properties, there is no
reason to choose one over the other. However, by a perturbative calculation it is easy to check
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which are the non-vanishing matrix elements. In fact, a tree-level calculation suffices [180],
and shows that the case (R) cannot reproduce the worldsheet superstring S matrix. From now
on, we will restrict our considerations to the case (T) of a pure-transmission (or reflectionless)
S matrix.

Constructing the tensor-product basis out of 98, we can explicitly represent S pq as a 16
x16 matrix which naturally splits in four blocks depending on the target-space chiralities of
the particle scattered

(3.71)

pq —

The full form of the S matrix is given in figure 8. Let us further investigate its structure. Due
to LR symmetry, it is natural to distinguish the scattering of particles of the same or opposite
chirality.

Same-chirality scattering. Let us consider particles of the same, let us say LL, chirality. Then
the non-vanishing scattering processes are

S| 4L L LL | 4L 4L L L\ _RgLL |, L L LL | 4L L
S|aker) = Ak | alor). rwl) =Bl |wlal) + Chr | alvl),
L, L\ _ FLL &l LaL\ _ pLL | 4L, L LL |, L L
q> FL ‘y/ > s|y/p¢q>_qu‘¢qu>+qu‘%¢1,>. (3.72)
These are determined up to a single, overall scalar factor 5L »q» and they read
- + x+ —xT
LL LL q LL LL -5 q
A y eo(l’ Q) ” —, Bp y T —,
xp X xp ~ X
2 - -
Cll = glleiv—30) i g DiL = ghlew L ~ %
Xy =X, ’ Xy - xq_’
_u
ELL yLL —%Hq)M FLL /LL (3.73)
+ - .
Xp — Xq

In the RR sector we find exactly the same formulae, in terms of a scalar factor & ?};
Requiring LR-symmetry implies, for instance,

(orar| S|oror) = (sFaf| S |oFar). (3.74)
so that it must be
o= SR = L . (3.75)

Opposite-chirality scattering. If we now consider processes of LR chirality we find

L qR> ALR‘¢ ¢ >+BLR‘W > §‘¢[];WqR> CLR‘W ¢ >
L qR>_ELR’W > FLR‘¢R¢L> g’WIL¢qR>_DLR‘¢R L>’ (3.76)
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while for RL
p¢qL> ARL|¢L¢R> BRL‘W > S‘¢1§WqL> CRL‘WL¢R>
i) -k i)+ ok ). Sl ok avi). om

The elements read

1 —xtx;
ALR = LR i(p+g) prq BLR yLR L(3p-q) W My
e 9’ 2
Pq p it 1 — xtxt
p*q prq
LR LR . (2p+q) XpXg LR LR i
Cpg = S pge> ™ 1 gl Dy = L pge?
—xtx
pXq
_ 2
ELR — _ LR ip —Xpxg FLR _ ooLR,I(p—g) T r g (3.78)
Pq TS T ra = 7 pqg® = ™’ :
XpXq p*q
and
1 —xfx; . =
ARL PRLo—k(p+q) prq BRL — RLo—i(p+3g) _h p Ny
ba 1 —x;x;’ oo 1 —x x’
prq prq
: 1 —xtxt
CRL - yRLe—éq’ DRL yﬁg]_ (p+2q)%’
1 - xpxq
1 —x;xf . =,
i pXq _i n p g
E};(]; = —yE;‘e qu, Fl;‘l; = y‘;};e 4(3p+5q)f' (379)
1 - XpXg 1 - XpXg

Now LR-symmetry implies e.g.
(wrar| 8 |ahud) = (wiof| S|ofwr)- (3.80)

This can be solved in terms of a single scalar factor ?pq

+ .+ +1/2
yLR %, e—a(p+q) L= 5% ,
1 —x,x;
R
IR = Fett <P+q>[%] . (3.81)
= x,x;

By this choice, we find not only C% C;qR, but also ARL = A]l;qR, BRL = B;qR, and so on.

Scalar factors. The requirements of braiding unitarity and physical unitarity pose constrains
on the scalar factors %}, and .%),,. In particular, they must satisfy

Sp, S (q,p)=1, | (P, PP =1,
Fp. 9P @.p=1, 1Z@, qP=1. (3.82)

i.e. they are given by two antisymmetric phases.

There is an additional condition that we can require on the S matrix, that is crossing
symmetry. This is an extension of the well-known relativistic covariance under particle-
antiparticle transformation to our non-relativistic S matrix. Crossing invariance will put
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stringent requirements on the analytic structure of the dressing factors, which we will analyse
at length in the next section.

The full S matrix. The full S matrix that we are eventually interested in is not the su(111)?
-invariant one. Instead, it is invariant under two copies of such an algebra, with the excitations
transforming in a tensor product representation (2.103-2.105). One way to find it is to
construct a representation of the full psu(111); . similar to (3.59), in terms of 64 x64 matrices.
The S matrix one would find then by repeating the procedure of this section is precisely the
tensor product of two copies of the 16 x16 matrix we just found™*.

Spsuiing, = Seuctjiz, ® Seuj, - (3.83)

The tensor product should take into account the signs arising from permuting the fermions. In
components this gives

K313,K414

Kil,K212

v az,aq v
(Spsuuux‘_e_)a] “ (Spsuuu)z‘_e_)

v K3,K4 13,14
— (—1)8(“)8("2)"'8(’3)8("4)(Sgu(lll)f._c) (Ssu(lll)f.c.) > (3.84)
K1,K2 2

where we used the notation introduced in (2.104), with @ = k1. From this, all of the scattering
elements can be readily calculated, and again we have that the scattering can be decomposed
based on the LR chirality, with the matrix elements being the ‘square’ of what found in the
previous section. To illustrate this, let us work out a few processes in the LL sector

R L L LLALL | 5L L
Spsutin, | P p(p++q> = ApgApg ‘ DitqPiy P>’
R L 5L LLpLL | pL L LLALL | 5L pL
Spsuciin, | Posp®- - q> =ByyBrg ‘ o q(p++p> + CpgCrq ‘ Dirg P p>
LL ~LL L L L L
+BhCh (| ok, jok_,) - |ok_ ok, ), (3.85)

where we used the short-hand notation &, )= I®k, (p)) and so on. Similarly, in the LR
sector we have for instance

& L R LR A LR R L LRRLR | 4R L
Spﬁu(lll)i-‘.c. q§++p(p++q> = ququ |q§++q(p++p> - qu qu ‘(p——q(p——p>
LRRLR R L R L
+ ARBIR(|0R_ ok, ) + |08, oL, ),

oL PR >=CLRCLR PR L

+Hp - pa~pg | = ~q ++p>‘ (3.86)

Spsuci|ne,

In particular, in Spsu(l 1y¢, there are still only two undetermined scalar factors, i.e. % 2 and 77
It is also interesting to note that the tensor-product structure yields symmetric and anti-
symmetric combinations of S-matrix elements, in a way reminiscent of su(2) invariance. As
we will see in section 8, this is no accident: there is indeed an hidden su(2) structure in this
theory, which we will make manifest when we will address the massless sector.

In what follows, unless confusion may arise, we will drop the subscript invariant algebra
from S.

Yang—Baxter equation and integrability. Once we have successfully derived the 2 — 2
S matrix by maxing use of the off-shell symmetry, the question remains as to whether such an

* The tensor product yields a 256 x256 matrix with many vanishing elements, rather than 64 x64 one. This is
because in (2.103) we do not consider any state of the form e.g. ¢~ ® ¢R, that do exist in the tensor product space.
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S matrix can be used to define an arbitrary M — M scattering. The condition for this is
expressed by Yang-Baxter equation (3.26), which in terms of S,, = S(p, ¢) reads

S, ®1-188S,,-85,I=18S,,-S,,1-1®S,, (3.87)

where we made the three-particle tensor product explicit.

It is easy to check that the Yang—Baxter equation is non-trivially®> satisfied by the
su(111)2, S matrix that we found, as well as by the psu(111)?, one—a fact following from
the tensor-product structure. Therefore, they can be both used to define an integrable two-
dimensional QFT.

Comparison  with  the su(2|2)-symmetric S matrix. The symmetry algebra
su(1l11)y @ su(lll)g centrally extended can be embedded into su(212)... This last algebra
is also related to an integrable S matrix. The S matrix of fundamental string excitations in
AdSs x S° is in fact invariant under two copies of su(2l12).., with the excitations
transforming in a tensor product representation akin to the one we encountered here, see
e.g. [75].

Since 5u(1|1)§'e_ C su(212)... we could expect that the su(2I2)..-invariant S matrix
should arise of a special limit of our S. Differently from su(111)2, in su(212)... there exists an
additional su(2) @ su(2) symmetry. The excitations ¢“® then would transform as a doublet
under the former su(2), while R would be a doublet under the latter. This would require
the scattering to take the form

S| 2y 07) + |0} 05))
Spa(|araR) - |oRak))

#(| o)+ |oar)
#(aa) - o)

+#(‘y/pLy/qR> - ]ij;>). (3.88)

We immediately see that we cannot obtain this general form from the su(111)?, S matrix that
we have constructed. The reason is that we have imposed on the S matrix the discrete LR
symmetry, which is incompatible with the additional su(2) @ su(2) invariance. It is this
symmetry that distinguishes the massive sector of AdS; X S* x T* from a truncation of the
AdSs x S’ superstring at all loops. Notice also that in the latter case the excitations form a
single irreducible representation of the symmetry algebra, and hence a single scalar factor is
left undetermined.

3.4. Section summary

The main result of this section is the derivation of the two-particle S matrix S (which is related
toS by some fermion signs) for the scattering of fundamental massive excitations of the
AdS; x S* x T* superstring, and of the non-relativistic dispersion relation (3.53). The matrix
S satisfies the Yang—Baxter equation as well as braiding unitarity and physical unitarity, so
that we can use it to unambiguously define any multiparticle scattering. S is defined up to two

antisymmetric unit-norm functions qu,?pq—the dressing factors.

It may appear strange that we could determine S for the massive excitations while
completely ignoring the massless ones. Even if we expect those to transform in a different

35 In the case of Ssu(l 112, » once the YB equation is spelled out in components, one finds 112 equations involving the
non-zero matrix elements, which vanish by using their explicit form.
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o(p1) ¢(p2)

Figure 9. The bootstrap condition for the bound-state S matrix. We consider two
particles ¢ with complex momenta p; = %P +iv and p, = %P — iv that form a bound
state @ of momentum P (thicker violet line). The scattering of a third particle ¢ (g) with
@ (P) can be resolved in terms of the scattering with its constituents. Note that the point

in the diagram at which the two particle fuse to give a bound state should not be
interpreted as a scattering event.

irreducible representation of the symmetry algebra, it is easy to see that perturbatively there
exist quartic massive-massless interactions in the Lagrangian—the two sectors are coupled.
Therefore, the effective vertices for massive particles will contain massless excitations run-
ning in the loops, even if they cannot appear in the final states. We can draw a parallel of sorts
with SU(N) Yang—Mills theory, with the de Wit—Faddeev—Popov ghosts playing the role of
the massless modes in the massive sector. Even if we ignore the ghosts, we can still correctly
predict that the S-matrix elements will be SU(N) invariant. However, to compute their value
we need to take the ghosts into account—not everything is fixed by the SU(N) symmetry.
Here SU(N) is replaced by a much larger symmetry, involving the off-shell algebra as well as
the higher conserved charges, and the only undertermined elements are the dressing factors.
They will contain the dynamical information about the theory, featuring poles and cuts in
such a way as to also account for processes involving virtual massless particles. We will
return to this topic in the next section.

We should also stress that we only computed the S matrix of fundamental massive
excitations. If the theory admits bound states, the S matrix that scatters those should also be
determined to have a complete handle on the spectrum, in particular to compute the wrapping
effects [110, 112]. Typically, this can be done again by means of integrability. The scattering
of a particle with a bound state can be defined as illustrated in figure 9, i.e.in term of the
scattering with its constituents—a procedure called bootstrap. This is particularly simple
when one takes advantage of the Hopf algebra structure, see e.g. [222-224]. In the case of
AdS; x S* x T*, such a calculation has not been performed so far.

4. Crossing symmetry and dressing factors

In this section we will see that crossing symmetry puts stringent requirements on the analytic
structure of the dressing factors.

In a relativistic theory, crossing symmetry is a consequence of the fact that fields are
constructed out of particle and antiparticle creation and annihilation operators. One can then
show that any two elements of the S matrix related by a particle-to-antiparticle transformation
are equivalent up to performing an analytic continuation, which exchanges the branches of the
dispersion relation. This invariance is illustrated pictorially in figure 10. There we have
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4
2 1 2 1
O QEEEES
>
9
1 2 1 2

Figure 10. In a relativistic theory, crossing invariance can be understood by looking at a
scattering process in two different ways. In the left panel, time flows upwards, and the
scattering of particles 1 and 2 happens with rapidity 4 = 9, — 8;. In the right panel,
time flows from left to right, and the same scattering involves the antiparticle of 2
(moving backwards in time) and 1. The scattering happens with rapidity 9° = 9 + i,
which can be understood as a Lorentzian angle.

introduced the relativistic rapidity & satisfying
E=mcoshd, p=msinhd, 4.1

which parametrizes the positive branch of the dispersion relation E? = m? + p2. In a theory
where all particles coincide with their antiparticles (e.g. photons), each of them can be
mapped into each of the other by shifting

98— 9+ ir 4.2)

This flips both the sign of E and p. If particles and antiparticles do not coincide, the
transformation (4.2) should be supplemented by a linear map sending the particle-
representation into the antiparticle one—e.g.in the case of quarks and antiquarks, this would
be a map between the fundamental and anti-funtamental representation of su(3).

These concept can be extended to the non-relativistic S matrix that we computed in the
previous section. In order to do so, it is first convenient to introduce a rapidity variable z akin
to 9. Then, we will study the charge-conjugation properties of the psu(111)! . or equivalently
su(111)2, algebras that we constructed in the previous section. This will lead us to formulate
the crossing equations constraining the dressing factors, for which we will find a solution in
section 4.2.

4.1. Crossing symmetry

Let us start by defining the rapidity z and its domain.

Uniformising the dispersion relation. The all-loop dispersion relation for massive excitations
on AdS; X S? x T4 reads

E2(p) = 1 + 4 % sin? g. (4.3)

This is the same functional form appearing in AdSs X S°. To uniformize the dispersion
relation we can introduce a rapidity variable following [197]. Let z satisfy

p(z) = 2amgz, sin # = sn (z, k), E(z) = dn (z, ), “4.4)
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S N B2 ] e o
x\vlm =) >0, Im(x")> 0 ™ /
/////’\\\\\\ me <O\
[x <1, |x|<1 Im@x)>0 \
wy wy Wy
W2 H]x*| <1, x> 1 wy/2 p= Im(x) <0, Im(x7) <0 Wyf2 P
’/////’\\\\\\‘ s> O\
|x|>1, |« |>1 Im(x)<0
0 0 0
\/ Im >0, Im(x)> 0
—wy2 PF [>1 a7 ]<1 —w)2 f— —w)f2 p S
—oil2 —ofb 0 wofd w2 —oil2 —ofd 0 wifd w2 —oi2 —onfb 0 wfd w2
(a) Torus with |z*| = 1 curves (b) Torus with Im(z*) = 0 curves (c) Torus with both curves
Figure 11. The rapidity torus with several significant curves. The solid blue line is the
real z-axis (physical region), the dashed blue line is the z = @, axis (‘crossed’ region).
In the leftmost figure the torus is divided in four regions by Ix*| = 1 and in the central
figure it is divided by Im (x*) = 0. The rightmost picture depicts both sets of curves,
which intersect in eight points with real part +w;/4, denoted by stars. [173]
Reproduced with permission from Borsato R et al 2013 Phys. Rev. D 88 066004.
Copyright 2013 by the American Physical Society.
in terms of Jacobi’s elliptic functions, where the elliptic modulus is k = —4 k2. This defines a

torus with a real period 2w, and an imaginary period 2w, that depend on 4 through
o = 2 K(x), w, = 2i K(1 — k) — 2 K(x), (4.5)

where K is the complete elliptic integral of the first kind. In this parameterization the real z-
axis corresponds to real momentum and positive energy. In order to describe bound states, it
is useful to consider complex momenta, and therefore complex rapidities z in the torus. One
can check that all the definitions we have given are also w;-periodic, so that we can always
restrict to | Re (2)| < /2, corresponding to —7 < p < 7.

The Zhukovski variables x*(z) are meromorphic functions on the torus

1 ( cn (z, k)

o= sn (z, k)

o + i)(l + dn (z, x)), (4.6)

and satisfy the relations (3.47). Furthermore we can resolve the square root in 7, by
Z Z - Z Z
dng(cng +lsn5dn5)

4.7
1+ 4hn? sn‘%

n@z) =

The S-matrix elements that we computed in the previous section can now be expressed
purely in terms of z. Remarkably, they are all rational functions on two copies ° of the elliptic
torus, up to the dressing factors.

36 Recall that S(p,, p,) or more precisely S(z1,22) depends on z; and z, separately, in contrast with the relativistic
case where it would be S(91,92) = S — ).
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In figure 11 we depict the rapidity torus, highlighting several significant curves. The red
ones correspond to lx*(z)l = 1. In analogy with AdSs x S°, we will call the region they
delimit which contains the real z-axis the physical region—this is where the complex
momenta of physical bound state are expected to be found [110]. It can be identified by
requiring Ix*(z)| > 1. In what follows, we will consider all S-matrix elements corresponding
to physical processes to be evaluated at rapidities lying in the physical region.

A shift z - z + w; flips the sign of energy and momentum (4.4). The region containing
the line Im (z) = w, corresponds to real crossed variables, having real momentum and real
negative energy. In terms of the Zukhovski variables we have that

+i
x*(z)’ x(2) x*(2)
so that the shift maps the physical region [x*| > 1 to Ix*| < 1. The scattering of antiparticles,

which take the negative branch of the dispersion relation, will give S-matrix elements
evaluated for z in the crossed region, i.e. for Ix*(z)I < 1.

x(zxwy) = X (z+wy) =

, n(zxw)= n(z), 4.8)

Charge conjugation. Let us go back to the representations of psu (1l l)ie., or equivalently of
su(111)?, . Even better, since we know how to obtain multiparticle representations in terms of
a non-trivial coproduct, we can even restrict to the one-particle representation given by the 4
x4 supermatrices (3.44) and by the relative central charges. We can label this pair of
representations as

Y1r(e, c, ) = V1(e, c, ¢) ® Vr(e, c, C), 4.9)

where e labels the energy and c, ¢ the central charges eigenvalues.
By transforming all of the charges and supercharges X by means of a supertransposition

X = —x*, (4.10)

we find another representation of su(111)?, . Notice that the minus sign is needed to ensure
that the anticommutation relations are preserved. This clearly flips the sign of the central
charges. In particular, we now have that £ < 0 and that left and right excitation have swapped
their charge under m.

Combining x — —x* with the crossing transformation z — z + w,, we can almost
obtain a pair of representations with the same central charges as the one that we started from.
If that were the case, that would mean that there exists a (anti)unitary transformation relating
—x*(z + wy) with x(z)—that is, a charge conjugation matrix. There are two obstructions for
this to be the case. Firstly, for the eigenvalues of m to be swapped, charge conjugation must
exchange the left and right irreducible representations. Secondly, the crossing transformation
does flip the sign of energy, but acts on C(z) as

c@ =i g(eiP(Z) - 1) - c(z+ wy) =—-ePO ¢(z), (4.11)

and similarly for ¢ (z). These additional phase factors can be accounted for if we additionally
transform the supercharges q = q™R by a phase

(—qSt(Z + a)z)) - e+§"’(—qs‘(z + 602)),
(=0 (z + @2)) = (=g (2 + w2)). (4.12)

This transformation is an U (1) automorphism of su(111)?, . Using it, we can finally conclude
that, for the supercharges it must be
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e (2 + 1) =€ q(2)6,
— P Gz + 02) =C G, (4.13)

where & is the charge-conjugation matrix, which exchanges the left and right representations.
It can be written in the basis % as

0 0 |&e& o
.+ £RL
o U I e | (4.14)
&R0 |0 0
0 —ié®| 0 0

The two normalization constants £'R and £RL, one per representation, can be set without loss
of generality to e.g.

ELR — gRL _ | (4.15)

In this way 4% = X and 4! = %7
By using the fact supertransposition acts on the supercharges as q* = q' %X, we can
rewrite equation (4.13) as

q'(z + wy) = Few x @t q()%,
4'(z + @y) = Fe™? X 61 q(2)%, (4.16)

where we also used the fact that ¥ ¥ = ¥ X and ¥ q = —q 2. Note how these equations are
related by Hermitian conjugation.

Crossing equations. The fact that the charges enjoy the invariance (4.13) together with the
fundamental invariance property of the S matrix

Ra2) Qu2 = Qe Ray, 4.17)

allows us to derive an additional property of Ry,.?” To this end, let us focus on the case where
Q is one of the supercharges q“R or of their conjugates—the invariance under the central
charges follows trivially. Furthermore, let us recall that Q(;5) is given by the coproduct (3.59),
and similarly Qy is given by

Qa9 =Q(p. =) @Z+1®Q(q, &r=1). (4.18)

It is then easy to write down the invariance of R under q = q™R

R(12)(le12)<Q(Zl) QI+eX® Q(Zz))

= (eq(2) ® £+ 1® q(22) )R (21.22), (4.19)

where p; = p(z;). If we take the transpose of this equation with respect to e.g. the first space,
we find

37 We choose to work with R here rather than S or § to obtain a more compact and familiar-looking final expression
the crossing equations.
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(-2 q'(z) ® T+ 2 ® q(22))R{})(21.22)
= Rippy(2122)( —e¥:2 ¢'(2) ® T+ e V1 ® q(22)). (4.20)

where we also multiplied by —X from the left. This equation holds for any zj,z,. If we now
perform a shift z; — z; + @, and use (4.16), we can recast the equation in the form

(Q(Zl) QI +e”XZ® Q(Zz)>(5(1) R{i,)(z1 + ©2,22) 6]y

=% Ry (21 + wz,Zz)(gzl)(GEPZQ(Zl) RIT+I® q(Zz)), (4.21)

where 6(;) = ¥ ® I. Comparing this expression with (4.19), we see that the combination
) RE‘m(ZI + 02,22)% zl) has the same invariance property with respect to q" as the inverse
of R12)(z1,z2). In fact, it is not hard to see that the same calculation applies to all of the
supercharges®. We can therefore require that it is

-1
%) Rilyy(21 + ©2,22) %)) = (R(12)(Z1’ZZ)) . (4.22)

This is the crossing equation. If we had repeated a similar calculation taking the transpose in
the second space, we would have found

- (4.23)

G2 Riy(21:22 — 02) 6 o) = (R(lz)(Zl,Zz))
In fact, the two crossing equations are related by braiding unitarity, as we will see explicitly in
the next subsection.

What we have just found with regard to crossing symmetry is somewhat similar to what
happened for the unitarity condition (3.68). The invariance property we have found is
seemigly new, but it can be found from manipulating equation (4.19). Since the matrix part of
R has been found imposing (4.19), it will automatically satisfy crossing invariance. However,
this requirement will mean that the scalar factors .}, and ?pq may not be arbitrary, but satisfy
the analyticity requirements coming from (4.22) or equivalently (4.23).

Here we have derived the crossing symmetry requirements for the su(111)2, S matrix.
The ones for the bigger psu(111)f, S matrix follow immediately by requiring that it is given
by the tensor product (3.83) of two crossing invariant su(111);, S matrices. Equivalently, it
is easy to repeat the construction of the charge-conjugation matrix for the charges in
psu(lll)ﬁ_e_ and obtain the crossing equations in that way.

Constraints on the scalar factors. Let us write the requirements imposed by crossing
symmetry on the scalar factors of the psu(111)!, S matrix. For later convenience, let us
normalize the scalar factors by introducing two functions o (p;, p,) and &(p,, p,) satisfying

38 Note that in the case of R the sign in the phase shifts e*2” is everywhere opposite to the one we used for gk .
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1
xﬁ'—xflr_ EY
,yz(pl,p2)=6_2(pl,p2) — T T
S S I
xitxy
1 - _1 "
—~2 ~_ X X
% (Pl, P2)=6 2(P17 pz)—llz, 4.24)
1 —
xixy

In this way the phase for the same-chirality diagonal processes features the Beisert—Dippel—
Staudacher [225] matrix element. The scalar factors have the form

O-(pli [72) = eiH(P],pz)’ 5(P1» Pz) = eié(pl!p2)5 (425)
where 6 (p,, p,) and 9 (p,, p,) are antisymmetric real analytic functions for real p;, p,—a

requirement that follows from unitarity.
The crossing equations that we have found then imply

2 ~ ~ 2 ~
o(pe.py) #(ppa py)? = g(py. ) o(py 0 &(pL. p,) = &(pys po)s
2 o 1 ~ 2 1
o(pyps) 3 p))=———  o(p,p)?3(pps) =——,  (426)
(P2 > 1) g(P2 > Pl)
where
1 1
== - ==
( ) ( xz_] Xy Xy XXy ) xp — x5
8(P1>»Pr) = —= >
x] | 1Y Xt =X
XXy
2 1 !
—\2 - + - -+
~ X X — X X{ X
2(py py) =(—2+) — ( - _) - = (4.27)
X2 (x] - X )(xl -x3) _
XXy

and the superscript ¢ indicates crossing. More precisely, we have

p =p(z+ o), py, =p(22 — 02). (4.28)

It is then easy to check that the four equation (4.26) are related by the antisymmetry of the
scalar factors, i.e. owing to unitarity. Therefore, it will be enough to restrict ourselves to e.g.

2 N ~ 2 ~
o(pf py) 31 Py =8Py py)s 0Py, p)*E (s py) =&y py), (4.29)

which are the ones due to (4.22).

We have remarked how the matrix part of R is a meromorphic function on the rapidity
torus. However, by iterating the crossing transformation twice we find that the dressing
factors are not 2w;-periodic:
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2 N \2
0(Z1 + sz,zz) gt oz (xT—x - x; )
6 (21,22)* g(z1,22) xit—xgxm = x5 )
1 1y
~ 2 ~ 1= +, - - — +
G(Zl + 26‘)2’22) _ g(Zl + 0)2,22) _ X1 X2 X1 X2 (4 30)
8(21,22)2 g(Z]sZ2) 1= ; 1= 1
Xy X[ Xy

Therefore, they must have cuts on the rapidity torus, so that the whole crossing-invariant S
matrix is defined on some more complicated surface. In fact, even if we considered shifts by
4@,, 6w,, etc we would still find no periodicity, meaning that the dressing phases should live
on an infinite cover of the z-torus.

Even in the better-understood case of AdSs x S° it is unknown how to define a
generalized rapidity that resolves the additional cuts and describes that cover. Therefore, in
what follows we will continue using z (or x), keeping in mind that when describing paths on
the torus additional care should be used in the case where a cut is crossed.

4.2. Solving the crossing equations

A solution for the crossing equations is given by two antisymmetric phases satisfying
equation (4.29). It is convenient to rewrite this in terms of crossing equations for the sum and
the difference of the two phases 8 (p,, p,) and 6 (p;, py)- Let us denote the product and the
ratio of the dressing factors by

U(Pl, pz)

— , 4.31)
6([71 ’ pz)

o*(py, py) = o(py, P,)3(pys Py), 6= (p, py) =

and corresponding phases by 6*(p,, p,) and 07 (p,, p,). By analogy with the case of
AdSs x S’ [103], it is also useful to rewrite each phase as

0(py. py) = x(x x) + 2 (x7, x3) = 2 (s x7) = 2 (a7, x5), (432)

where y is an antisymmetric function. Similar expressions can be introduced for 0 @1, Pa),
0*(py, p,) and 6=(p;, p,).

Dressing phases in AdSs x S°. Due to the many similarities of our S matrix with the
AdSs x S°, it is worth briefly describing the solution of the crossing equation in that case. In
the AdSs x S° S matrix, a single dressing phase appears. An all-loop solution to its crossing
equation [197] was found by Beisert, Eden and Staudacher (BES) [106]

oPB8(21,20) 0P8 (21 + w2.20) = h(x, x5°),

1
] — —
- - _ 4 o
h(xi, xf)= 2L "2 A% (4.33)
Xy X1 =X 1
xxy

A particularly useful representation of this phase was given by Dorey, Hofman and
Maldacena (DHM) [226]
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w2/2

—w2/2
—LL)]/2 —w|/4 0 w|/4 w|/2

Figure 12. The paths used for analytic continuation from z to z + @, (in purple) are
vertical segments that lie close to the boundary of | Re (y)| < @,/4. They cross the red
lines Ix*| = 1 when Im (x*) < 0. [173] Reproduced with permission from Borsato R
et al 2013 Phys. Rev. D 88 066004. Copyright 2013 by the American Physical Society.

Py =i g 11, rl 1+ Sh(w+ 1w = —1/7)]
| 20 S 2mi =y =W L[ 1= k(o 1w = 1)

(4.34)

This is valid in the physical region Ix| < 1, Iyl < 1. On the boundary of this region, the
integral representations has cuts so that a path should be chosen to analytically continue the
expression to the crossed region.

As it is discussed in detail in [111], for the AdSs x S° crossing equations to be solved we
can chose the path depicted in figure 12. These are curves y (z) that go from z to z + w, with
constant Re (y), and which lie close to the boundaries of the region | Re (y)| < @;/4 and
crossing the lines |x*l = 1 in the region Im (x*) < 0. Then, the precise statement of the
crossing equation (4.33) is that the BES dressing factor evaluated for z in the physical region
as defined by the DHM double integral, times itself analytically continued through the cuts of
(4.34) along 7 (z), equals the rational function on the right hand side®.

Our crossing equation (4.29) will be interpreted in a similar sense. In fact, we will from
now consider the crossing transformation as a continuation along the paths y (z) described in
figure 12. This will be understood every time we write p°, z° and so on.

39 Actually, we are restricting to a subset of all the allowed paths used in the case of AdSs x S°, see section 4 in
[111]. This more special choice will be the one suitable for our crossing equations.
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At leading order O(h™") in a large-h expansion®, the BES phase reduces to the

Arutyunov-Frolov-Staudacher (AFS) phase [103]. This was found based on rather general
considerations on the large-/ behaviour of the energy of string states, and for this reason it is
expected to be common to several AdS/CFT duals. It can be written as

L 1 \gh(xi+1/x1—x3=1/x7)
X xy xitxy - Xy xg

1 1 ’

xi'xy x'xg XXy

1 —

oA (x1,x2) = (4.35)

The next-to-leading-order term in strong-coupling expansion is the Herndndez-Lopez
(HL) phase [228],

;(HL(x,y)=Zy§d—W_ w1 1 sign(w + 1/% —w — 1/w). (4.36)
20 2mid 27 x —wy — W

The HL phase appears at order O (1), and indeed its expression is A-independent. For later
convenience, let us perform one of the two integrals in (4.36) and obtain the representation

MU gy = (o f )] ) — _ (4.37)
X (x ) (7( %)‘mx_w(log(y w) — log (y — 1/w)),

where the two integrals are performed in the upper and lower unit semi-circle respectively,
counterclockwise in both cases. The HL phase solves the ‘odd’ part of the AdSs crossing

equation [69]
h
o' (z21,22) 0" (21 + w2,20) = /h_12 = \/hIZ(hIZ)*, (4.38)
12

KHL(xfr, x{)ZHL<x1_, x2+) X —y
[HL - .
ZHL(x1+, x{r)ZHL(x{, x{)’ (. 7) 1 —xy’ (4.39)

where

hia(hip ) =

where complex conjugation amounts to sending xF — x;7 4

Solution for the sum of the phases. Taking the product of the two crossing equation (4.29),
we find an equation for o+

ot (z21,22)? 67(21 + ©2,22)* = g5 8- (4.40)

We observe that the r.h.s of this equation can be written in terms of the function £, appearing
on the r.h.s of the AdSs crossing equation (4.33)

(ha)

812 8 = PR (4.41)
(F12)

where we used the constrain (3.47). The above relation allows us to solve the crossing
equation (4.40) using parts of the AdSs dressing phase

40 To find the asymptotic expansion of the BES phase at strong coupling one can expand the integrand using that
r(+i) _
rd-ix)
aypos in the expansion given in [227].

" One can check that in order for (4.37) to solve (4.38) it is necessary to choose the path of analytic continuation as
in figure 12. This is discussed in more detail in [173].

5 o D) (1 . .
—x log :7 - Zsign(Rex) - 237 C(Z:Z] 1>i2nli] for Rex # 0. This expression corrects some

i log
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(ot5)

o = ——, i.e. 05 = 2055 — oL, (4.42)
o1

To show that such a o} satisfies equation (4.40) one need only use equation (4.33) and (4.38).

It is convenient to express o7 in terms of a DHM-like double-integral representation, by

defining y*(x, y) as

2788 (x, y) = M, y)
by '\l +ih +1 -w—=1/w
= ¢d_w w1 ! [21‘ log [ h(w+ 1w = /W)]

27’ 2mi x —wy — W F[l—ih(w+1/w—W—1/W)]

xt(x,y)

- %Sign(w + 10— w— l/w)), (4.43)

in the physical region. Notice that the above expression is exact to all orders in the coupling 4.
We postpone the perturbative expansion of this and the following expressions to section 7,
where we will also compare them with independent results.

Solution for the difference of the phases. Taking the ratio of the two crossing
equation (4.29), we get

_ 2 ~
o (znz2)”  _ S (4.44)

o7 (z1+ wn22)* &

where

2 (‘(xfr, x{)f‘(xl_, x2+) B 1 ]
S _ ¢ =a-p|l1-4] @
2 Z‘(xfr, x;)f‘(xl_, +7) , (x, )= Y)( 1 " (4.45)

Notice that this equation involves the ratio rather than the product of the dressing factor with
its analytic continuation. As it can be explicitly verified*?, defining y~(x, y) in the physical
region (Ixl, lyl > 1) by the integral

d 1

w
8z x—w

SUAE DT L (| R

solves the crossing equation (4.44). By construction, y~ is antisymmetric. Note that the
integrand of y~ does not depend explicitly on the coupling /4, in contrast to the solution of the
crossing equation (4.40) which is solved by an integrand with an infinite series expansion in
h. This is because equation (4.44) is ‘odd’ in the sense of [69].

@, y) = 7,[ log[(y - w)(l - yiw)] sign((w — 1/w)/i) — x < y

(4.46)

42 See [173] for the details of such calculation.
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The all-loop expressions for y and 7 are then given by

1
206 = P50 ) + (=M ) + 27w ),

7, y) = B, y) + %(—){HL (x, y) — 1 (x, y)). (4.47)

These solutions are expressed in terms of the non-perturbative BES phase plus terms at the
HL order. These latter contributions to y and 7 are independent of 4. As such, they can be
added to the DHM representation of the BES phase without affecting the A-resummation.

4.3. Poles of the S matrix

Now that we have found a solution to the crossing equations, it is natural to ask whether this
is the solution appearing in the AdS; x S* x T# S matrix. It is clear that our phases could be
multiplied by any ‘CDD factor’ [229], that is, any solution of the homogeneous crossing
equations

CDD gCDD _ 1’ UCDD ECDD =1. (448)

g = P°q %pq

rq r°q

Such solutions exist. The simplest ones are meromorphic functions on the torus, which can be
defined in terms of

cpD _ il (x — y)m ~CDD _ i] (x =y

= , : 4.49
pg 2 (1 = xy)™ Pq 2 g (1 = xy)n ( )

with n;, n, integer constants. Such factors will modify the pole structure of the S matrix.
However, there is a close connection between simple poles in the physical region of the S
matrix and the bound states of the model. Therefore, by exploring the expected bound-state
spectrum of the model we will be able to put stringent restriction on the CDD factors.

Bound states and short representations. Excitations transform in representations of
psu(111)f,. Furthermore, the representations satisfy a shortening condition which
immediately follows from the one of su(111)2., see equation (3.41)

H?=M?+ CC. (4.50)

Bound states preserving some supersymmetry also transform in a short representation of the
symmetry algebra. Let us consider a two-particle state containing two left-moving particles,
e.g. |<D+L+(Dl‘+). For generic values of the momenta p and ¢ the tensor product of two
fundamental left representations is an irreducible long representation. However, at special
points the tensor product becomes reducible. In particular, we find that the shortening
condition (4.50) is satisfied for

Xy =X, or x, =x;. 4.51)

Only at these points it is possible to construct short sub-representations. Therefore any pole in
the S-matrix corresponding to a supersymmetric bound state will have to satisfy one of these
conditions.

An interesting feature of the psu(111)!, algebra is that all short irreducible
representations are two-dimensional while all long irreducible representations have dimension
four. A two-particle bound state will therefore transform in a representation which has the
same form as the fundamental representation, differing only in the values of the central
charges. This should be contrasted with the centrally extended psu(212) algebra appearing in
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AdSs x S°[89, 105, 107], where the fundamental representation has dimension four while the
M-particle bound state has dimension 4 M [230].

At the points where the tensor product becomes reducible some of the elements of the S
matrix become zero or develop poles. These singularities will appear both in the dressing
factors, as we will investigate later, and in the ratio of S matrix elements. In fact, with an
appropriate normalization we will have

Ryg 70=0, Vo C VL) ® VL), (4.52)

when p and g satisfy (4.51), while R, is regular (finite) on the complement of ¥. The bound
state representation is then the factor representation on the quotient space ¥1.(p) ® ¥1.(q)/ 70

[231]. Using the explicit form of the S matrix, for the point x; = x, we find that the state

I@ljr (Dljr) belongs to the short representation, and we will therefore refer to it as a su(2)

* the short representation includes the state |&~ @ ), and is

bound state. In the case x p_ =X,

a potential s[(2) bound state™.

To decide which bound state belongs to the physical spectrum we need to impose
additional constraints on the momenta of the fundamental excitations. In the region s; < s,
the wave function of a scattering state takes the general form**

W (51,5) & ellPitan) 4 §(p, g)eilparan), (4.53)
where the first term describes the incoming wave and the second term the outgoing wave, or
equivalently
L
S, 9)

To find a bound state we analytically continue the wave function to complex values of the
momenta

W (s51,8) R ei(psi+as) 4 ei(ps+as), (4.54)

b . b .
= — 4+ 1, = — — 1. 4.55
P=7 4=7 (4.55)
The wave function then behaves as
1 (52—51) —v(s23=51)
¥ (s1,8) ~ eV 5275 4 eVRTS)) 5] K 8. (4.56)

S, q)

If there are bond states in the spectrum, we expect S(p, g) to have a pole, as it can be
understood in a diagrammatic expansion in terms of a propagator that goes on the mass shell.
Additionally, for the bound-state wave function to be normalizable, the outgoing-wave
exponential should be decaying. Hence we are interested in the solution where the momentum
of the first particle has a positive imaginary part, v > 0. By imposing the condition (3.47) for
x; and x; in the physical region, we find that for x; = x, the momentum p has a positive
imaginary part, while x, = x; leads to the imaginary part being negative. We hence
conclude that only the su(2) bound state can appear in the physical spectrum. Of course this
will have to be confirmed by the presence of suitable poles in the S matrix, which will pose a
constraint on the dressing factors.

So far we have only considered bound states in the LL-sector. If we start with two right-
moving excitations we again find an su(2) bound state at x;r = x,, simply by left-right
symmetry. It is interesting to consider a state consisting of one left- and one right-moving

S AdSs X S° the physical bound states correspond to ‘su(2) bound states’. The ‘s[(2) bound states’ appear as
bound states of the mirror theory that we alluded to in the introduction [110].
4 In order to avoid confusion with the dressing phase we denote the world-sheet coordinate by s.
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% (q) L, (p)
®L,(p) (g ®hi(a) L, (1)
(a) s channel, LL sector (b) ¢ channel from crossing

Figure 13. On the left two particles in the same sector form an su(2) bound state in the

s channel. Applying the crossing transformation to @, (p) yields the r-channel diagram

on the right, where on particle has unphysical momentum p° (red dashed lines). [173]
Reproduced with permission from Borsato R et al 2013 Phys. Rev. D 88 066004.
Copyright 2013 by the American Physical Society.

excitations such as |®, @R ) . In this case the shortening condition (4.50) is satisfied for
x, =1/x; and x, = 1/x;. Neither of these solutions lie in the physical region lx;| > 1,
quil > 1 and hence there are no supersymmetric bound states in the LR sector.

In summary we find that, based on the shortening condition and the matrix form of R ,,,
physical two-particle su(2) bound states exist in the LL and RR sectors. The LR sector, on the
other hand, does not contain any bound states.

Semiclassical bound states from giant magnons. Owing to its integrability, the AdSs x S°
NLSM admits classical off-shell soliton solutions called giant magnons [99]. These can be
thought of as a coherent superposition of several many one-particle excitations (magnons in
the dual spin chain). The simplest giant magnon is a classical string solution living in a
R x S? subspace of AdSs x S°, and having a definite momentum p. It can be extended to a
solution in R X S?, the dyonic giant magnon [100], which carries angular momentum M along
the additional angle. This solution corresponds to the semiclassical limit of a bound state of
IM| fundamental magnons [232].

Since both the fundamental giant magnon and the dyonic extension live in R x S* they
can be directly embedded in AdS; X S?[233]. How does our discussion on the allowed bound
states fit together with the giant magnon picture?

An important difference between our case and AdSs X S° is that in the latter space a
dyonic giant magnon with positive M-charge +M can be continuously rotated to the
corresponding magnon with negative charge —M, due to the presence of an additional su(2)
symmetry. However, in the case of AdS; X S such a rotation is not possible since the
intermediate states would not sit inside S3. Therefore, while in AdSs X S there is no notion of
left and right giant magnon, in our case the two states with charges +M and —M are
independent and can be distinguished by the sing of their eigenvalue under M—their target-
space chirality. Only configurations of the same chirality can be used to build a dyonic giant
magnon, so that only the corresponding microscopic excitations will have bound states. Since
the notion of left and right excitations was defined precisely in terms of their charge under M,
we must expect to have LL and RR su(2)-bound states resembling the ones of AdSs x S°, but
no LR or RL bound states. This is precisely the result of our representation-theoretical
analysis of the previous subsection.
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L (q)

®t_(p) ii(g) Phi(9) o _(p°)
(a) RL s channel (forbidden) (b) crossed LL ¢ channel (forbidden)

Figure 14. On the left the would-be Landau diagram for one left- and one right-moving
particle is depicted. This process should be absent. Similarly, the crossed process on the
right should be absent, and the corresponding S-matrix element have no pole. [173]
Reproduced with permission from Borsato R et al 2013 Phys. Rev. D 88 066004.
Copyright 2013 by the American Physical Society.

Simple poles of the S matrix. ~Scattering processes involving formation or exchange of bound
states give rise to single poles in the S matrix for physical values of the spectral parameters
[234]. Let us consider the s-channel diagram in figure 13(a). The process involves two
fundamental particles from the same sector, e.g.two left-movers, in the physical region
Ix;l > 1,i = p, g, which form an on-shell boundstate and then split up again. Similarly to the
case of the su(2) sector in AdSs [226, 232], this should lead to a pole in the corresponding S-
matrix element at x;" = x, . The relevant element is, up to inessential ¢” prefactors which we
will always drop here,

672 (4.57)

Apg = <(DJ£+ (D+L+| Spq “ph ‘p+L+> =

As it can be directly checked [173], the dressing factor is regular at x; = x, , so that A, has
a simple pole there.

This s channel process is related through crossing symmetry to the exchange of a bound
state in the ¢ channel, depicted in figure 13(b). There the particle of momentum p has been
crossed so that xp*—; =1 /)cpi are not in the physical region. Since the two processes are related
by crossing symmetry, the poles in the s channel automatically fix the singularities in the ¢
channel. In fact crossing symmetry implies [172]

ApgAprg=1,  where A, =(of, of| 8§, |of ok), 458

so that a pole of A,, corresponds to a pole of A p_cz We can check this explicitly by
considering

- 1

ot +.—
— X g X
_ P! P! ~ =2
Apcq = | 1 | 1 Gpcq. (459)
X g X

Since & is regular when continued inside the unit circle [173], A p°q has a zero at x;c =1 /xq_ ,
as expected.

If we consider S-matrix elements involving one left- and one right-moving particle we
expect no poles, since there are no corresponding bound states. Therefore a process such as
the one depicted in figure 14(a) should not happen. Indeed, the S-matrix element
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1 —

B —<¢L @R\S oR ¢L>— o Yty g2 (4.60)
pqg = \F++ F——| Opg | F— Tt —1 L om .

is regular in the physical region, and in particular has no pole at x; = x, . Itis an interesting
check that the same holds in the crossed channel, whose exchange diagram would be as in
figure 14(b), should it exist. Again crossing symmetry relates the two processes in a simple

way (because we are scattering highest weight states), i.e.
BpyBpg=1,  where B, =(of oL |S§, ol ok), @6

which implies the first crossing equation in (4.26). Since gpq has no singularity at x; =X,
we expect B e, to have no singularity at x;c =1 /xq_ . Explicitly we have

T
_ P T Mg xp—qu .
SN o e, R @)

e

The rational terms have a pole at x p+c =1 /xq_ , but once the dressing factor is continued to the
crossed region, this is canceled by a zero of 672, so that the result is non-singular.

Conditions on CDD factors. The fact that we correctly match the structure of single poles in
the physical region tells us that for any CDD factors of the form (4.49) we must set
ny = np, = 0. However, in principle we could still allow for different solutions of the
homogeneous crossing equations. If these are defined on a cover of the rapidity torus and
feature no poles in the physical region, for instance, they would not be ruled out by our
bound-state analysis. Since the dressing phases we propose live on such a cover, such
solutions cannot be ruled out.

4.4. Section summary

In this section we have formalized the particle-to-antiparticle symmetry of the non-relativistic
worldsheet theory in terms of a set of crossing equations, in the spirit of what was done in
AdSs x S’ by Janik [197]. In our case, we find that the particle-to-antiparticle transformation
exchanges the left and right representations. This is a qualitatively new feature, which tells us
that for consistency of our 2-dimensional worldsheet theory we cannot restrict ourselves to
particles of a single target-space chirality, even if they form an irreducible representation of
the off-shell symmetry algebra.

The crossing equation couples the LL and LR dressing factors factors %}, and ?pq or
equivalently o, and &,,. Specifically, it relates one scalar factor evaluated in the physical
region with another analytically continued to the crossed region. We see that, were it not for
the dressing factors, the S matrix would be a rational function on a double complex torus—
instead, it is defined on an infinite cover of it.

The main result of the section is an all-loop solution to the crossing equations. This
features the well known Beisert—-Eden—Staudacher [106] and Hernandez-Lépez [228] dressing
factors that originally emerged in AdSs x S°, together with a novel factor defined by (4.46).
This also shows that the BES phase, which essentially constitutes the dressing factors of
integrable AdSs/CFT, and AdS,/CFTs, is not universal to all AAS/CFT duals.

Besides being crossing-symmetric, the dressing factors we found reproduce the bound-
state spectrum we expect to find in the physical region. Still, it is unclear whether they are the
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physical solution of the crossing equations, or should be modified by multiplying them by a
solution of the homogeneous equations, which could be highly non-trivial. To check whether
this is the case, we can compare the large-A expansion of the dressing factors to independent
perturbative calculations. We will successfully do so in section 7. Additionally, we could try
to investigate further the analytic properties of the S matrix, especially beyond the physical
region. For instance, its properties in the region where a mirror theory should be defined*’
will be important to formulate the mirror thermodynamical Bethe ansatz description that we
mentioned in the introduction. So far, such an investigation has not been performed.
Finally, we should remark that in principle the dressing factors of massive particles should
also contain some information due to the presence of massless virtual particles. This could appear
through a solution of the homogeneous crossing equations, too. At the moment, however, it is not
clear what its contribution should be, or whether somehow it has already been accounted for.

5. The psu(1,1]2)% spin chain

In this section we will see how the all-loop S matrix can be found in a spin-chain picture.
Inspired from what happens in the case AdSs X S°, which we briefly discussed in the
introduction, it is rather natural to assume that strings on AdS; X S? x T* can be described in
terms of a spin chain. If we restrict to the massive sector, the ‘spins’ should be in modules of
psu(1, 112)%. By picking a ground state for the chain, and considering fluctuations around it,
we will find an off-shell symmetry algebra. Out of this we will able to fix a two-body S
matrix. While the S matrix that we found out of the Zamolodchikov—Faddeev algebra in
section 3 describes the reordering of two ZF creation operators, the one we study in this
section acts on pairs of spin-chain sites. Consistently extending it to an M-sites S matrix will
again require a sort of Yang—Baxter equation to hold. Equivalently, we can describe the S
matrix as acting on plane-wave excitations (magnons), which will allow us to show that it is
in fact equivalent to the worldsheet S matrix, in a sense that we will specify.

This spin-chain picture was the way in which the S matrix was originally derived
[170, 172]. To keep our presentation as homogeneous as possible, here we use slightly
different conventions than in [170, 172].

5.1. The weakly-coupled spin chain

We want to describe the all-loop psu(1, 112)> spin-chain dual to free AdS; X S* strings. At
weak coupling—that is, for # < 1—the spin chain was originally constructed in [168]. There
one finds two copies of the superalgebra psu(1, 112), describing the left- and right-moving
sectors of the dual CFT. At leading order in a 7 — 0 expansion, left- and right-movers
decouple. The spectrum is then described by two homogeneous spin-chains with the sites of
each transforming in the representation46 (%; %) of psu(l, 112)—one for the left and one for
the right sector. At higher orders in & the two sectors couple to each other through local
interactions. We will be able to account for all of these interactions from symmetry
arguments.

45 This is the region in the middle of the green curves in figure 12, corresponding to a shift of %wz, which in fact
reproduces the mirror transformation (1.27).
46 To make contact with the coset construction, we take the su(1, 1) spin to be positive. Still, the % representation of

su(l, 1) is infinite-dimensional, while the % representation of su(2) is finite-dimensional. This is in contrast with

[172] where we considered the (—%; %) representation of psu(1, 112).
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Figure 15. An illustration of the short (%, %) module, where the action of the (super)

charges is represented up to the numerical coefficients. These are given in
equation (5.4)—(5.6).

The spin-chain algebra and representation. The sites of each psu(l, 112) spin-chain
transform in the infinite-dimensional representation (%; %), consisting of the bosonic su(2)

doublets ¢+(”) and the two sets of fermionic su(2) singlets y/i”), where the index n indicates the
5[(2) quantum number. In the spin-chain picture it is convenient to consider a real form of
psu(l, 112) which differs from the one we saw in section 2.2%’. Let us consider

[Ls Li] = L., [Li. L] =2Ls,
[Js J.] = 1., [J. L] =2k, (5.1)

for the bosonic charges and

[LS’ QiKl:l =+ %Qikl’ [Li’ QiK‘l] = Qims

(5 Qu] =45 Que [ Qur] = Quas (5.2)

with k = + , 1 = + and a = +. The anticommutators then are

{Q:++’ Qi——} = +L, {Q¢+—, Q¢—+} =F L,
{Q+¢+» Q—t—} =F Js {Q+¢—’ Q—i+} =+J.,
{Q+ii’ Q—¢¢} =tL; £+ Js, {Q+¢¢, Q—ii} =-L; ¥ J. (5.3)

Further properties of psu(1, 112) are given in appendix A.l.
Let us focus our attention on the action of the generators on a single site, which may be in
any of the states of the (%, %) module. We have that bosonic states are charged under su(2)

By =sg o) nlen)=lar) wler)=len) e

47 This difference in the real form is familiar from AdSs/CFTy, see e.g. [235].
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and all states are charged under s[(2)

L; (Iﬁk(”)> = (% + n) ¢K(n)>’ L, |Wl(n)> =(1 +n) |l//l(n)>’
L_ ‘(/,K(n)>=+n ‘/’K(”‘1)>, L. ‘%(")>=+m "//,("_ 1)>7
L, ¢,f">> = —(n+ 1)|¢K(n+1>>, L, |U/l(n)> _ _mMmH)» 5.5)

Finally, the supercharges act as
Quui [4) =+l + T y). Qe [¢2) = 2vm [y =),
Qs | W) =FVn+ T [¢"+D), Quex W) =3+ 1 |4). (5.6)

Therefore, the highest weight state Id)io)) is annihilated by the su(2) grading raising operators

Q.+4, and by the two generators Q_,.. Hence, the representation (%, %) is a short
representation, satisfying the shortening conditions

(Qros Quia [417) = (L3 - 1) 4") = 0. (57

The action of the generators on part of the module is depicted in figure 15. We will take the
sites of the left and right spin-chains to transform in identical modules. At the very end of our
construction, we will see that self-consistency dictates the left and right algebras to be in
different gradings, as it was the case in the coset construction of section 2.

The ground state. The states of the left- and right-moving spin-chains of length £ transform
in the Z-fold tensor product of the above representation. The ground state of the full spin-
chain is given by

¢ ¢
o = | (4) ) & | (4 ). (5.8)
.. . . vt ¢ .
This is the highest weight state of the short (5; 5) ® (5; 5) representation of the

superalgebra psu(1, 112)p @ psu(l, 112)g. Such a choice preserves as much supersymmetry
as possible. Specifically, the ground state is preserved by eight supercharges Q7R and
Q/LR, with j = 1,2, as well as two central charges H*R, In terms of the psu(l, 112)
generators they are given by

Qt=0QL,,, Q*=-Qt,., Q'=Q)__, Q*=0Q}_,,

QIR = Q§++a QZR = _QE_'. — QIR = R — —> GZR = 5_ 4> (59)
and

H' =L} - J§, HR = L} - J%. (5.10)

This forms two (one left, one right) copies of the (su(111)*)/u(1) algebra, where the quotient
is due to the fact that we have the same Hamiltonian for j = 1,2:

{QjL’ Gk L} = S/FHL, {Qj R Qk R} — S/KHR. (5.11)
The charges H- and HR are the left- and right-moving spin-chain Hamiltonians. Let us define

H = H" + HR, M = H' - HR, (5.12)
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Figure 16. The action of the supercharges Q/ = Q/ LR and Q/ = Q7R on the either
of the left- or right-bifundamental representation (5.17). It takes the same form of
figure 4.

where the positive-definite combination H has the interpretation of the spin-chain
Hamiltonian, and may depend on the momenta of the spin-chain excitations. The central
charge M measures an angular momentum in AdS; X S® and should be quantized.

This symmetry algebra appears at small coupling, when the L and R sectors are
decoupled. It also coincides with the on-shell symmetry algebra of section 2.4. This picture is
similar to what happens in AdSs X S3, where the small-coupling spin chain does not display
dependence on the additional momentum-dependent central charges.

For later convenience, let us introduce two additional generators VI*® and ViR acting as
outer automorphisms. These can be constructed from the psu(1, 112) generators J5 and the
automorphisms UMR defined in equation (A.7),

ViR = —ULR — g5, VER=qULR — J5R,

Vi=+V[ - V§, V,=+Vy — VX, (5.13)
While all four left and right generators are automorphisms of psu(l, 112)?, only the
combinations V; and V, annihilate the vacuum (5.8). Note also that V; commutes with Q2R

and Q%R while V, commutes with Q' ™R and Q' R, The commutation relations involving
the supercharges then read

[Vj, QkL] — —5}( Q“L, [Vj, QkL] =+ 5}{ QL
[V Q®]=+6f Q. [V, Q] = -5} Q'* (5.14)

The generators V; give useful restrictions on the allowed deformations of the weak-coupling
representations. Taking them into account, we regroup the symmetry algebra into two copies
of u(1) @ su(111)?, with the generators given by

{Q" Q® Q" Q) H, HR, Vi} and {Q%, Q%, Q%, Q) H', HR, V,}, (5.15)
respectively. This splitting is familiar from section 2.4, where it corresponded to a tensor-

product structure in the representation of the excitations. We will see that the same holds here.

Excitations at weak coupling. To construct excited spin-chain states we replace one or more
of the ground state sites by any other state in the same module. We can classify these
excitations by their eigenvalues under the left and right spin-chain Hamiltonians H" and HR
at zero coupling. Let us consider excitations in the left sector. Replacing one of the highest
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Figure 17. A pictorial representation of the psu(1, 112)? spin chain. We can think of it

as two (left and right) spin chains, each with ground state gbio)

chain are considered as left- or right- moving depending on whether we excite a spin in
the left or right chain.

. Excitations of the whole

weight states gbio) by the scalar ¢ or (/)i”) increases the eigenvalue of H" by n or n + 1,

respectively. Similarly, insertion of a fermion y/i”) also adds n to the energy. The lightest
excitations are therefore

PO w© w©® oW (5.16)
—_ b + b —_ 9 + . .

It is easy to see that the charges of any heavier excitation can be reproduced by considering a
combination of the four states above. These states form a four-dimensional bifundamental
representation of either of the two psu(111)?> algebras (5.11), as illustrated in figure 16. To
emphasize this we introduce the notation

=009, ol =¢L®¢", oL =yP®9". ol =-yVe4”,
Ph=¢ @0, L =489 ok =0 eul,

o =~ ¢ ey, (5.17)
where the tensor product is over left and right sites. As before,the excitations @, ., are bosons

while @, ; are fermions in either the left and right sector. We will also defined the short-hand
for a vacuum site,

Z=¢0 @ ¢. (5.18)
In figure 17 the structure of the spin chain is represented pictorially.
Fundamental representations. As we did in the string picture, we can make the
bifundamental nature of the representation above more explicit. Let us consider the left

module. We introduce a fundamental su(111) representation with basis (¢%ly™), and the
generators (, q and h acting as

Qo) =at|ut). a-fyt)=at[et). =T (59)

where I" is the identity on the (¢"ly") representation. The representation for right-movers is
similar,
_ _ 2
QR ‘¢R> —aR ‘WR>’ gk ‘WR> —aR ‘¢R>’ hR = |aR| IR (5.20)
We can also write down the action of the automorphism generators v™® and v, which

correspond to VJLA‘R and V; respectively. This is found from the charges written in table 1. The
parameter v appearing there is a label of the representation, and as we will see it is natural to
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Table 1. Charges under the automorphisms v-R and v of the ground state, of the single
excitation states in the left- and right-moving multiplets as well as of the supercharges.
All the spin-chain states have length #. To make the table less cluttered, the charges
have been rescaled.

2 vk 2 vR 2v
10) - - 0
IpL) -+ - +v
wty —t+v-1 - +v -1
IpR) - -+ —v
lyR) - —l+v—-1 —v+1
q* -1 0 -1
q- +1 0 +1
q® 0 -1 +1
aR 0 +1 -1

take it to be the same in the left and right ones. Looking at the eigenvalues, we see that indeed
v annihilates the vacuum, whereas each of the vi°R do not, and instead measure its length.

5.2. The dynamical spin chain

At non-vanishing coupling & > 0, the spin-chain Hamiltonian H should depend on % and on
the momentum of the excitations. This requires the bifundamental representations discussed
above to be deformed—a procedure akin to going from the one-particle, on-shell p = 0
representation to a general off-shell one.

This deformation should be done in such a way that the angular momentum M remains
quantized, i.e.undeformed. This can be done if we allow the right generators to act non-
trivially on the left-moving excitations, and vice versa, which is what we expect from sections
2 and 3.

Constructing the central extension. Let us investigate how to centrally extend the algebra.
For simplicity, let us focus on constructing the extension of u(1) @ su(111)? in (5.15). The
generalization to the full algebra and tensor-product representation will be straightforward.

We want the left representation to be charged under all of the supercharges. Focusing on
the highest weight state |¢"), we have two possibilities

@O: qR \¢L> #0, or (I): @R \¢L> #0. (5.21)
In case (I), in the right-hand side there should be a fermion whose charge under v is
R| 4L 1 R | 4L
vq ‘d)>=5(v+l)q |¢> (5.22)

Looking back at table 1, we see that there are no such fermionic states on the vacuum l0),
preserved by v. On the other hand, in case (II) we have

vat [¢h) = %(v - DGR |4"), (5.23)

so that the state ly'") is a good candidate to appear on the right hand side. Therefore, let us
restrict to case (II), and further investigate the central extension by looking at the action of v
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and vR. We have
Vet [gh) = 2 - 1 - @ a9,
VRGR | 1) = =€ - 1)a® |¢), (5.24)

We can interpret this by saying that R acts on a state in the left-representation of length £ by
exchanging a boson with fermion and reducing the length of the chain by one. If we write
separately the left and right sites of the chain in a tensor product form, we have

o |9) =a(0 7)) = | 2. 529

More compactly, we can denote this action by @R I¢) ~ ly Z7), to indicate that the state on
the right hand side has been constructed on a vacuum of a length shorter by one with respect
to the one on the left hand side. Still, the vacuum is of the form (5.8), which is why this action
preserves v*®. It is also convenient to introduce a symbol Z* corresponding to the insertion of
an additional vacuum site. We can finally write the action of centrally extended algebra on the
left representation as

o=yt af)=a )

a® gt =B |wiz7), QR |wh) = bk |4z, (5.26)
and similarly on the right one as

o) = [ur). ok [uR)=ar o),

gt [¢R) = B° [yRz7),  qb|yR) = bR |pRZ7), (5.27)

This action is very similar to (3.44), but the algebra is now realized in terms of a dynamical
spin chain, where the symmetry generators may add or remove sites. Dynamical effects are a
common feature of the spin chains appearing in AdS/CFT [105, 236, 237], see also [238]. In
the one-particle representation we can ignore length-changing effects as long as we restrict to
asymptotic states with { — oo, which we will always do in this section. Then, the algebra that
we constructed closes to a central extension of su(111)?

{qL, qL}=hL’ {qR’ qR}th’

{a" a®}=c, {a- &’} =¢, (5.28)
where on the one-particle representation

¢ = a1t + aRHRIR, ¢ = alb 1L + aRpRIR, (5.29)

Equation (5.28) defines the same algebra we found from analysis of the off-shell symmetries
of asymptotic string states (3.35).

Magnons. Since the supercharges and in particular H are momentum-dependent we will
consider spin-chain states in which the excitations carry specific momenta—these are the

“8 The central extension (I) can also be understood in terms of length-changing effects, that however do not preserve
(5.8). In fact, they correspond to adding one site to the left spin chain and removing one to the right one, or
vice versa. This would force us to consider a much larger set of vacua 0) = 1Z') ® IZZ) which has no analogue in
the string theory. This central extension is further discussed in [170].
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objects that ultimately we will want to scatter. A one-excitation state can then be written as a
plane wave®

14
%)= Zer

n=1

z"—lxzf—">, (5.30)

where X is any left or right excitation. Of course we can always think of localizing an
excitation by constructing an appropriate wave packet. It is now straightforward to generalize
this form to the case of multiple excitations. For two excitations we have e.g.

!
|2, 3) = X enilonran)\zz.. 225772272+ 22), (5.31)

ni<np

with p > ¢ and the excitations sitting at positions n; and n,. We restrict to asymptotic states,
where the spin chain is considered to be very long, { — oo, and the excitations are well
separated. The interactions are then described by the spin-chain S matrix S (p;, p,) permuting
the order of excitations along the chain.

The length-changing action on the spin-chain excitations takes a simple form on the
magnons. Adding or removing a vacuum site by Z* in the plane-wave ansatz we get

|z=x,) = e | x,27), (5.32)

i.e. communtation with the length-changing effects result in a momentum-dependent phase.
By these relations we can always shift any insertions of Z* through all excitations and collect
them at the right end of the state, and since we are dealing with asymptotic states, identify
|X,Z*%) = |X,). Using the identification of length-changing effects with phase shifts we will
obtain a non-trivial coproduct similar to the one that in the NLSM appeared due to the non-
local field x_.

Charge action on multiparticle states. Suppose now that we want to act with a (super)charge
on an asymptotic state containing two magnons, for instance Iq,’)pL d)qL). How to do this follows
from the natural action of the charges in the spin-chain representation, whereby a charge acts
separately on every site of the chain as a derivation. To take statistics into account, such
action should be graded, so that every time a supercharge is anticommuted (from the left, in
our convention) past a fermionic site in the chain, we pick up a minus sign. Therefore, we find

e.g.
o |grar) =ay |wher) +af |dul). (5.33)

where we made explicit the dependence of the representation coefficients on the momentum,
while for two fermions it would be

~L| L L\ _ -L|,L L L | L,L
a“wyvy ) =ay v ) -ay |wyal). (5.34)
It is particularly interesting to look at the action of the supercharges that give rise to the

central extension:

49 We have the possibility of choosing the plane-wave coefficient to be e*”". Here we pick the negative sign, in
contrast with the original choice of [170], to more easily compare with the string theory results. The two resulting S

matrices are related by a change of basis, as we will discuss in the summary to this section.
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R L L\ _ L L7+ L\ _ gL L L—~+
q |wpwq>—bp|¢p2u/q> bq‘wp¢qZ>
— L ig L L~+\ _ 3L L L+
= ble ‘¢pqu> bq‘wp¢qZ>

~ bleit ‘¢,}qu> ~ b ‘1//;‘43;>, (5.35)

where in the last line we used that we are dealing with asymptotic states. We have that length-
changing effects induce a non-trivial coproduct on asymptotic multi-magnon states. This will
dictate a specific form for the coefficient of the one-particle representation, as well as for the
form of the two-particle one.

One-particle representation coefficients. Let us consider the left-moving representation. We
already know that the coefficients of the undeformed algebra, which coincide with ones we
evaluated at zero momentum, satisfy

2 2
|a1];=0| =1, \bpzo\ =0. (5.36)
The action of ¢ and € on a one-particle state is given by a l{“b;“ and a pL EPL respectively, that
should vanish at p = 0, too. The action on the two particle states is more interesting: following
the discussion of the previous subsection we get that it must be

aybyed+arbyr=0 if  p+g=0, (5.37)
Similar equations hold for the right-moving excitations by exchanging L < R. Finally, we
must require that the angular momentum m remains quantized for any value of p, which gives

2 2 2
L L|? _ R|2_| R
|ap] "= [or] "=+t [or] " a

2
7l

=1, (5.38)

on the left and right representations respectively. Condition (5.37) can be solved by setting
hy . hy, .
L, _ " ip _ — ;= p _
ayby, =i z(ef' 1) > c=i 2(6” I)I, (5.39)

and similarly for ¢. We therefore find the nonlinear form of the central charges from the
length-changing effects, rather than from the presence of x_. While in the string-theoretical
description the presence of the complex exponential was due to the choice of the light-cone
geodesics, here it arises from the plane-wave ansatz for the magnons.

Together with their conjugates, the parameters (5.39) can be used to fix the dispersion
relation. In fact, as in section 3.2 we are dealing with short representations of su(111)?, or

equivalently psu(111)?,, so that we have the shortening condition

H>2=M?+CC=1+CC. (5.40)

In terms of a,, and b, we can find the dispersion relation by taking the positive branch of the
square root of the shortening condition:

o@) = [a]"+ |bh] " = {1 +]ab]*|BE]" = \/1 +4n sin2(§). (5.41)

Taking into account all of these conditions, we can parametrize the one-particle representation
as we did in (3.48)
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1; — — 3
ay = ag = e+'’p,, aL=ag=e'"n,
e_iip _ _ ethip
bLZbRZ— —1N,, bLZbR:——ﬂ, (542)
x p X+ p
p p

where the Zhukovski parameters x;—' and », are given by equations (3.47) and (3.49). Once
again the symmetry between the left and right representations is reflected by having the same
choice of parameters.

Two-particle representation. As we have seen, using the spin-chain picture we can
automatically build the two-particle representation on the space of magnons. It is useful to
work with matrices, and to this end we introduce a basis 9 which takes the same form of
(3.43), where now the excitations are interpreted as magnons. Then it is easy to check that the
charges qR and their conjugates have the same form as in (3.44). What is different, however,
is the action on the two-particle states. Before we had the expression (3.59) whereby the
coproduct would be deformed by a factor of e*2 7 when the charge acts on the second-particle
space. Here, the momentum-dependence by e* is on the first-magnon space, and only on one
of the two representations, as in (5.35).

To express this, let us introduce two matrices £, and %, that act on the left and right
representation exclusively,

Ly=eP L+ IR, @, =1- 4 P IR, (5.43)

Then, on a two-magnon state we have

(a"v. 9), =(2,d'») @1+ ®q" @,
("0 ), =(Z,a*0) @ T+ ® ¢*(@).
(a“v. @), = (% @) @1+ 2 ® d"@).
(¢ ), =(Z;d"®) T+ 2 ® 3*@. (5.44)

Here we made the fermion signs explicit by means of the matrix X, see equation (3.60).

5.3. The spin-chain S matrix

Following our discussion, we are now in a position to derive the two-body spin-chain S
matrix, which should be invariant under the dynamical symmetry algebra that we constructed.
As in section 3, it is easier to first derive our results for su(111),.

We have two interpretations for such an S matrix: on the one hand, we can think of it as
an operator S that acts on pairs of spin-chain sites, possibly inserting or removing vacuum
sites. On the other hand, we reduce its action to the one of a 16 x16 matrix S (or S, in the
convention of section 3) on the vector space ¥ magn (P) @ ¥ magn(q) Where now the symmetries
have a momentum-dependent coproduct (5.44). The former condition is useful to re-derive
some properties of the spin chain that we first obtained from the ZF algebra, while the latter is
more suitable for explicit calculations.

Properties of the S matrix. The two-body spin-chain S matrix has very similar properties to
the two-particle QFT S matrix we investigated in section 3, and as before they will be useful
to explicitly find it, up to the scalar factors.
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(a) Unitarity (b) Yang-Baxter equation
Figure 18. Consistency conditions on the spin-chain S matrix. Unitarity (left panel)
requires that acting twice with S(j») on a two-particle state gives back the original state.

The Yang-Baxter equation (right panel) resolves the ambiguity in decomposing the
scattering of three excitations. Note how, with respect to figure 7, this picture takes into
account how S permutes the spin-chain excitations.

Symmetries. The crucial ingredient to find the form of the S matrix is requiring that it
respects the su(111)2, (or su(111)?,) symmetry, i.e.

Sz Q = Q Sqy). (5.45)
This can be written for the magnon S matrix as

Sa2 @ 9) Qua @, 9) = Quz (4, ) Suz s ), (5.46)
or equivalently

Ra2) (P, 9) Qa2 (P, 9) = Q1 (g, p) Raz(p, 9), (5.47)

with the action of the supercharges on the two-magnon state is given by (5.44). Additionally,
we will once again require left-right symmetry, i.e. that elements of the S matrix that differ
only by relabeling L <> R should be equal.

Braiding unitarity and physical unitarity. The concept of braiding unitarity is quite natural in
the spin-chain formalism: before, the S matrix was exchanging two ZF creation operators,
whence (3.66) followed by iterating the exchange twice. Here we have that the twofold
exchange of two excitations should be inconsequential,

Saz Say =1, (5.48)

where the subscript indices indicates the spaces where the matrix acts. This is depicted in
figure 18(a), and in terms of a matrix formulation reads

S®, 9S(q. p) =1 =R, 9)R(g, p). (5.49)

Physical unitarity is once again just a natural reality condition on the scattering elements,
which can be simply phrased in terms of a matrix representation of S,

§§=8§ =1=R' R=RR". (5.50)
Yang—Baxter equation and multiparticle scattering. 'We now want to extend the action of the
two-body S matrix to M sites. Once again this can be done in several inequivalent ways, as

illustrated in figure 18(b) in the case of M = 3. Requiring the equivalence of the two pictures
we get again the Yang—Baxter equation
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S2) Se3) Saz = Se3) Saz) Swe3)- (5.51)

We should not forget that the spin-chain S matrix will naturally feature length-changing
processes, so that rewriting the above equation on the space of magnons requires some care. If
we can restrict to processes where no length-changing effects arise, it is easy to rewrite the
YB equation e.g. for S

(no length-changing)
S, ®I-1®S,,-S5,,8I=1®S,,-S5,,01-1®S,, (5.52)

where the subscripts indicate the dependence on the magnon momenta p, g and r. This has
the same form as (3.87).

More generally, however, this is not the case. Let us assume that there exists a process
where two magnons X, and ), scatter giving f)7q and -(?p, and producing length-changing
effects, i.e.

|2,3,) ~ #| %, Z*). (5.53)

When we take equation (5.51) and project it on the asymptotic states, we want to write all of
the vacuum sites to the right of the excitations. When the process (5.53) involves the two
leftmost magnons, this means that the symbol Z* should be commuted with the last magnon.
If this rightmost magnon has momentum r, we have to account for this by writing an explicit
factor of ¢* in the Yang—Baxter equation. Therefore in presence of length-changing effects
the Yang—Baxter equation is twisted and reads

188, (F5,7)) @1 - 188, =(7,5,%,)®1 - 188, - (F,8,7])®L (554

where the matrix & implements a twist depending on the momentum of the rightmost
magnon. Again, once the Yang—Baxter equation is established to resolve the case of M = 3
sites, any M > 3 case follows.

S-matrix elements. Using all of the properties listed above it is easy to find the whole S
matrix up to two scalar factors %}, and ?pq. Once again symmetry and unitarity requirements
narrow down the solutions to two possibilities: a pure-transmission and a pure-reflection S
matrix, in the sense discussed in section 3.3. As we saw there, the physical choice is the pure-
transmission one. Even if the form (i.e. the non-vanishing elements) of such a matrix is the
same as in section 3, the explicit expressions for the elements differ. Let us write down those
expressions, splitting them in the same-chirality and opposite-chirality sectors.

Same-chirality scattering. Let us consider the scattering of two left magnons. The non-
vanishing scattering processes are, as before,

S|orar) = Ak |alal), S |dlul) =Bhr [ulel) + Chf [ glwl),

S |prqu> = Fly ‘ijﬂ, S |u/,,L¢qL> = D}y ‘¢4Lw,,L> + EU |qu¢pL> (5.55)
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The matrix elements now read

+ -_ - -
w_ L X T BLL — L Xp =X
P4 T Ll - _ L+ P4 T pLL = _ .t
S g Xp ~ Xq S g Xp ~ %q
. 2i
-39 — + _ .t
CLL _ esw=30) -1, 1, DLL — 1 X, — X4
rq LL - _ rq LL . — _ .+’
Lo *p X S g Xp ~ %q
. 2i
i(g=3p) =
ELL _ edd=) w M Ny FLL _ -1 556
pqa - ’ pqa : (5.56)
yLL X — X+ yLL
rq p q < rq

Whether to insert the scalar factor % LL or its inverse is arbitrary The present choice has the

advantage that it makes the diagonal matrlx element A , precisely equal to the inverse of its
string-theoretical counterpart, see equation (3.73). Agaln in the RR sector we find the same
expressions with a scalar factor .’ 5}; and once again LR symmetry implies

Sk =S = S (5.57)

Opposite-chirality scattering. If we now consider processes of LR chirality we find

S| dyaf) = AR | aror) + Bl |uitvyzo). S drul) =k [wrer).
S’y/[fy/qR>_ELR‘y/ >+FLR‘¢ ¢} z+> S‘y/pL¢qR>—DLR’(/) > (5.58)
while for RL

S|oRal) = AN [graf ) + BY lwiwRzo),  S|gful) = i |ulel),

S ’ll/,fl//qL> _ ERL ‘l// > FRL ‘¢L¢RZ+> S ‘Wp12¢;_> _ DRL ’¢L R> (5.59)
Notice that we have highlighted the presence of length-changing effects. They are responsible

for the presence of a twist # in multi-magnon scattering events, and notably in the Yang—
Baxter equation (5.51). In fact, from (5.58) we can write the explicit form of the matrix &, as

Fop=Up @ Up, (5.60)
where %, is a diagonal matrix
U, = diag(eél’, 1, e, 1). (5.61)

We then find that the twisted YB equation is satisfied, upon using the form of the matrix
elements (5.56) and
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2i
-+ 3i
— ipyg) —=L
LR_equ XpX, BLR_e i) =1, 1,
rqa LR1{ _ v—v— P4 T LR I
S v 1 —x,x, S o 1 —x,x,
—-ip+q) 1 — xFxF
CLR _ el 1 — x %, DLR _ 1
Pq LR Ty P4 T pLR’
S g L~ Xp%g 7 bq
2i
; +,. - 3i
_ igpeg) 2
Rk —er 1 —x,x, FLR _ © it o, 1, s
P4 pLR |y rq SR 1 (5.62)
pq P Pa P

with the remaining ones following by left-right symmetry.
As before, we can use a single scalar factor for the LR and RL sectors by the definition

172
v 1 —xtr)
LR _ —ip+q) pPq
S g = Ipa€ " q[l—x‘x‘ ,
p¥q
—172
— 1 —xfx}
L oy = 9pqe+2(P+q)(7{ . (5.63)
1 - XpXg

After which LR symmetry becomes manifest upon relabeling L < R.

5.4. Comparing with the worlsheet S matrix

The S-matrix elements we just found differ from the ones of section 3. Firstly, they seem to be
related to the inverse scattering processes. This can be explained by our ansatz (5.30) for the
magnon wave functions. The choice of a negative sign in the phase factor is non-standard
[211] and leads to a two-magnon scattering wave function of the form

¥ (nyns) = e~iPmtan) 4 §(p, gye=ilpmatam), (5.64)

with p > g. We can relate this to the standard form (4.53) by flipping the sign of p and ¢
which however reverse their order, yielding S (g, p) = S(p, ¢)~..

Still, the S that we found in the previous section cannot be just the inverse of the
worldsheet one, as the latter satisfies Yang—Baxter equation rather than its twisted version
(5.54). This discrepancy is due to the form of the spin-chain coproduct (5.44), as it was well
understood already in the case of AdSs/CFT, [108].

From the spin-chain to the worldsheet coproduct. Any coproduct can be modified by a non-
local, momentum dependent change of basis in the two-excitation space [108, 221-223]. As it
was shown in [108], such transformations appear naturally from changes of basis of ZF
algebra operators. In the case of the spin chain coproduct, let us consider the following
change of basis on ¥ aen (P) ® ¥'magn(q), acting on the charges as

Q. ) = U, ®1-Qun(p. q) - %, 1, (5.65)

and, in the case of the su(111)?, spin-chain S matrix, let us take U, as in equation (5.61). We
then find a new form for the two-particle supercharges
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L,R
1y ®1- (¢, 9))

w1 (d-R(p, 9))

b X ®1= d P ®1 et + X ® q-R(g),

iy X ®1= TP BT e+ 2 q-R(g), (5.66)

which is now identical for L and R supercharges, but still different from the worldsheet one
3.61. The transformation (5.65) induces a change on the R and S matrices,

Rp, )= U, ®L-R(p, q) - U, ® 1,
Se. = U, @1-8S(p, q)- U, 1, (5.67)

and the resulting matrices are precisely the ones that we would have found from the
invariances

R@, 9Qu2 @, 9) = Qun (g, pPR@, 9),
S®, 9Qu2 @> 9) = Qua (¢, PSP, 9)s (5.68)

had we considered the charges on the right hand side of (5.66). In fact, those transformed
scattering matrices would obey the usual untwisted Yang—Baxter equation. To see this one
can plug the right hand side of (5.68) in the twisted Yang—Baxter equation (5.54) and use the
fact that the twist matrix &, is precisely given by (5.60).

It is worth exploring further the symmetry invariance condition in the new frame, which
explicitly takes the form

Uy®T Ry %, ®1- (q-R(p) @ IeH + £ ® q-R(g) )
=(¢""@ @ T+eHI®qRp)) U @1 Ry %, @1 (5.69)

where we used the coproduct appearing in the right hand side of (5.66), and a similar equation
holds for the conjugates q™R. Using the graded permutation matrix I78 and introducing the
short-hand notation

R, =1 U, Q1 -R,, - U, @11, (5.70)

we can finally write>”

R,, - (qL,R(q) QI +ei1X® qL,R(p))
- (qL’R(p) ®Ze+1Q® qL’R(q)) ‘R, (5.71)

Comparing this with the QFT invariance property of R (4.19), we see that they coincide upon
swapping the momenta p < g. We have therefore established the relation between the
worldsheet and spin-chain (magnon) S matrices,

qu worldsheet = I1s - Q/; ® I- qu . %p ® I.118 (572)

. .0
spin chain

which confirms that the S matrix computed in this section and the one of section 3 describe
scattering processes ‘inverse’ to each other. It is easy to explicitly check that this identity
holds using the explicit form of the S matrix elements given here and in the previous sections.

50 We use that (18> =1 and that for any supercharge Q we have ¢ - I1® Q-1 =Q® X and
- 2Q -1 =QQ1.
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H7

Figure 19. The scattering of a fundamental excitation with a singlet is trivial. We depict
the singlet as composed of two excitation, one of which moves ‘backward’ due to
analytical continuation to the crossed region.

Scalar factors and crossing. We have established that the matrix part of R,, can be
computed equivalently in a spin-chain or worldsheet picture. However, in our previous
discussion we have also exploited crossing invariance of the scalar factors to constrain their
form. Crossing symmetry is seemingly a purely field theoretical property, and is not obvious
that anything similar can be imposed purely in a spin chain picture’".

An ingenious observation due to Beisert [105], see also [227], shows that this is actually
the case. Suppose that we can construct a two-magnon singlet state I1, ,,) that is annihilated
by all of the supercharges, i.e.in our case a singlet satisfying

q-* ’ 1q1q2> =0, q-® ‘ 1q1q2> =0. (5.73)

By su(111)2, symmetry, scattering any magnon |&,) with it should have no consequences.
On the other hand, we can think of scattering its constituent magnons separately with X, ), as
illustrated in figure 19, which is reminiscent of the bootstrap condition, see figure 9. This
implies that the product of certain pairs of S-matrix elements should give one, when they are
evaluated at momenta p, ¢, and p, g,. This is a constraint on the scalar factors. Moreover,
since the state I1,,,,) has zero momentum and energy, it must be

4 = —q, o(q) =-w(q,). (5.74)
The only non-trivial solutions to these equations imply that one of the two momenta has been
continued to the crossed region, i.e.

@=4q, O G=g (5.75)

Focusing for the moment on the latter choice, in the case of psu(111)2, we have that the
singlet takes the form

[Lage) = €5 [155) + & [ 155)
-en{e gpa) i ) o (o ) o). 70

The fact that the singlet couples the L and R representations is not surprising, since in
particular it should be annihilated by m. This whole discussion is more and more reminiscent
of the one of crossing of section 4.1. In fact, by an argument of Arutyunov and Frolov [75] it
is not hard to see that the two are equivalent. If we remove the length-changing effects we
have that

3! However, once the spin-chain coproduct (5.44) has been established, this could be used to define a Hopf algebra

structure where the notion of crossing symmetry is naturally related to the antipode operation, see appendix B
in [172].
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L) =

Loe) = Al(g) € ATY(g°), (5.77)

where the last expression in terms of the ZF creation operation are contracted to form a
scalar’®. Then triviality of scattering with |, ) amounts to the statement

Azl)(P)(A(Tz)(Q) to A(th)(qc)) = (A(Tz)(Q) 6 A(th)(qc))A(Tl)(P) (5.78)
It is straightforward to use the ZF algebra relations to find
Al Ay (@) G2y AD)(4°)
=A%) (@) Al Ruy (. @) o) Azrzt)(qc)
- t
= Ay (@) Al @) Ab)(4°) 6o Ry, @)

= A(Tz)(Q)(Afz)(qc) A(Tl)(l?) R (p. ¢°) €3, Ri,)(0. ‘I))tz

= AL (@) (Rao (@, 9) %oy Rito)(ps 4°)) AL (4°) Al (P)- (5.79)
The expression in the last line equals the right hand side of (5.78) if
Ra2) (> 9) Gy R (ps 4°) = G- (5.80)

This is precisely equivalent’ to the crossing equation (4.23). If we instead chose to set
g, = g, we can derive the crossing equation in the first variable instead. In that case we have

L) = 6 [155) + £ 1)
e (e a2~ i) + (e 30~ vt ]).
which we can rewrite as
| 14eg) = W} | 1450) = Al (%) 67 ATH(g), (5.82)

which leads to a similar discussion as above and reproduces (4.22).
Finally, to further confirm our derivation, it is easy to check explicitly that imposing

Sz Sz [ Xy Lgge) = [Lage X,), Sz Sun | Xy Lsg) = 145 &), (5.83)

results precisely in the equation (4.26) for the dressing factors. As always, all of this can be
straightforwardly extended to the psu(111)?, S matrix, see also [172].

5.5. Section summary

In this section we have seen how the all-loop S matrix and dispersion relation of section 3 can
be equivalently found from a spin-chain picture.

Our derivation built on the weakly-coupled spin chain description of [168]. For h <« 1,
we can think of two spin chains, one containing left-moving excitations transforming under
psu(l, 112);, and the other containing right-moving ones transforming under psu(1, 112)g, as
in figure 17. We have then shown how from the psu(1, 112)> representations it is possible to
construct a %-supersymmetric vacuum, and excitations above it that transform under a

52 Recall that AT is a row vector so that A is a column vector.

31 may appear strange that, while matching the S matrices also required exchanging p < ¢ and involved graded
permutations, none of this is necessary to reproduce the crossing equation. This is simply due to the fact that crossing
invariance must hold (or, can be imposed) for R, its inverse, and its graded permutation.
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psu(111)* residual symmetry. In fact, this weak-coupling symmetry is precisely equal to the
on-shell symmetry of worldsheet excitations.

Moreover, we have extended our construction to arbitrary values of the coupling. This
results in the excitations of a given chirality being charged under both left and right super-
charges, together with a central extension of the residual symmetries and a dynamical spin
chain, where the number of sites can fluctuate. Using these symmetries, supplemented by a
discrete left-right one, we have been able to determine the two-magnon S matrix, which in
fact satisfies an analogue of the Yang—Baxter equation and can be used to construct many-
magnon S matrices in a consistent way.

The construction, including the form of the psu(1, 1)}, symmetry, was strongly remi-
niscent of what we did in the worldsheet theory in section 3. Still, an apparent difference was
in the form of the coproduct (5.44) that defines the action of the symmetries on several spin-
chain sites. We have shown explicitly that, up to a change of the two-particle basis, such a
difference can be reabsorbed and in fact the worldsheet and spin-chain S matrices are
equivalent (5.72). This was expected based on what happens in AdSs/CF14, see [108]. The
final ingredient to put the spin-chain and worldsheet pictures on the same footing was
crossing symmetry, which would appear to be a genuinely field-theoretical feature. We show
that an equivalent notion holds for our spin-chain, similarly to was argued by Beisert in [105].

Let us conclude by mentioning that the notations used here for the spin-chain symmetry
algebra and S matrix differ from the ones of our original works [170, 172]. The present choice
was meant to further emphasize the similarities with the worldsheet analysis, in particular by
taking the very same form of the supercharges on the one-magnon representation as it was for
the one-particle representation in section 3. Relating this choice with [170, 172] amounts to
another change of the two-particle basis, see also [108].

6. The all-loop Bethe ansatz equations

Once the two-body S matrix and the dispersion relation are known, it only remains to impose
that the spatial dimension of the worldsheet, or equivalently the spin chain, are given by a
circle of finite length #. This results in the Bethe—Yang equations for the QFT, or in the
asymptotic™® Bethe ansatz equations (BAE) for the spin chain. As we will argue, the
equations are equivalent in the two frameworks, so that the two theories will have the same
spectrum of momenta and, given that the dispersion relation is the same, of energy. There are
several ways of deriving the BAE. Here we will focus on what is perhaps the most intuitive
way from the physical point of view, that is the coordinate Bethe ansatz. We will work it out
for both the spin-chain and the worldsheet picture.

6.1. Bethe ansatz essentials

Before working out the BAE for S matrix that we found in the previous sections, let us
illustrate the idea behind the Bethe ansatz on the simplest possible example, and postpone the
more complicated cases to the next sections. We consider here the su(111)?, S matrix and
restrict to a single type of excitation, e.g. X = ¢". Even if this truncation violates crossing
symmetry, it is consistent from the scattering point of view, since qpr scatters diagonally with
itself. Then, the S matrix reduces to a number.

34 As we mentioned in the introduction, these equations are asymptotic because they ignore wrapping effects. With
this caveat in mind, we will often interchangeably refer to (asymptotic) Bethe ansatz and Bethe—Yang equations
when comparing the spin-chain and worldsheet approaches.
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14 20

Figure 20. Illustrations of the periodicity condition leading to the Bethe ansatz
equations. Above: the two ends of the chain have been identified, so that the first
excitation X, in position 7; can be thought as sitting at the end of the chain, in position

ny + ¢. This can be realized by scattering X, through all of the &Xp,. Below:

equivalently, the wave-function should be #-periodic as a function on R. The box
identifies the periodicity condition evaluated as in (6.5).

Imposing periodicity. The spin-chain picture is perhaps the easiest to visualize. Let us
therefore start by considering the M-magnon asymptotic wave function for an integrable
theory. Consider an asymptotic state

|Xpl...)(pM> = ) e_i(plnl+~-~+pMnM)|Z...ZX(nI)Z...ZX(nM)Z...>, 6.1)

<KL <Lny

with p; > --- > p,,, which is a natural generalization of the two-magnon state (5.31). By the
same reasoning that gave us factorized scattering in section 3, it is clear now that the magnons
will undergo pairwise scattering along the one-dimensional chain. For instance, if the first and
second magnon scatter, we will get to an ansatz where the magnon with momentum p; is in
the region indexed by n,, and vice versa. In general, the multimagnon wave function will be a
combination

|y ars)) = 2 2 (Pacty v Paan )| KXo ) 6.2)

€Sy

where 7 € Sy, is a permutation. This wave function is still asymptotic, in the sense that it
does not explicitly depend on regions where two magnons come close, i.e.where scattering
happens. Interactions are encoded in the coefficients y, which will involve S-matrix elements.
Comparing with the two-magnon case (5.31) and (5.64) it is immediate to see that if the
permutation involves only two indices, it will be

;((pl Ny ,...pM) = S(pj, pj+1))((p1 Do Dyt ,...pM). (6.3)

If we now take into account factorized scattering, we can immediately extend this to an
arbitrary permutation, so that we can rewrite

‘Yj(pl,..-,PM)>= Zsﬂ’ Xm'”XPM>’
nESYy

Sr XPI'"XPM>= H S(pj’pk) ‘Xﬁn(1>"'XP”<M>>’ 64
(.k)en

where we set y (p;,...py) = L.
We now will impose that this wave function is Z-periodic. Let us shift e.g. the first
coordinate n; by Zand bring it all the way around the chain:
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(nl’nZ "-'nM—hnM) - (n29n3 5o a1 + Z)’ (65)

as depicted in figure 20. Periodicity is the statement that I¥) is invariant under such a
transformation. This is not granted by the ansatz (6.2). Using (6.3) we in fact have that
shifting n, by ¢ gives the periodicity condition

M
|7 (pyepi)) = e ] S(pl, pj) | ¥ (py v par) )- (6.6)
j=2

We then have to require the expression in the big brackets to be equal to 1. Physically, this is
a quantization condition for the momentum p,. There are several such conditions: suppose
that we repeat the shift (6.5) for n,, then n3, until n,. We then get to the configuration

(nk,nk+1,...nM,n1 +l,on1+ 1 ng + f) 6.7)

Imposing periodicity for any k = 1,...M results in k coupled equations for the magnon
momenta

M
spin chain: e ~P«! H S(pk, pj) =1, k=1,.M. (6.8)
J#k
These are the celebrated Bethe ansatz equations. More precisely, the above derivation is
referred to as the coordinate Bethe ansatz.

Let us remark that in our derivation we assumed that X, has a single flavour, so that the
scattering is diagonal and the S matrix S(p, ¢) is just a number. Extending the discussion
above to the case of several flavours that scatter diagonally, i.e.by pure transmission of all
quantum numbers is completely straightforward—it only requires adding flavour indices to
X, and S (p, g). Our S matrix is not so simple, because the fermion number is not always
transmitted, for instance in the process

L, L\ _RgLL |, L L LL | 4L L
5‘¢qu>—qu‘Wq ¢p>+Cpq‘¢q l//p> (69)
In order to impose periodicity we will first have to diagonalize the action of the S matrix by

the so-called nested Bethe ansatz. This is a technical complication that we will address in the
next section in the simple case of the su(111)2, S matrix.

Bethe ansatz from the worldsheet. It is easy to see that the reasoning above can be repeated
almost verbatim from the point of view of the ZF algebra and S matrix. In that case, the
asymptotic wave function would be

|‘1”(p] ,...pM)> = z Z(Pm) ,...p”(M)>‘p”(]) s Do) > (6.10)
TE€ESY
where each asymptotic state would read, in position space,
|Pyopy ) = / doy--doyei(Port=+Puou ) AT (1) AT (6,)]0). (6.11)
01K... Loy
Note that we kept an ordering such that the particle of momentum p; is the leftmost one. We

can now require periodicity under shifts of 6; — o; + £, obtaining the Bethe ansatz

35 One may find the notation of equation (6.6) confusing, since quantum-mechanical states are defined up to an
overall phase. However here we normalized y (p,...p,,) = 1. Equation (6.6) should be then understood as a
condition of spatial periodicity on the wave-function.
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—ip1 e~ P2 e~ 3

Figure 21. By shifting each magnon to the right by one site, we produce a shift of
e~iPi+-+Pm)  On the other hand, for a cyclic chain this produces no effect, so that
consistency dictates the level-matching condition (6.15).

M
worldsheet:  e?«! H S(Pk, Pj) =1, k=1,..M. (6.12)

J#k
The different sign in the plane-wave coefficient resulted in different quantization conditions.
As discussed in the previous section, that same sign choice makes the spin chain S matrix be
the inverse of the worldsheet one. Indeed, equation (6.12) and (6.8) are related by inverting

S, 9).

The level-matching condition. In section 2 we have found that in string theory the only
physical states are the ones satisfying the constraint

P |physical) = 0, (6.13)
in the case of zero winding. This results in a condition on the momenta of the M-particle state
py+ ... +py =0. (6.14)

If we allow for winding it is not hard to see that the right hand side of the constraint should
not vanish, but rather equal 2zW, where the integer W is the winding number.

This string-theoretical requirement has an interesting equivalent in the spin-chain picture.
Consider an M-magnon asymptotic state in the spin chain, and imagine of shifting each
magnon e.g.to the left by one site, as in figure 21. On the one hand, cyclicity of the chain
requires this transformation to leave it invariant. On the other hand, by equation (5.32) this
results in M phase shifts of the form e~;. We then have an additional requirement

eil(Ptetru) = 1, (6.15)

We then find that the spin chain and worldsheet pictures are completely equivalent,
mutatis mutandis, from the Bethe ansatz point of view. It is then just a matter of convenience
to derive our equations with reference to one or the other framework.

6.2. Nested Bethe ansatz

In this subsection we will illustrate how the nesting procedure works for the simple case of the
su(111)2. S matrix. In what follows, for definiteness, we will work from the spin-chain point
of view, and only at the end of the day comment on the worldsheet picture.

The strategy will be to split the action of the S matrix in several steps: first, consider a set
of ‘level-I excitations’ on the usual vacuum, that have the property of scattering diagonally
among themselves. For these excitations, the coordinate Bethe ansatz can be straightforwardly
implemented as we illustrated in the previous section. In order to incorporate the remaining
excitations, we construct a new ‘level-II’ vacuum. This is a state consisting of level-I exci-
tations only. We can now consider level-II excitations on this vacuum that scatter trivially
among themselves. If needed, we can use those to construct a level-III vacuum, and so on. In
this way, level by level, the scattering is very simple. Of course, we will have to require that
e.g.the level-II excitations propagate on the level-II vacuum in a way that is compatible with
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the dynamics of the fundamental S matrix. This will ensure that different levels are ‘glued’ in
a consistent way.

Level-I excitations. For definiteness, here we work with the spin-chain S matrix. Looking at
the scattering elements in section 5.3, we see that there are several non-diagonal scattering
processes. The level-I vacuum is the usual one,

[0)! = \zf’>. (6.16)
We have two possible choices of processes that scatter diagonally among themselves:
vi={otwr}l,  vi={gR yt} (6.17)

We can think of this as a choice of the highest weight states in the left and right
representations, or equivalently of the grading of the superalgebra. Clearly the choice A
corresponds to having as lowering operators q~ and @R, while B corresponds to picking "
and qR. Let us for the moment pick the choice A.

A level-I state is a collection of excitations of V}, e.g.

I
| ) = | 2201222220 72, (6.18)

like in (6.1). There will be M;' left excitations and My, right ones, distinguished by the flavour
label a, so that
M =M + M. (6.19)

Out of such states we can as before construct the asymptotic level-one wave function by
acting with the multiparticle S matrix S,

|Y’(p1 ,...,pM)>;waM = 2 S,

n€SyYy

1
X X (6.20)

Now also the S matrix will carry flavour indices a that can take values L and R. Still, by
construction S, acts diagonally on the level-one states,

I I
s ) = Sy |y g (©21)

where the phase S, factorizes
Se(prpi) = [ St(py pi)- (6.22)

G.her

The level-one S-matrix elements S;}Iak can be immediately read off the fundamental S matrix
elements of section 5.3,

St =A Sgp=FRR g =CR Sy =DRL (6.23)

Level-Il excitations. The level-II vacuum is a collection of level-I excitations

0y = | X xgg> (6.24)
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Level-II excitations can be constructed by acting on I0)"" with the lowering operators. Acting
by q" turns ¢~ and w® into w* and @R respectively™®. However we want to treat I0)! as a
vacuum, so that the scattering properties its the level-II excitations should be blind to the
underlying level-I excitations. The effect of @R would be similar, up to exchanging the left
and right modules.

The generic form of a level-II state containing a single excitation is

M
|y§>“ = Z)(k (yL)| Xziy%ng>,
k=1
k—1
X (yL) = f(yL, pk) H SJ{’aﬂ(yL, Pj), 625
=1

where for brevity we wrote Y = ¢-X Zﬁ The superscript L in V' is meant to remind us that

we are acting on the vacuum by a left lowering operator. The coefficient f (y&, p,) stands for
the creation of a level-II excitation on top of a level-I one which had momentum p,, while
S;}ai oY p ;) accounts for the scattering of the level-II excitation with level-I ones, that is
needed to position the former at site k. These functions cannot be arbitrary if we want this
description to be compatible with the one at level I. To this end, we require that creating a
level-II excitation and scattering the underlying level-I excitation are commuting operations:

Sy )" = 81y pa ) (6.26)

/2

where [y“)! is the level-II state constructed on the permuted vacuum,

M
11
L\" — L . Pl oo
‘y >” z)(k,ﬂ(y )‘Xpn(]) y)' XPI{(M) ’
k=1

Zer () = (% Py TT ity (5% Py ) (6.27)
1

j=

On the other hand, S,ly)" can be computed just by acting on the excitations with the S matrix
of section 5.3, regardless of whether they are in the first or second level.

Level-Il excitations: propagation. To be more specific, let us consider a level-II vacuum
consisting of two ¢" bosons, and one level-II excitation on it,

) = A O p)wial) + A (08 a)Si (0% )| abul ). 628)

The generalization to a longer vacuum will be straightforward owing to the factorization
property. Note how both of the expressions on the right hand side of the non-diagonal
scattering processes appear in the ansatz. After scattering, the compatibility condition (6.26)
mandates that this should be proportional to

ML - = £ (0 @) [wlal) + 1 (0% p)Si (0% a)|dful ), 6.29)

with a proportionality constant equal to S (p, ¢) = Ai;,l; On the other hand, we can act with

S, on |l//;“(/)qL> and |(/)1£"I/IqL>, as in (5.55). The resulting expression can be proportional to

36 Since we are working in the spin chain picture, we should not forget to insert the appropriate length-changing
effects.
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IyL)LL » and in fact equate ALLIy)LIL »» provided that the level-II coefficients satisfy
St (0% )i (3% p) ARp = £ (0% p) Dhe + £ (3% 9)SiL' (3% p) Cht,
A% @) Abs = £ (0% p) Bl + £ (0% @)SiE ' (3% p) Bl (6.30)
Using the explicit form of the S-matrix elements (5.56), we find that it must be
Loy L Ty e SII(yL, p) = kL(yL)—x; 631
fL(y ,p) gL(y )7kL(yL)—x;’ (y ,p) 7/@()}“)—36;’ (6.31)

where g; () and ki (y) are arbitrary functions of y. Note that at this nesting level none of these
functions can depend on the dressing factors.
A similar calculation in the right sector gives the ansatz

W = B O ) o IO Do),
|yL>;IR, = (0% @) 8z ) = R (05 p)SE (01 a)|wReRz), (6.32)

where now R is the level-I excitation, and length-changing effects appear. The minus signs
take into account the fact that the underlying vacuum is fermionic. With this choice it will be
easier to impose the periodicity condition at the end of the day, since all fermion signs will be
accounted for. The consistency condition now results in the equations

Ser' (Y5 a)f (3% P) Fhg = = (0% p)eChi + fu (. 9)Srk' 0> p) D
A (0% q)e ’PFRR—+fR(y p)eBis - fo (Y4, 4)SR&' 0, p) By, (6.33)

which are solved by

3 1 -
.8 n, e 4" ke ()

fR()’L’ p) — _lx_li(y)pil’ SII I(yL’ P) — 1#. (6.34)

P kR(yL)X; kR(yL)x;

There is one last consistency condition the we should impose, which is the one arising
when the vacuum contains states of the left and right modules. For two states, this gives a
level-II excitation

|yL>ILlR =+ £ (5% p)|yrul) + R (% a)si (0" p)| oraRz),
|yL>ILIR,”= ~ (38 @) wRul) + £ (0% p)Sik (0 a)| #Rz e ), (6.35)
when we take a left and right state in this order. This results in the equations

Stk (% a)f. (y5 p)e? Chi = £ (Y% p) By + £ (3% q) S (. p) Bl
—f (5% @) Cht = £ (0% p) Pl + (Y8 a)SaL' (0% p) AL (636)
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These conditions can be solved by imposing

ki (31) = ke (31) =¥t 2. (") = =iy g (0Y).
S (38 p) = S (55 p), SR'(0% p) = Sk (0% p)- (6.37)

The two last equations can be interpreted by saying that when we act with the lowering
operator " in the plane-wave ansatz (6.25) we create a well-defined excitation. Its scattering
does not depend on the underlying vacuum that it is created out of, but only on what it scatters
with. This confirms that the lowering operators are blind to the constituents of 10)".

So far we have exclusively considered excitations created by q". We can create different
level-II excitations by acting with @R instead. We will denote the corresponding one-particle
excitation by lyg ). The computations follow the same pattern, up to appropriately taking into
account the form of the S-matrix elements and the length-changing effects. We have, in
particular

1

1 -
R, + R _ -
SHI(yR’p)zl_ylxp ’ Slll(yR,p)=ﬁ,
¥Ry,
St 1( ) s I(yR’ p), sk 1( ) sk I(yR’ p), (6.38)

where as usual fermion signs have been accounted for.

Level-ll excitations: scattering. The preceding discussion covers all of the dynamics
involving a single level-II excitation on an arbitrary vacuum, owing to factorization of
scattering. However, as soon as we include another excitation, a new dynamics arises:
scattering of two level-II excitations.

A state containing two level-II excitations obtained by acting with q" takes the form

| X >H sz iy Zz yz ‘X SN N 2 X;’,g>, (6.39)

where y; sits at position k and y; at position /. Once again, this ansatz is subject to a
condition similar to (6.26), reading

. y2> = S3 (PP |9 ) >H, (6.40)

Clearly the only problems may arise from the scattering of ylL and yZL. Let us consider the
case where we have two left-excitations on a length-two vacuum. We make an ansatz

S = (o o) (o ) o) it
1 (3 P) (0 @) S (0 p) S (0 v )| wrwk ),
it = £t b o) SE Gt i)
— £ (o5 @) (v p) ST (5 @)StE (0 vy [wiwh ), (6.41)

where again we accounted for the minus sign. The only new ingredient is the undetermined
factor ST I (ylL, yZL) that represents the scattering of the two level-II excitations. It is easy to
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see that the consistency condition is solved by

s Il(ylL, yzL) =1, (6.42)

i.e. the scattering is trivial. In fact, it is immediate to check that all of the level-II scattering
matrices are trivial, including the ones scattering IyR) with [y%) or with itself. Using
factorization of scattering, all our considerations extend to any level-II state with M]fI left and
Mg right excitations.

Since we have taken into account all of the fundamental excitations and diagonalized all
scattering processes, the nesting procedure terminates here. Had we to include additional non-
diagonal processes, it would be necessary to construct a level-III vacuum, and so on.

Bethe ansatz equations. The Bethe ansatz equations arise now out of imposing periodicity
for each set of excitations. Looking at (6.40) we see that we chose an ordering of the level-II
magnons. As discussed in the previous section, the description should be unchanged if we
rearrange them using the fact that the chain is periodic. It is easy to see that this gives the
conditions

My Mg

1=H st I(ykL,pj) H Sk I(ykL’pj)’ k=1..M"

j=1 j—l
1—H s I(yk ,p]) H Sl I(yk, ) k=1,.. MY (6.43)

where we used that S™! = 1. Note that we do not have to take into account any additional

fermion sign, due to our convention. One pictorial way to interpret this equation is to take one
level-II excitation and carry it along the chain: by periodicity, the phase arising from the
whole scattering sequence should be one.

Fundamental excitations obey a slightly modified version of (6.8), which now includes
also higher level excitations:

M} My Mg
il — HSLL(pk, I si(nt- v A)Hsl "(pk,y A)Hsl 2(plsR),
k =1
J;é ./MLl M]{‘
il — H stk (. pf) TL skt (p5. p .)H st"(pS. v })
J;ékMLH j=1
% H Sk n(ka’ ij)’ (6.44)

fork =1 ,...MLI’R. Note that we have introduced explicit labels for the momenta of left and
right excitations. For brevity, in terms of the Zukhovski variables, we set

xjf = xji(pL)’ = xji(pR)’ y=y" =y~ (645)

95



J. Phys. A: Math. Theor. 48 (2015) 023001 Topical Review

Then we can write the full set of Bethe equations as

2L (6.46)
XY
(6.47)
(6.48)
My o o= M 1—~'
vy, — X +
1= =—= Lt (6.49)
1 Ve — X o 1 — —
=1 = B
These equations should be supplemented by the level matching condition
=T 2 [ & (6.50)
j=1 Xi 21 X

By these equations, we can find the asymptotic spectrum of the theory. In fact, once we
specify a state by its classical dimension and angular momenta, the labels Mﬁ,R, MﬂfR and 7
will be fixed. Then it only remains to solve the above equations: first for the auxiliary roots
v, ¥ and then for the momenta. Using those, we can compute the energy by the dispersion
relation

My P, Mk p
£ o=x]) _ 2 w2 d 2 w2 d
E({x* x })_jz::1 1 + 4 h?% sin 5 +,Z=:1 1 + 4 h%sin > 6.51)

Since the S matrix and Bethe ansatz that we just considered now does not correspond to the
physical theory we are interested in, we will postpone the identification of the excitation
numbers with physical charges to the next section, where we will consider the full
psu(1, 112)*> Bethe ansatz. Before moving to that, remark that at the beginning of the nesting
procedure we choose the set of excitations V} in (6.17). The other choice quite clearly would
lead to a set of equation differing by L < R, and hopefully this will leave the spectrum
unchanged. This is actually the case, as we show in appendix A.4 by a duality transformation
of the equation [68, 239].

Worldsheet picture. In the worldsheet picture, the derivation of the Bethe ansatz equations
(more properly, of the Bethe—Yang equations) follows the same logic as above. The nesting
procedure is exactly the same, since the form of the S matrix (i.e. its non-vanishing entries) is
the same. Again, we have two choices of level-I excitations, given by V1, V} as in (6.17). For
the choice V}, the level-I S matrices are as before

Sit= AL SE=FRR gl clR ghl = pRL (6.52)
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Now, however, these elements should be read off the worldsheet fundamental S matrix of
section 3.3. As we discussed at length in the previous section, those elements differ from their
spin-chain counterparts for being their inverse’’ and featuring additional factors of the
form e”.

The diagonalization works in the same way. In fact, even the compatibility equations that
fix the higher-level S-matrix elements S, take essentially the same form as above, e.g.as in
(6.30). In the worldsheet picture however we have no length-changing effects, and the non-
trivial coproduct is entirely encoded in the form of the S matrix elements of section 3.3.
Unsurprisingly, we find the inverse of the spin-chain results up to some factors of ¢?”. More
specifically, we have for the level-II excitations coming from q“

1
—_ 1 -
s I(yL,p) zi : x; etip, Sk I(yL,p) - ) _7yL1x”+ etiP,
pr—
St 1( )= Sﬂ,l(yL’ p), Sk I( ) Spx '(yL,p), (6.53)
and for the ones coming from g~
1 — 1
R, — R_x+
st I(yR’ p)= - y_lxp e P, Sp I(yR,p) = ﬁ e 2P,
yRxy
SII 1( ) SH I(yR’p), SII 1( ) SII I(yR’p)’ (6.54)
while again for all the excitations it is
SILI — 1 (6.55)

Using as before the short-hand notation (6.45), we can write the Bethe—Yang equations as

t+5 M+ - MY = My
+ L — N L X, — V. R
X _ iR Y TN k=Y
— = g2t —+‘¢k) T

xk j=1 xk _'xj j=1 xk _yj j=1
J#k
M -
X
xH - (6.56)
j=1 1 -
+~
X Y
R
— a—iR J Vit
1 = e 72"t s (6.57)
— X 1 — 1
=l S

7 Looking at formula (5.72) we see that a graded permutation appears in the map between the spin-chain and
worldsheet frame. Since we are dealing with diagonal elements and due to left-right symmetry, this plays no role.
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o+ \{+6 Mg MY k+ P,
k RR k2
= =11 %11 - ™ (6.58)
k i=1 o1 Yk —
My - - M 1 — !
i Ve — Xj Fexi
1= e+§Rm.H - . 1j , (6.59)
. - X2 -
=1 Yk Joj=1 Fox;

where now ¢ has the interpretation of the worldsheet size®® and we introduced the shift
5= — M + M - IMy. (6.60)

In order to rewrite the equations in terms of this quantity and the total momentum R, we
observed that whenever we multiply the momentum-carrying terms by an expression such as
WS @=9f ) we can collect

H el (pkf P )=p; f(p) ) ﬁ (pkf Pff(pk)) = eiPr o g=iRo f(Pp), (6.61)
J#k Jj=1

where F. is the sum of f (p ;) on all momentum-carrying excitations. In this simple case, we
can use this identity with f (p) = 1. We then have that the only new features of the worldsheet
Bethe ansatz are a shift in the notion of length with respect to the spin-chain one, and some
(fractionary) powers of the total momentum.

6.3. The psu(1,1]2)* Bethe ansatz

Let us finally work out the Bethe equations for the full psu(111)!, S matrix, again in a spin-
chain picture. The derivation will be similar to the one we worked out in detail in the previous
section, and we will only sketch the most conceptual points, referring the reader to [172] for
more details.

Sketch of the nesting procedure. Again, we want to construct asymptotic eigenstates of the
multi-magnon S matrix. We start from the level-I vacuum, which again is just [0) = 1Z¢). To
proceed with nesting, we need to choose a maximal set of excitations that scatter by pure
transmission among each other. The structure of S leads to four possible choices

vil={eok, of ), vil={ol of}
v = { oL, oR } v = { ol o} } (6.62)

Each candidate level-II vacuum is composed of one left and one right excitation, that are
either both bosonic or both fermionic. Correspondingly, we will have different choices of the
lowering operators. In the following we will choose the set le to construct the level-II
vacuum. As we expect, the other possible choices are related by dualities, allowing us to write
all-loop Bethe equations in four different ways, as we discuss in appendix A.4.

8 Strictly speaking, in this simple exercise the Bethe equations are not supposed to be matched with a genuine
worldsheet theory—we will use the full psu(111)*, S matrix for that purpose.
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Table 2. Action of the lowering operators on the states of the level-II vacuum V1,
including length-changing effects in the spin-chain picture.

QlL Q2L GIR 6 2R
oL, b, o olz- olz-
oR  oRz+v @Rzt R DR,

Level-II excitations can be found as before by acting with the lowering operators on the
level-II vacuum. Now we have four supercharges at our disposal, i.e.Q'", Q%" and Q'R, Q2R.
In table 2 we collect their action on the fields in V', writing also the length-changing effect.

The presence of additional fields and charges produces a new feature: the fields
ol <13§+ can be created by acting twice with the supercharges (i.e., respectively by
consecutively applying Q' and Q" or @, and Q'R and Q® on &* ) and therefore can be
considered as composite excitations. As such, they will not explicitly appear in the Bethe
ansatz, but rather be represented by pair of suitable excitations.

Apart from this, the calculations to diagonalize the S matrix are exactly the same as the
ones of the previous section. This is not surprising, since the lowering operators we should
consider now are tensor products of the previous ones, and we deal again with doublets of
su(111)—now we have e.g.(®. i‘+ld3_L+) instead of (¢"ly"). In particular, we find once again

SILII

non-trivial matrices S™I, with the same functional form as before, and trivial matrix for

all level-II excitations.

Bethe equations. As before, to obtain the Bethe ansatz equations we impose periodic
boundary conditions on a spin-chain of finite length # and use the S matrix in its diagonal
form. We have again two momentum-carrying excitations, i.e.the ones in V5. We denote as
before the corresponding Zukhovski variables by x* and x* for left and right excitations
respectively. Their number is denoted by M and M. We have two auxiliary ‘left’ roots
denoted by y,,y,, corresponding respectively to the action of the supercharges Q'Y, Q. The
two auxiliary ‘right’ roots are denoted by y;,y5 and they correspond respectively to the action
of the supercharges Q'R, Q?R. The number of the corresponding excitations is denoted by
Mllﬁ, M MI%, and Mik. The Bethe equations then read

M} et M 1= —=
5 Yk Xj 5 YieXj
1= -11 . (6.63)
. - X; _
=t Tk T X e =
¢ K + 1= M - M
xi LoXp — X Ix; L X =Ny Kk T )2y
i = T 0” (XX 7) H ¥ H ¥
Xk j=1 Xk _-x] 1 - ka;r j=1 Xk y]] j=1 Xk _yZJ
J#k
1 L 1 po] - ! no] -
Mg e Mig oy Max P
KX X o = ki kY3, 6.64
X " 7 67| XX " 1 ’ > (6.64)
=1 T = xiviy I=1 (¥,
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1
M} + M 1 — ——
Yo — X VauK;
1= A (6.65)
H Yox — X H 1 - !
j=1 2, J =1 T
My Yig — X M l_yl)c-"
=[] ——I] —— (6.66)
Ly =
j=1 7Lk J o j=1 VietT

6t My oz s+ 1 — M} ML g+
~+ _ — —
b R X %; 75 I IR yl/ 2R y2/
—| = o 0 Xk, X —
X j=1 Xk -xj 1 - P j=1 Xk yl] j=1 Xk ij
. J
J#k
1 1 1 1
M 1= —=1 = == M 1= —— mf 1 — —
Xix; Yexj o X Xy
XH : ) r ° (x"’xf) ) 1 H ) S (6.67)
=1 i,:'xf Xpx; =1 Xy J=1 Xk Yo
My = M 1 - !
yik - X y?.kxj+
1= = | . (6.68)
T Vs — X 1 — -
j=1 72 Joj=1 Vit

Note that, since we are dealing with the physical S matrix for the massive modes, we
normalized the level-I scattering factors in terms of the canonical dressing factors 6, and &,,.
The level matching condition is once again

M x+ My ~+

H H % (6.69)

The total energy of a multi-excitation state that satisfies the Bethe equations and the level
matching condition is given by

E({x= 5=}) = % 4+ an st +Z 1+4hzsmz (6.70)
j=1 2 Jj=1 2

Let us now analyse the small-% limit, which in the spin-chain picture is the most natural,
since there the left and right chains decouple and the dynamical length-changing effects are
suppressed. We will come back to the large-/ limit in section 7.2, when we will compare it
with an independent result, the ‘finite-gap’ equations.

Small-h limit and Cartan matrix. 'When we are dealing with non-dynamical spin chains
having a Lie (super)algebra structure, the Bethe equations can immediately be written down
using data from the algebra and its representations [67, 240]. In particular, in the case of
psu(l, 112)%, we should write

iwY & —w+ia K — w4 A
Ug + 5w Ug — U+ JAn Ui — upj+ A
Sl e ) C e wON vl , 671)
1 IA A
Uk — EWI j=1 Upe — Upj — A0 1\ j=1 Uk — - A
J#k
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(a) (b) (c)

Figure 22. Three Dynkin diagrams for psu(1, 112). From left to right, we depict the
su(2) grading, two fully fermionic gradings and the s[(2) grading.

where w; are weights, A, are elements of the Cartan matrix of psu(l, 112)?, and K; are
excitation numbers pertaining to each Cartan element. Since, as discussed in appendix A.1,
each copy of psu(l, 112) has rank 3, we expect to find 6 equations from this construction.

On the other hand, when & < 1, we can expand the Zukhovski variables in terms of the
spin-chain rapidity u as

uxiz/Z N uy
w2 0 2 T

in the left sector, where u; are finite as 4 — 0, and similarly in the right sector. In these terms,
we have the familiar formulae (see e.g. [213])

+

X (6.72)

~
~

u+ L 2
f, E=14+6D~1+ 2h
2

P~ (6.73)

u— i 1+ 4u?
where in the last formula we split the energy into a classical contribution and the correction
due to the anomalous dimension, that for M excitations is

(1 1
SD(p)=E(p) - M= — zhkz::(x—k_ - x—;) (6.74)

where the sum is over all (left and right) momentum-carrying excitations.

If we assume that the dressing phases o and & expand trivially in this limit>”, we indeed
find that the Bethe ansatz takes the form (6.71) and we can read off the resulting Cartan
matrix

O -1 0 0 0 o0
-1 +2 -1 0 0 O
O -1 0 0 0 o0
O 0 o0 0 +1 O
0O 0 0 +1 -2 +1
O 0 0 0 +1 O

Comparing this with the Cartan matrices in appendix A.l, in particular equation (A.3)
and (A.6), we see that this does correspond to psu(1, 112)?, with different gradings for the
two factors of the algebra. The left copy is in the su(2) grading, while the right one is in the
5[(2) grading, represented by the Dynkin diagrams of figure 22(a) and 22(c). This shows that
there is a strict connection between the type of particles appearing in the Bethe ansatz and the
nodes of the Dynkin diagrams. In the Cartan basis is natural to identify the nodes by 1,2, 3 for
the left algebra and 1, 2, 3 for the right one. We can identify the momentum-carrying
excitations with the middle nodes,

A= (6.75)

59 In the next section we will return on this issue and see that this is not exactly the case.
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—— Dynkin links
---------- Fermionic inversion symmetry links
~~ Dressing phase o,

Dressing phase 0,q

Figure 23. The Dynkin diagram for psu(1, 112)> with the various interaction terms
appearing in the Bethe ansatz indicated. The label+1 inside the middle Dynkin nodes
indicate the su(2) and s[(2) gradings of the left- and right-moving sectors.

M} = K>, Mg = K3, (6.76)
and the remaining ones with the peripheral nodes
M =K, My =K, Mx=Ki Mpg=K;. (6.77)

In this way it is easy to represent the Bethe equations pictorially, as in figure 23. There, the
solid links are the ones that survive the 7 — 0 limit (together with the self interaction of the
momentum-carrying nodes), and therefore can be read off directly from the Dynkin diagram.
The dashed ones can be interpreted as arising from the Z 4-graded structure of the model, and
finally the curly lines are couplings involving the dressing phases, which as discussed can
appear only between momentum-carrying nodes.

Not surprisingly, different Dynkin diagrams would appear, should we choose different
level-I excitations in nesting procedure. As we discuss in appendix A.4, this amounts to
dualization of the Bethe equations, i.e.to replacing a set of roots with an equivalent one. In
particular, after dualization of the nodes 1 and 1 the Bethe equations are written in a different
grading, where all the nodes of the Dynkin diagrams are fermionic. From the weak coupling
expansion we get the Cartan matrix

01 0 0 00
1 0 -1 0 00

: 0o=1 0 0 0O

A‘oo 0 0 -1 o0f 6.78)
00 0 -1 0 1

00 0 O 1 O

corresponding to the fermionic gradings in (A.4). If we had dualized the nodes 3 and 3 instead
we would have found the Cartan matrix —A. The consecutive dualization of 1, 1 and 3, 3 gives
the Cartan matrix —A. These last two choices are once again a manifestation of left-right
symmetry.

Global charges. By expanding the Bethe equations around large values of the spectral
parameter u we should obtain the global charges of the symmetry algebra [68, 168]. In doing
so we will assume again that the dressing factors o,, and &,, do not contribute to the
charges®.

As we have seen above, the left- and right-moving sectors of the Bethe equations are
naturally written using different gradings of the psu(1, 112) algebra. The Dynkin labels ry, r»
and r; for the left-movers therefore give the eigenvalues of the Cartan generators h; given in

(A.2), while the labels rj, r5 and r3 for the right-movers correspond to the generators ﬁ ; in
(A.5). Expanding the Bethe equations around small values of the momentum (or equivalently

0 In the next section we will see that the dressing factors do contribute, and in a troubling way.
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large values of the rapidity u) we find
r1=r3=+K2+%5D, n=_{+ K — 2K, + Kj,
ri=r3=—-K5 — %5D, rs={— Ki+ 2Ks — K5 + 6D, (6.79)

where the anomalous dimension §D is given by (6.74).

A representation of psu(1, 112)> can be labeled by the eigenvalues of the highest weight
state under the four generators LY, LY, JT and JX. It is useful to combine them into the
charges

D=LY+LY, J=J0+0%,
L=L{-L}, K=J}y-J% (6.80)

The most important of these is the generator of dilatations D, that is the dual of the target-
space energy. It is related to the spin-chain Hamiltonian H by

H=D-J, (6.81)

a relation that we have already seen in (2.17) in terms of the worldsheet theory.
We can now express the eigenvalues of the generators (6.80) in terms of the excitation
numbers K; as

D=+K+ (K + K3 — + ¢+ 6D,

— =

(S

1

J=—K2+2 K+ K3 -

( K3)
L=-K:+ (K +K3+K1+K3),
( K3) + ¢,

K=-K, + E(1<1+K3 + Ki + K3). (6.82)

Note that the anomalous dimension 6D only contributes to the eigenvalue A of the dilatation
operator. The eigenvalue of the Hamiltonian now takes the form
E=A-J=K,+ K5 + 6D, (6.83)

as expected from equation (6.74).

Worldsheet picture. As we have seen in the previous section, the Bethe ansatz in the
worldsheet picture is not very different from the spin-chain one, and in fact can be found in an
analogous way.

The resulting equations read

1

Mt xF —
i Vi X
1 = e th il ‘*1 -y (6.84)
ik =X o 1= —=
j=1 J o j=1 Vl.kxj+
+\{+6 Ky + _ T ! MYy - — My o — .
X; P xg = xj s 2 K =Yy kT Yo
— = lm_H _— — (xk"xj)H I I T
Yk joi X = xf TV =1 Yk T X,
#k
L7/ S . N . My - 1 Mg oo 1
Tkt N ATP) ~ kYL “kV2.j
x [ —F—26 () [ — 1 — (6.85)
j=1 T S j=1 iy j=1 “i3)
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M} et M 1= —
e T 2 TN YouX;
1 = e st ~11 — (6.86)
Ly, — xS -
j=1 22k Joj=1 Vark)
1
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j=1 R T j=1 L j=1 T,
Mg oy — g7 M 1-—
i 2.k J Y3 kX
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o Yok — X - —
J= ! ’ J= ! yi,kxj_
where now
_ I La Il 13,10 13,00 15,10

By comparing with (6.82), we see that the difference between the spin-chain and worldsheet
notion of length is given by the charge J, which is the S* angular momentum. Moreover, the
total-momentum contributions drop out of the equations upon imposition of the level-
matching constraint—the spin-chain and worldsheet construction are equivalent.

Let us remark that Zis not a gauge-invariant quantity. Going back to the (e.g. bosonic)
string theory discussion of section 2, we have seen that £/ = P, depends on the choice of
ligthcone gauge-fixing. In a more general a-dependent gauge fixing [91, 203, 204], we would
have

{=P.=aE"+(1—-a)J=J+akE. (6.91)

Since the spectrum is supposed to be gauge invariant, the dependence on a should drop from
the Bethe—Yang equation. This can be understood in terms of an overall prefactor for the S
matrix, which in particular has a non-trivial momentum dependence in the form
e! P oDy=a3Dy) Tt is easy to check that this factor drops out of the crossing equations, and
therefore cannot be fixed based on our symmetry arguments. Moreover, from (6.61) we see
that this produces exactly the energy-dependent shift that can cancel the a-dependent part of
Z. A tree-level perturbative calculation [180, 181, 192] immediately shows that the factor
appears in such a way as to cancel the gauge dependence, as it is expected from what happens
in AdSs X S°, see e.g. [241].

6.4. Section summary

In this section we have worked out the asymptotic Bethe ansatz equations for the all-loop S
matrix we found earlier. We outlined the procedure for doing so in a spin-chain and
worldsheet picture, that turned out to be equivalent.
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The Bethe equations can be nicely summarized in figure 23, where the excitations are
represented by the corresponding nodes of the psu(l, 112)> Dynkin diagram. This is a
manifestation of the psu(l, 112)> symmetry of the spectrum, which in the Bethe ansatz
construction is expected [123], see also the discussion in section 8. As we have already seen a
number of times, such a symmetry requires the two copies of the superalgebra to be in
opposite gradings.

As we stressed in the introduction, these equations describe only the asymprotic spec-
trum, i.e.the spectrum when Zis finite but large. This is due to wrapping effects: either
particles wrapping around the worldsheet or the spin-chain non-local interactions wrapping
around the chain. While these effects are exponentially suppressed in £, a complete treatment
of the spectral problem requires accounting for them. This can be done by the mirror ther-
modynamical Bethe ansatz (Mirror TBA), as we briefly sketched in section 1.2. As we
mentioned there, this requires having a handle over the whole asymptotic spectrum of the
theory, including massless excitations and bound states. For this reason, such a description is
for the moment beyond our reach.

7. Comparison with perturbative calculations

It is finally time to compare the results of the integrability approach to perturbative com-
putations. This will give us some insight on whether our assumptions were correct.

Since the dual CFT; is quite hard to evaluate perturbatively [189], all the calculations so
far available are from the string side. Therefore, they all require the limit # — oo. This can be
taken in several ways, depending on how the magnon momentum scales. We have already
encountered in section 2 the BMN or near-plane-wave limit [205], whereby the momentum
scales as p ~ p/h and the Zhukovsky variables expand as

; 1
xpiz(li%)@'i'g(l/hz)’ wp = 1+p2 . (7.1)

In this approximation, the theory becomes relativistic as the dispersion @, shows.
Another useful limit is the Maldacena-Swanson or near-flat-space (NFS) limit [242],
whereby one uses light-cone kinematics and scales p ~ p / Jh. In this regime, loop
calculations on the worldsheet are more feasible. Finally, it will be useful to consider
the semiclassical limit, whereby we also take the number of excitations to infinity and
scale the spectral parameters as

i x? 1
xE=x+ — + 0| —| 7.2
hxr—1 (hg) 7.2)

The expansion of the S-matrix elements would be straightforward were it not for the
dressing factors, that require particular care.

7.1. Expansions of the dressing factors

In section 4 we solved the AdS; crossing equation (4.29) in terms of (4.47). In what follows
we give the strong- and weak-coupling expansions of these all-loop phases.

Strong-coupling expansion. The dressing phases admit an expansion in terms of local
conserved charges g,(p) [103]

105



J. Phys. A: Math. Theor. 48 (2015) 023001 Topical Review

O p) =2 3 s a.(Pa,(p) = 4,(py)a,(py) ], (7.3)

s>r
r+s=odd

r=1

where ¢, ;(h) are functions of the coupling constant ~ with expansion
crsh) =heQ + ') + e Pn + (7.4)

and are antisymmetric in r,s. The phase 0 (py» p,) has a similar expansion where the
coefficients will be denoted ¢, ; (k). The expression above is similar to the corresponding one
in AdSs, but unlike what happens in that case, we will need to include the r = 1 terms. This
new feature was first noted in [182]. For r > 2 the conserved charges are given by

- ] 1 1
p) =0/ () = 0/ (x0) = -5 i o |
k k

) (7.5)

i 1
r—1x—1

Q,(x) =

where we introduced the function Q, (x; ) for later convenience. For r = 1 the charge is just the
momentum

_ . xg . 1
0(p) = Q(x) = Qi(xg) = ~i log[x—"_), Qi(x) =i log(;). (7.6)
k
Expressing 6 (p;, p,) in terms of y (see equation (4.32)), we obtain the expansion

r@N=Y Y ¢ m[Q®A(» - QMY ®)]. (7.7)

s>r
r+s=odd

r=1

with a corresponding expression for . The coefficients ¢, and ¢, can be obtained by
expanding the integrands through which y and 7 are defined. This expansion is in # > 1 and
then in x, y > 1. Recall that our phases involve the Herndndez-Lépez [228] and Beisert—
Eden—Staudacher phases [106], as well as the phase y~ of equation (4.46). The expansions for

#BES and yHY are well known in the literature, and in particular we have

2w - —D(s—1
Man==% ¥ (r(” S (:(js )2)[Qr(x)Qs(y)—Qr(y)Qs(X)]- (1.8)
r=2 >r - -
r+s=odd

The expansion for y~ (see equation (4.46)) is

(s

- LY r= 12+ (s = 1) )
S 4 r=22 »Zr (r=s)(r+s-2) [20Q(0) = Q(1Qs)]
r+s=odd
+3 Y (200 - 9mew] (7.9)

s>1
s=even
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Expanding (4.47) at large h we find
AFS 1 HL - 1
X, y)=hy (x,y)+5(;( oy +x (x,y))+(9 7 )
~ 1 _ 1
7@ y)=hy M y) + E(J(HL(x, W - x )+ 0(2), (7.10)

where we have extracted the h-scaling of each phase. At leading order both phases reduce to
the Arutyunov—Frolov—Staudacher one [103]. However, at HL-order all three terms on the
right hand side of equation (4.47) contribute and we find

L1l= (=% s—r 1
cif,ls) =+ — ( ) [ - _(5r,1 - 61,s)j|,

2n 2 s+r—2 2
_ 11—(—1)”’[s+r—2 1 ]
) _
¢l =—— — —(6,1—9d15) | 7.11
"~ 2n 2 s—=r 2< ! 1’) ( )

for s > r > 0. Finally, the higher order coefficients c,(:? = Er(g) with n > 1 are exactly the
same as in the expansion of the BES phase.

Semiclassical and near-flat-space limits. In order to compare with perturbative results, it is
convenient to write explicit expressions for our phases in the semiclassical limit (7.2). Such
an expansion for the BES phase is well known: the leading order O (1/h) is given by the AFS
phase (4.35), which in our normalization reads

AFS _2 Xy 1
05 (x, y) = p (x2 - 1)(xy - 1)(y2 - 1) + 0( h3)’ (7.12)

whereas the next-to-leading-order is given by the HL phase which can be found by expanding
(4.36) under the integral. Doing so also for (4.46), we get to the expressions

1
e (x+y)2(1—5)
X Yy
O(x, y) =02, y) + —
ah? x? = 132 = 1| (22 = 1) = p)(* = 1)

+ 2 log xrly-1 +O(L),
(x — y)? x—1ly+1 3
[ 11
1 2 2 (xy + 1)2[; - ;)
~ X
0 (x, )= 0"5(x, y) + — Y

ah? x? —1y? -1 (x2 - 1)(xy - 1)(y2 - 1)

2 1og(x+1y_l)+0(i). (7.13)
(xy — 1)? x—1y+1 K
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Let us also evaluate the dressing factors in the near-flat-space limit [242]

q_
p_zq_z[p_2 +2pq_log— —q°
pq (p—q) 2
0(p.q) = ; 2 015}
8h(p +q_) 647h?(p. — q.) h
2,2 2 _ o loe = _ 2
( e L |
Bip.g)="t "0 ~ - 0(—3). (7.14)
8h(p +q.) 64h?(p. + q_) A

Weak-coupling expansion. In this subsection we compute the weak-coupling expansion of
the dressing phases. While this will not be comparable with any direct calculation, it naturally
enters our spin-chain Bethe ansatz, in particular in the identification of the global charges.

The results for 6BES are well known from AdSs/CFTy. The leading-order contribution to
the dressing phase starts at @ (h®) [106], and comes from the » = 2, s = 3 terms in the
expansion of yBES°' The AdS; dressing phases (4.47) contain extra terms besides the BES
phase. The coefficients ¢, ; and ¢, ; that come from these extra contributions are all order h°
(see equation (7.9) and (7.8)). The coupling constant dependence comes only from the
charges g, and ¢, in equation (7.7) through x*. In fact, the leading contribution comes from
the r =1 and s = 2 term, and can be written

0, ) =+ihcl) (pD(g) - qDp)) + O(I),
O, 9 =—-ihcl? (oD@ - qDP) + O(1), (7.15)

where 8D (p) = E (p) — 1is the anomalous part of the dispersion relation. Note that the O (h?)
terms vanish.

The above result shows that the » = 1 terms, which are novel to AdS;, contribute at order
h to the BA, and so should modify the energy of states in the weakly-coupled spin-chain at
order /*. Let us remark that a priori we do not know how /(1) behaves at weak coupling,
where  is the genuine CFT, coupling constant®. This prevents us from determining whether
the O (h') contribution to 8 (p, ¢) in the equation above comes with an integral power of A as
one would expect in a weakly-coupled planar limit.

Integrable spin chains with long-range interactions have been systematically considered
in [243] where, among other things, the weak-coupling expansion of the dressing factor and
of some conserved charged was analysed. Interestingly, it appears that the weak-coupling
properties of the AdS; spin chain differ from those found in that general analysis. This is not
entirely surprising, since in contrast to [243], the psu(1, 112)? spin chain consists of both a
left-moving and a right-moving sector. Something similar happens in the study of alternating
spin chains [244], where novel operators that do not exist for the homogeneous spin chains of
[243] modify the structure of the dressing factor found there. We can then conclude that the
AdS;/CFT, weakly-coupled spin-chain dynamics is substantially different from the ones we
are familiar with.

Let us now investigate how these contributions modify the Bethe ansatz picture. The
form of the right hand side of equation (7.15) is reminiscent of a gauge-dependent shift of the

61 See equation (7.7), and recall that for the BES phase there is no r = 1 term.

Recall, for example, that in AdSs/CFTy h ~ J7 it is while in AdS,/CFTz itis h ~ 4.
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length, as discussed at the end of section 6.2. Indeed, if in the Bethe equations appeared e.g.
only left excitations and therefore only € (p, g) we could use the level-matching to reabsorb
such factor in a shift of Zas in (6.61), at least in absence of winding. However, as soon as left
and right excitations are present such a procedure is impossible, because the correction due to
0 (p, q) has opposite sign than the one of 8 (p, g), see (7.15). What is more, such terms are
non-integer, and it is easy to see that they would appear in the identification of the global
charges (6.79). In particular, the Dynkin label r, corresponds to su(2) and as such should be
an integer—but the phase contribution would contain anomalous terms.

At the moment we have no resolution for such a puzzle. It is tempting to say that perhaps
the dressing factors should be modified by a solution of the homogeneous crossing equations,
in such a way to remove such contributions®. However one should bear in mind that these
r =1 terms appear also in independent string calculations [182, 184], as we will discuss in the
next section. This once again points to some subtlety in interpreting these results, and in fact
our whole construction, at weak coupling.

7.2. Comparisons

In this section we will look first at explicit S-matrix elements obtained from string theory.
These include tree-level, one-loop and two-loop results. While the tree-level terms can be
found directly in full generality, evaluating the one-loop ones requires either going to par-
ticular kinematic regions or using additional tricks such as unitarity techniques®*.

For this reason, to investigate the one-loop structure of the dressing factors sometimes a
different approach is more useful: one can focus on a specific classical solution of the string
NLSM and compute the one-loop corrections to its energy, whence the dressing factors can be
reverse engineered. This can be done using the classical integrability properties the we
described in section 3.1, and in particular the spectral curve. In the same way, one can obtain
finite-gap equations that capture part of the semiclassical spectrum.

Tree-level S matrix. To expand the S matrix of section 3.3 at tree level it suffices to use the
AFS phase (4.35) and to plug in (7.1). As discussed in section 6.3, we should take into
account gauge terms of the form e P Py=4 9Dy,

In [192] Hoare and Tseytlin (HT), among other things, wrote down a tree level S matrix
for all the massive excitations of AdS; x S® x T*, from a suitable truncation of the
AdSs x S S matrix®. It is immediate to see that the scattering processes allowed in the HT S
matrix are those that are non-zero in the one we derived in section 3.3. In particular, both S
matrices are reflectionless, and both come from the tensor product of two su(111)2, S
matrices. In fact we can match our results both with the full S matrix (4.1) and with each
factor (4.8) of [192]. We should note that the HT S matrix is written in terms of R rather than
S or S which leads to some. Then, up to a change of basis, we find perfect agreement [172]
with the integrability results of the previous sections.

3 In the case of AdSs/CFTy, for instance, there exist a crossing-symmetric phase that reproduces the leading large-A
behaviour, but fails to match the weak-coupling structure of the CFTy [69].

%4 A novel perturbative result recently appeared in [187]. There, fully-fledged one-loop calculations are performed in
the near-BMN limit of AdS3;/CFT,. Just like the ones that we will discuss more in detail hereafter, those results agree
with our proposals for S matrix and dressing factors.

55 Such a truncation is possible at tree level, but as we have seen the two matrices should be genuinely different at
higher orders in a loop expansion.
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In [180, 181] the AdS; X S3 x S3 x S' and AdS; x S x T* S matrices have been
investigated perturbatively by Rughoonauth, Sundin and Wulff (RSW) and by Sundin and
Wulff (SW). At tree-level, the comparison is similar to the one above. Since in SW some
computations are performed for the more general AdS; x S* x S? x S' background, we
should take the parameter @ = 1 everywhere to recover the T background at tree level. Only
a subset of the S matrix elements has been computed. Still, this probes the left-left and left-
right diagonal and non-diagonal scattering, yielding agreement with the integrability
construction.

One- and two-loop S-matrix elements. Sundin and Wulff [181] also computed certain one-
loop elements in the near-flat-space limit. These correspond to certain elements A, A, C, C,
some of which we encountered in section 4. They are defined by

rq ‘¢++p(p-}l—‘+q>’ Z <¢f+q(p-}l—‘+p| Spq ‘¢++pq)-5+q>’
Cpg=(@L_ 0k, | 8,5 | @k, @k ), Cpp = (08 @k, | 8, |0f,,08_). (T.16)

and read®®

L L
Apg = <q>++qq)++p

+
4h p —q_ 32h% g p

g—q_p_(q_ i p_) log 4 _ —(q_ i p_)3 (7.17)

I 2
8 ;(p_+q_) T oq-p )23 9 —n

i pa(p —q) 1 pq’

T, =1 _
" 4h  p +q_ 32h% g% - p?
i 2iqp(q_—p) q
—(p - g+ =—————log—
T T q_+p J2R
(a2 +p*)(a-p)
+ , (7.18)
a+p
2 2
ra
Cro=1— SR
re 4hp‘q‘ 320 % - P
i Y qJJ_(q_ +p)  q
X (p +q_) -2 log —
T q-p P
2 2
2 +p*)(a+n
a2+ n)(e )| o0

q. — D

6 The tree level expressions for C and ¢ ware not given in [181], but were communicated privately to us by the
authors. We include them here for the sake of completeness.
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i 2iqp(q_—p) q

x[Zp - g+ Z————"log— + (g2 - p*)| (720)
V3 V4 q +p )22

where in contrast with [181] we explicitly used the coupling constant . as a loop-counting

parameter. A first nontrivial requirement of our construction is that these elements satisfy the

crossing equations of section 4, that read simply

Apg Apge = 1, Cpge Cpg = 1. (7.21)

It is easy to check that this is actually the case, observing that in light-cone coordinate
crossing the second variable ¢ — ¢°® amounts to g_ — ¢° = —¢q_, and taking everywhere the
upper branch of the logarithm [173]. Using the near-flat-space expansion of the dressing
phases (7.14) we can check that we perfectly match these elements. This is a first direct
validation of the dressing factors presented in section 4.

A different approach to obtain higher-loop expressions is to use unitarity techniques
(akin to the optical theorem) and exploit two-dimensional kinematics [185, 186]. Engelund,
McKeown and Roiban (EKR) have applied such techniques to AdS® x S* x T* in [186],
obtaining near-BMN one- and two-loop results for the diagonal S-matrix elements. However,
in such an approach only the logarithmic part of the elements is predicted unambiguously.
Moreover, an [-loop calculation requires as input the matrix structure of S at (! — 1)-loop. At
one-loop one can rely on the tree-level perturbative results above, but the two-loop calculation
requires using the symmetries of the model to constrain S as we did. Despite not being
completely independent, the two-loop result is a very non-trivial consistency check of the S
matrix and dressing factors. Once again, the proposed all-loop S matrix satisfies it.

Yet another approach to computing the dressing factors is to obtain them from the
semiclassical energy shifts to classical NSLM solutions. This approach was pioneered in
[245, 246] in the case of AdSs X S° and was later applied to AdS; X S3 x T* as well [182—
184, 233]. In [182], Beccaria, Levkovic-Maslyuk, Macorini and Tseytlin (BLMMT) have
computed the one-loop dressing phase. Their calculation pre-dated the all-loop proposal [173]
based on crossing symmetry. Up to different normalization due to the choice of the expansion
parameters resulting in a factor of 4z, their results are given in terms of the expansion (7.3) by

(1) — () ~(1) — =)
CBLMMT r,s = Crys » CBLMMT r,s — Crys »

ChMMT 1s = 261 Ehtnur 1.6 = 261} - (7.22)
The coefficients c,{? and Er(’ls) do not match our proposal when r = 1. In fact, it is not hard to
see [172] that the resulting phases do not even satisfy the proposed crossing equations.

A resolution of this discrepancy was proposed by Abbott [184], who highlighted a
subtlety in the definition of the charges Q, in the semiclassical derivation, as in [247, 248].
This results in a factor of + in the normalization of Q;, and does not affect any higher charge.
Taking this into account, Abbot showed that the semiclassical calculation perfectly matches
our proposal for the dressing factors. Later, two additional validations of this result were
proposed. One was a direct one-loop calculation in the near-BMN expansion by Sundin [187],
and one a unitarity-based calculation in the same regime by Bianchi and Hoare [188]. Both
agreed with the expansion of the all-loop dressing factors proposed in [173].
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Finite-gap equations. The spectral curve I (x) (3.5) encodes all the information about the
conserved charges of the classical NLSM. The same is true for its eigenvalues {yj(x) }, or

equivalently the ‘quasi-momenta’ {p (0}, given by 7;(x) = e/ In the case where I" (x) is
an algebraic curve, i.e.it has finite genus, it is possible to write down integral equations for the
discontinuities at its cuts to describe I' (x)—the finite-gap equations. By solving those
equations we can find the classical energy of a solution having a given set of charges. The
finite gap equations for AdS; x S® x T* were proposed in the seminal paper [6] by
Babichenko, Stefariski and Zarembo, and we expect that they describe a suitable classical
limit of the all-loop spectrum.

It is natural to expect that the finite-gap equations are a limit of the Bethe equations
where the magnon momenta condense to form cuts [102]. We introduce the densities®’

K; 2

X . . o~

pi0) =Y o). j=123.1.23
=11

(7.23)

and take the excitation numbers to be large, K; > 1. By making use of the expansion (7.2),
we find the following finite gap-equations

27m1=—/p2(y)dy—/ p20) dy (7.24)
xX—y x—1/yy?
2an, = — a 2718—/pl(y)dy+27[p20))dy—/pS(y)dy
x2 =1 xX—y xX—y xX—y
() N
R T (7.25)
x = 1/yy? x—1yy2 x*-1
27m3=—fp2—(y)dy—/ 1) dy (7.26)
xX—=y x— 1y y?
27m1=/ P2 () d—y+/pi(y)dy (7.27)
x—1/yy? xX—y
2ny = ——= 2n£—/p‘(y)d—y—/p3(y)d—y
x? -1 x—1/yy? x— 1/yy?
i 5(¥) 50
+/p'ydy—2fp2ydy+/p3(y dy + ——M, (1.28)
x—y x—y x—y X2 -1
2m3=/ P, () d_y+/‘P§()’)dy, (7.29)
x — 1/y y? xX—y

where 7[
momentum and it is given by

1
E=—(L — ¢ + 26 — €35 + €] + €3),
2”( 1 2 3 i 3)

denotes the principal-value integral. Here £ corresponds to the residue of the quasi-

(7.30)

7 Here we find it convenient to work in terms of excitation numbers K; rather than M}L"R The relation between the

two sets is given in equation (6.76)—(6.76)).
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where
Pj (x)
¢ = f dx. (7.31)
2
The quantity M has the meaning of winding of the corresponding solutions and it is given by
M=P+P-Pi+2P;—-P3=P—-—Po,+P;—Pi+ P35 — P3, (7.32)
where
Pj ()
P = / 7 . (7.33)
X

The last equality in (7.32) is possible thanks to the level matching condition that reads
P+ P5=0. (7.34)

The finite-gap equations that we derived are apparently different but equivalent to the ones in
[6]. In fact, if we repeated the same construction performed there (see also refs. [178, 179])
with a different choice of the grading, such as (6.75), we would have found precisely (7.24—
7.29). While for the Bethe—Yang equations we had only four choices of grading, all of them
involving different Cartan matrices in the left and right sectors, at the classical level the are
more choices—one can change grading to each copy of psu(1, 112) independently. We can
then conclude that the proposed all-loop construction is compatible with semiclassical
integrability calculations too.

7.3. Section summary

In this section we have compared the all-loop integrability results, that relied on several
assumptions, with independent ones. This comparison is a check of quantum integrability, but
is also an important test for the dressing factors, that were not completely fixed by crossing
invariance. All of the independent calculations that we checked were performed on the string
theory side, that is at large values of h. The proposal discussed in the previous sections,
including the dressing factors, reproduces all of them. This non-trivial matching holds at one-
loop and puts strong requirements on the two-loop S matrix elements too. Based on that, we
are confident to say that we expect a quantum-integrable dynamics for the AdS; x S* x T*
superstring, and we expect the psu(111)?, symmetry and a discrete left-right symmetry to
play a crucial role in it.

Still, it is highly desirable to test even further this construction results. In particular, we
only have limited understanding of the weakly-coupled / < 1 regime, and of how /(1) scales
in terms of the CFT coupling 4. Moreover, as we discussed in section 7.1, the dressing factors
have a different structure compared to the ones of AdSs/CFT, or AdS,/CFTs, that yields new
puzzling features at weak coupling.

Let us conclude this section by reviewing some earlier and slightly different proposals for
the S matrix and dressing factors of AdS; x S* x T*. The earliest proposal is due to David
and Sahoo [162, 163], and it was derived from a study of the giant magnons and their
symmetry properties. That proposal also relied on a su(111)?, symmetry, but was restricted to
left-left sector. As we have argued in section 4, such a restriction is not compatible with
crossing symmetry. Indeed the structure of the dressing factors and crossing equations put
forward there yielded a single dressing phase, which appears incompatible with later calcu-
lations [182, 184, 187, 188].
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In [6], Babichenko, Stefariski and Zarembo (BSZ) conjectured a set of all-loop Bethe
equations from the finite-gap equations. Those equations differed in two ways from the ones
we derived from the all-loop S matrix in section 6. Firstly they were written in a different
grading, which as discussed in section 7.2 just amounts to a duality transformation. Secondly,
some terms®® that are sub-leading in the finite-gap limit—and hence could not straightfor-
wardly be reverse engineered—were not accounted for, which would lead to a different
energy spectrum from the one of the construction we reviewed. After that, in [169] Ahn and
Bombardelli (AB) proposed an all-loop integrable S matrix constructed so as to reproduce the
BSZ conjecture for the Bethe equations. By construction, such an S matrix does not match the
one discussed here, in particular in the LR sector, and cannot be matched to the perturbative
calculations described in this section®. Nonetheless, it is quite intriguing that such an S
matrix exists, and it would be interesting to investigate whether it describe an integrable
worldsheet theory for some superstring background.

8. Recent developments and new directions

Now that we have a good handle on the simplest aspects of AdS;/CFT, integrability, in this
section we will describe some directions that are now being investigated, which go beyond
those aspects. The most natural one in order to complete our treatment is the inclusion of
massless excitations in the integrability description.

8.1. Massless modes in AdSz x S x T*

We have seen in section 2.1 that the bosonic string spectrum on AdS; x S* x T* features four
fundamental massless excitations. By supersymmetry, these must be supplemented by four
fermionic ones. Extending our S-matrix treatment to such excitations appears problematic at
first sight. Massless excitations are characterized by the scaling of their dispersion relation at
small momentum, of the form’®

w(p)? =c2p? + 0(p4), (8.1)

which results in @ (p) being a non-analytic function of p around zero. Consequently it is
natural to distinguish between left- and right-movers on the worldsheet, having respectively
p > 0 and p < 0, and energy

Eye=+cp + 0(P3)7 Eigne =—cp + 0(1’3)- (8.2)

This should not be confused with the notion of left- and right-movers in the dual CFT, i.e.the
‘L’ and ‘R’ labels that were ubiquitous in the previous sections.

In the familiar relativistic case, higher orders in p are absent, and the dispersion relation is
linear. Therefore, the group velocity of a wave-packet is

P R— (8.3)
op

68 Namely, the symmetric phases that appear in the couplings between left and right sectors in front of Eﬁq, see
eguation (6.64) and (6.67). These are required for the unitarity of the S matrix.

9" As discussed more in detail in [170], the AB S matrix is not invariant under the extended symmetry su(111)2,,
but only under su(111)?, making it qualitatively different from the one discussed in section 3.

70 More general definitions of massless (quasi)particles may be given, but this one will suffice for our purposes.
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Figure 24. The action of the supercharges on the massive excitations is supplemented
by J¢ from su(2)e, acting on the massive fermions only. Note that for clarity we only

depict the action of some of the supercharges, i.e.the ones that remain non-trivial on-
shell. [176] Reproduced with permission from Borsato R er al 2014 Phys. Rev. Lett.
113 131601. Copyright 2014 by the American Physical Society.

i.e., massless relativistic particles move at the speed of light. Particles with the same
worldsheet chirality then cannot scatter, regardless of the value of their momentum. Still, a
formal treatment of relativistic massless theories in terms of factorized scattering is possible
[249-252]. To this end it is however necessary to introduce appropriate rapidity variables and
take suitable limits.

In the case of our interest, however, factorized scattering appears to be simpler than in the
relativistic case. In fact, as argued in [177], the dispersion relation of massless worldsheet
particles should take the form

w(p)? = 4 W2 sinz( g) (8.4)
from which we find the group velocity
_ p
Vion—rel = £ h COS(E)' (8.5)

We see then that massless excitations that have different momenta also have different
velocities, so that we can expect them to scatter in a way similar to massive excitations.
Starting from this intuition, in [176, 177] the fundamental S matrix of massive and massless
excitations was computed. Since [177] gives a very detailed account of the derivation, here
we will only outline its conceptual steps. The approach is similar to the one used in sections 2
and 3, relying on the off-shell symmetry algebra of the theory. As we have mentioned in
section 2, the coset formalism is not suitable for treating massive and massless excitations at
the same time. The issue is that the coset x-gauge fixing—whereby all physical fermions are
taken to live in the coset—is not compatible with light-cone gauge. To overcome this, it is
possible to use the Green—Schwarz superstring formalism, taking a x gauge where the
massless fermions live on the torus. Then one can compute the Noether charges and Killing
spinors of the AdS; x S* x T* geometry to find the off-shell symmetries.

One then finds that the psu(111)* is supplemented by a bosonic 0(4) symmetry coming
from the torus, with in particular an so(4) = su(2)g @ su(2)o symmetry. This may appear
surprising, as one would naively expect only u(1)* isometries from the torus. However, the
presence of periodic boundary conditions on T# is probed only by winding modes, that in the
decompactification limit, where the S matrix is defined, are irrelevant. The massive funda-
mental excitations are charged under some of the torus isometries. In fact, the fermions Q_{;
and q)fi form two doublets under su(2)g, as depicted in figure 24. The massless excitations
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Figure 25. The massless excitations sit in two psu(111)F, modules, with fermionic
highest weight states. The two modules transform as a doublet under su(2)g, and
additionally the bosons 7% also carry a Greek index of su(2)g. [176] Reproduced with

permission from Borsato R et al 2014 Phys. Rev. Lett. 113 131601. Copyright 2014 by
the American Physical Society.

are also charged under so(4), and we label them accordingly. Using Greek letters for fun-
damental and antifundamental su(2)g indices, and Latin ones for su(2)y, we can write the
eight massless excitations as

bosons: T%, fermions: x4, 7, (8.6)

see figure 25. The fermions y* and Y are distinguished by having opposite eigenvalues
under the bosonic charge N of equation (2.86). The psu(111)* supercharges are also charged
under su(2)g, forming four doublets

QL, Q.. o QR (8.7)

This is the hidden su(2) action that we saw emerging in the massive sector from the tensor
product structure when looking at the S-matrix elements in section 3.3.

The final ingredient for finding the S matrix is understanding if and how the non-trivial
central extension appears when going from the on-shell to the off-shell symmetry algebra. In
the coset formulation we saw this easily because the light-cone coordinate x_ was’' neatly
packaged into A(x,) as an exponential. Without reference to the coset representatives, the
same terms naturally arise in the Green—Schwarz formulation, by requiring that the fermions
are not charged under the light-cone isometries [177], see also e.g. [253]. In fact one can see
that the central extension takes the same form as in the massive sector. With these ingredients
it is then straightforward to find the 2 — 2 S matrix, which for massless excitations is
expressed in terms of modified Zukhovsky variables satisfying
= e, X, X

+ —
P p

><|><
TS+

=1, x;—' = e*sP sign (sin g), (8.8)

whereby we get the dispersion relation (8.4) by the usual formula (3.51). Unsurprisingly,
since we are dealing with massless particles, a non-analyticity arises at p = 0, whence a
splitting into left- and right-movers of the worldsheet can be introduced. It is also interesting
to observe that on symmetry grounds, unless the so(4) invariance of the S matrix is broken,
quantum effects cannot give a mass the massless particles—unlike what happens in other
integrable theories such as the Gross—Neveu model [254, 255].

7! Recall that x_ is related to the total worldsheet momentum by P=- / do x”.
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The worldsheet S matrix again factors in a tensor-product structure, and depends on five
distinct dressing phases,

I T I IS IR (8.9)
where the first two phases are the massive-massive ones that we already studied in section 4,
while the remaining three pertain to the massive-massless, massless-massive and massless-
massless sectors, respectively. The requirement of crossing symmetry for all these phases can
be written down straightforwardly, but a proposal for the latter three and a study of their
properties is still lacking. To this end it may be useful to first obtain some insight in their
perturbative form by performing worldsheet calculations, following [181] and perhaps taking
advantage of the recent advances in unitarity techniques [185, 186].

The proposal of the all-loop S matrix for all fundamental excitations is a crucial step
forward in AdS;/CFT, integrability, but should be supplemented by several related investi-
gations. Among these, finding the Bethe-Yang equations and studying how the full
N = (4, 4) infinite-dimensional symmetry is realized at the level of the asymptotic spectrum
is probably the most important one. Once that has been understood, it should also be possible
to formulate a string hypothesis and mirror TBA equations for this model, and to start to
tackle finite-size physics, ‘spectroscopy’, comparison with other approaches, and many other
issues, some of which we will mention in the conclusions. We foresee many of these studies
to be completed in the near future, rapidly advancing our understanding of this model.

8.2. Integrability for the AdSz x S® x S® x S' background

As discussed in the introduction, there is another AdS; background (in fact, a family of
backgrounds) that preserves the maximal amount of supersymmetry, i.e.16 supercharges. It is
given by AdS; x S* x S* x S! provided that the curvature radii of the two spheres R}, and
R(2) satisfy
R &10
Riy  Ra  Rigs

where Rags is the radius of AdSs. This gives an one-parameter family that can be labelled by
a

RKdS RKdS
R (8.11)
(D (2)

with 0 < a < 1. Clearly, up to exchanging the role of the two spheres, we can restrict to
% < a < 1, where the point a = 3 is special in that the two spheres become identical there.
Another interesting configuration is the one where @ — 1, when R(;y equates the AdS radius
and Ry, blows up. In this limit the second sphere becomes flat, and decompactifies to R3. Up
to the fact that R® should be compactified back to T3, which can be done in several ways, we
have basically obtained again the AdS; x S? x T# background. However, since this limit
appears quite delicate, let us for the moment take % < a < 1 and come back to it later.
Once again the background has flat directions that give rise to massless excitations in its
spectrum in light-cone gauge. Instead of the four massless modes from T#, here we have two:
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() (b)

Figure 26. Two Dynkin diagrams for (2, 1; a). Diagram (b) corresponds to a
completely fermionic grading.

one resides on the circle S', and one is shared by the two spheres’>. Once again, up to
discarding the massless excitations, the string action can be written in terms of a coset
[6, 178, 179]

DQ2,1;a) x D2, 1; a)

, (8.12)
SU(1, 1) x SU(2) x SU(2)

where D(2, 1; a) is the supergroup corresponding to the exceptional basic simple Lie
superalgebra 0(2, 1; a), see [256, 257]. Here % < a < 1 is precisely the curvature ratio of

equation (8.11), and the case a = % gives0(2, 1; %) = 0s5p(412). The superalgebra 0(2, 1; a)
can be written in two inequivalent gradings. In figure 26 we illustrate the relative Dynkin
diagrams.

Classical and perturbative aspects. Clearly the coset (8.12) can be equipped with a Z4
automorphisms, whence classical integrability follows, in the sense that the equations of
motion admit the Lax representation that we briefly discussed in section 3.1. However, this as
usual requires some care in dealing with the massless modes, that are not automatically
present in the coset construction and must be added by hand. This was shown to be possible
by Babichenko, Stefariski and Zarembo in [6] in a specific k-gauge fixing, and then extended
by Sundin and Wulff [166] to an arbitrary x gauge.

A perturbative investigation of the spectrum in light-cone gauge yields again 8 + 8
bosonic and fermionic fundamental excitations. They come in eight supersymmetric doublets,
with four different masses. We collect them in table 3. There are 4 + 4 ‘light’ excitations
(¢/107) of mass 0 <m < 1 and 2 + 2 ‘heavy’ ones (®/| @/) of mass m = 1, plus the
aforementioned massless modes (¢’ 97).

In [6], besides establishing classical integrability for this background, the finite-gap
equations for massive excitations were written down. In that context, it naturally appears that
the heavy modes are actually composite, consisting of two light excitations of mass a and
1 — a. From the point of view of the S matrix, this is reflected in the presence of a tree-level
light-light-heavy vertex.

In order to understand whether the heavy mode is truly composite one should analyse its
(renormalized) two-point function. If this displays a pole at mass m = 1, then the heavy mode
should be treated as a fundamental particle, and included in the asymptotic states. If the pole
is replaced by a branch cut, then the mode should be treated as composite. This issue was
investigated at one loop in [166], where at least in the simpler case when a = % it was
established that the latter scenario occurs.

72 To preserve as much supersymmetry as possible, the light-cone geodesic runs trough the time coordinate in AdS;
and both of the spheres. The massless excitation comes from a coordinate on the spheres that is orthogonal to such
geodesic.
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Figure 27. Pictorial representation of the 9(2, 1; a)? alternating spin chains. We can
think of it as composed of two (left and right) alternating chain. For each of these, odd

(cyan) sites are in the ( a1

T 0) representation of (2, 1; a), while even (pink) sites are

in the ( ! ;“; %; O) representation. The dotted squares represent the combination of

sites which we identify as fundamental excitations of the whole d(2, 1; a)? chain.

Table 3. Fundamental bosonic excitations of the AdS; x S* x S* x S! in light-cone

gauge. Fermions follow by supersymmetry. The massive modes are labelled (left-right)
by the sign of a suitable target-space angular momentum, which can be interpreted as
the chirality in the dual CFT,—much like in AdS; X S? x T*. The massless excitation

@° is shared between the two spheres, while ¢* lives on the circle S'.

Mass m=a m=1 m=1—-a m=0

Bosons @'t p'R @2, @R GL R0 4

Quantum integrability. The investigation of integrability beyond the classical limit was
initiated by Ohlsson Sax and Stefanski in [168], by constructing a weakly-coupled spin chain
with 9(2, 1; @)* symmetry. This corresponds to the strongly-coupled regime in the NLSM,
i.e. to the opposite of what was considered in [6]. Even at weak coupling, the spin chain
appears substantially more complicated than the psu(1, 112)?> one, which we discussed in
section 5. The 9(2, 1; a)? spin chain is given by the direct product of two alternating spin
chains’. Each alternating chain has its odd and even sites in the short (infinite-dimensional)
0(2, 1; ) representations (%, %; O) and I_Ta; 0; %), respectively. At weak coupling, the
alternating spin chains are decoupled, and correspond to left- and right-moving excitations, as
it happened for psu(1, 112)>. The setup is illustrated in figure 27.

In [170] this picture was used to study the all-loop integrability properties of the chain.
As we did in section 5, the first step of this analysis was to pick a vacuum for the chain that
preserved as much supersymmetry as possible, and study fundamental excitations on top of it.

This resulted in 4 + 4 excitations, the bosonic ones being
|¢]L>’ |¢1R>’ ‘¢3L>’ ‘¢3R>_ (8.13)

These are precisely the light modes of table 3. Each of these excitations forms a doublet with
its fermionic partner, and transforms under su(111)?, that is, under the very same algebra that
we have analysed at length in the previous sections. In fact, should we consider only I¢'") and
|¢'R), we would have the same algebra and representation as in section 3.2, up to rescaling the
mass. This rescaling can be easily done in terms of modified Zhukovski variables

+ .
X; ) 1 1 2im;

j-p - J
= el/” x4+ 4+ — —x;, — — = s (814)
X7, PPy H Ry h

P i jp

73 Alternating spin chains were also investigated in the context of integrability for the ABJM theory [143, 144].
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with m; = a for I¢p' “R) and m3 = 1 — a for I¢p*“R). Then the dispersion relation reads

h 1 _ 1 .
E=2_i xjfp—xj—xj,p+xf :\/mjz+4hzsm2(§), (8.15)
i i

so that a large-h expansion’* reproduces the spectrum of table 3. Furthermore, for the same
reasons as in the previous sections, it is natural to take the spin chain to have a discrete left-
right symmetry.

Despite the many similarities, let us point out two important differences between this spin
chain and the psu(1, 112)? one. Firstly, the present symmetry algebra su(111):. is half of the
psu(111), algebra of section 5. What earlier was only one tensor product factor, which we
introduced for convenience, is now the full, physical symmetry algebra of the spin-chain
excitations. Secondly, even if when we restrict to a subset of particles of a given mass we just
need to rescale the Zhukovski variables (8.14), the presence of different masses introduces
novel features. In particular, scattering processes involving particles of different masses are
new to this spin chain.

Using this spin-chain picture, an all-loop S matrix was worked out in [170]. We can
summarize it as a block matrix

Sii IS
=[S S (8.16)
Si3 | S33

where Sj; is given by rewriting the su(111)> S matrix of section 3 using the Zhukovski
variables (8.14), and S with j # k scatters particle of different masses. One finds that the
mass quantum number is always transmitted, e.g.

|Xj,p yk,q>_)#‘ yk,q xj,p>, J 7é k7 (817)
where X;

:»» kg are magnon excitations of definite mass and momentum and X; ,, Y, are
their scattering products. We can further subdivide the mixed-mass scattering by chirality e.g.

(8.18)

We then find that each block is given by the corresponding one from section 3, up to rescaling
each of the two Zhukovski variables independently.

The resulting S matrix satisfies the Yang—Baxter equation and, after imposing unitarity
and left-right symmetry, depends on four dressing factors
T Tj i T (8.19)
In reducing the number of the dressing factors to four, we assumed that the mass-dependence
in e.g. 4 and 433 comes from the same functional dependence on m. Crossing symmetry
relates the first two of dressing factors among themselves, and the last two among themselves.
So far, there is no all-loop proposal for these dressing factors. Even if there have been some
tree-level and one-loop worldsheet perturbative calculations that validate’> the proposed all-

74 Scaling as usual the momentum as 1/A.

75 There may arise some confusion concerning [181], where the one-loop matrix elements found for the limiting
case a = 1 are compared with the all-loop S matrix at % < a < 1 and a mismatch is found. This is because, as we
have seen, the S matrix radically changes in that limit, and the notion of fundamental particles is different at « < 1
and a = 1, see also the next subsection. Taking this into account, we can match the calculations of [181] with both
the AdS; x S? x S? x S! and AdS; x S? x T* S matrices, for appropriate values of a.
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---------- Fermionic inversion symmetry links
Dressing phases .%j; and .%;
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Dressing phases ., and .7,

Figure 28. The Dynkin diagram for 9(2, 1; @) in mixed grading (see figure 26), with
the various interaction terms of the Bethe ansatz indicated. Note how now, besides
dressing phases that couple nodes of the same mass (in blue), there appear phases
coupling nodes of mass @ with ones of mass 1 — a (in red).

loop S matrix [6, 180, 181, 233], the understanding of this model is quite limited and
calculations are more involved due to the presence of the additional parameter a.

From the proposed S matrix, the all-loop Bethe ansatz equations have been written in
[171], in a way much similar to what we did in section 6.2. Once again, the equations are
written in a mixed grading for the two copies of 9(2, 1; a), and feature slightly different
phases with respect to the early proposals that were reverse-engineered from the finite-gap
equations, see [6, 168]. We schematically represent them in figure 28.

Massless modes and a—1 limit. Once again, incorporating the massless excitations in the
integrability description does not appear to be straightforward. Very recently, some progress
has been made at the level of the finite-gap equation [175]. The original set of finite-gap
equations did not include any of the massless modes of the AdS; x S* x S* x S! background,
not even the one shared by the two spheres, which should be captured by the supercoset
(8.12). In [175] Lloyd and Stefariski showed that such a mode can be accounted for by
implementing the Virasoro constraints as suitable conditions on the residues at the poles of
the quasimomenta—in particular, as weaker conditions than the ones assumed in the earlier
literature. Therefore, accounting for the massless mode does not result in additional cuts in the
algebraic curve description, but rather in a modification of the residues of the quasimomenta,
which contribute to the determination of the energy of the state. Such a prescription can be
also employed to accommodate the massless mode of S', or the four modes of T#. This is a
promising advance, which hopefully will help including massless modes in general all-loop
integrability scenarios.

Another interesting direction is to exploit this background to generate massless modes.
This can be done by taking the limit in which one of the spheres becomes flat, @ — 1. At the
level of (2, 1; @) this corresponds to a contraction of one of the su(2) bosonic subalgebras.
The limit is quite subtle, because this eliminates one of the simple roots, see figure 26(a), and
introduces a novel fermionic one. At the level of the S matrix, the limit is non-trivial too. We
argued that the mass-one excitations @>R are composite in the case of
AdS; x S* x S* x S!. In AdS; x S* x T*, there are four fundamental bosonic modes of
mass one, two of which can be obtained from the one of mass a. The remaining two must be
the once-composite modes @2 R,

All this makes the comparison not straightforward. However, in the limit of the weakly-
coupled spin chain some progress could be made [174]. There it was shown that the R matrix
is regular in the limit @« — 1, where its representations can be studied. The (2, 1; @)
alternating spin chain does not quite go to the psu(1, 112) homogeneous one. While the even
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sites are given by the (%, %) psu(l, 112) module (see section 5.1), the odd ones are given by

006 (%, %), i.e.also feature two singlets. These are related to the massless modes, and
yield a degenerate vacuum. By writing down the corresponding Bethe ansatz equations and
carefully studying their degeneracies it is possible to show that the degeneration is compatible
with the chiral ring of the dual CFT—this is however quite subtle and requires considerations
that go beyond the weakly-coupled regime.

8.3. Mixed-flux backgrounds

Up to this point, our focus has been on integrable nonlinear ¢ models corresponding to
superstring backgrounds supported by a pure Ramond—Ramond flux. This is in close analogy
with the prototypical integrability example of the AdSs X S’ superstring. As we mentioned in
the introduction, however, AdS; backgrounds are special in that they can also be supported by
a Neveu—Schwarz—Neveu—Schwarz flux, or by a combination of NSNS and RR fluxes. As
discussed, the pure NSNS theory is in a way simpler to quantize and, at least in the case of
AdS; x S? x T4, is well-understood [45, 48-51]°. Such a case can in fact be described as a
supersymmetric extension of the SL(2) X SU (2) Wess—Zumino—Witten (WZW) model,
whence the free-string spectrum can be found by CFT techniques. The mixed-flux case has
also been considered [52, 55, 56], but until recently the solution of the relative spectral
problem appeared to be out of reach.

Classical integrability. In [191], Cagnazzo and Zarembo investigated such mixed flux
backgrounds. In general, their Lagrangian takes the form

h .
L=- E(y”ﬁG,w (X) + ¢ £%B,,, (X)) 9,X"3X" + fermions. (8.20)
In a coset formulation such as the one of section 2, this can be written as
h .
S = —5( fdzay“ﬁstr(AL(,z)A[(,z)) + %‘/Bd30'8“ﬂ7’str(Ao(,2)Al§2)A;2))) + fermions.  (8.21)

Note that the last term is non-local, as it is a topological integral over a three-dimensional
manifold /3 such that its boundary d/3 is the string worldsheet. Locally its integrand is a total
derivative, so that the equations of motion can be consistently written in terms of worldsheet
fields only. The choice g = 0 gives back the pure RR case, while g = 1 corresponds to the pure
NSNS one. Interestingly, the string-theoretical S duality exchanges the RR and NSNS fluxes,
which corresponds to sending ¢ — /1 — ¢ in this description. However, S duality is not
realized perturbatively, so that the relative invariance will not necessarily be manifest in the
string spectrum. Using an appropriate extension of (8.21) to include fermions, it was shown in
[191] that the corresponding classical theory is integrable for a suitable choice of the
couplings. Such a choice is precisely the same that guarantees x symmetry as well as
conformal invariance. In fact, the same picture holds at the classical level also when including
the massless modes and considering the AdS; x S* x S* x S! background.

Towards quantum integrability. Following this realization, Hoare and Tseytlin started
investigating the integrability of the quantum theory in the S-matrix approach that we
described in section 3. In [192], they computed the tree-level S matrix for g # 0, focusing on

76 The AdS; x S3 x S3 x S' background has also been studied, but remains more obscure [33, 36-38].
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the simplest case of massive excitations on AdS; x S* x T*. In that case it turned out that the
g-dependence was quite mild, and amounted to a relatively simply modification of some of
the S-matrix elements and in particular of the tree-level dispersion relation

P+l — Jpre?+1-¢, (8:22)

where the sign + should be chosen suitably for each the S-matrix element. Building on that, in
[193] they proposed an all-loop, mixed-flux S matrix in terms of a modification of the one
proposed in [172]. The ‘matrix part’ of S should then be given by replacing the usual’’
definition of the Zukhovski variables

el = j‘;g; Ep) + 1=ih(x(p) +x*()), (8.23)
with the g-dependent ones
+
elp = 2* ®) Er(p) + 1 £ 2hg sin 2 = ih |1 = ¢ (xz @) + xL (), (8.24)

xs (p)
where we in fact introduced two pairs of Zhukovski parameters x ", each pair depending on
one modified dispersion relation E,, with’®

2
E,.(p)? = (1 + 2hq sin g) +4 h2(1 - qz) Sinz(g). (8.25)

This conjecture for the S matrix is compatible with the tree-level one, and with the off-shell
symmetry algebra of the mixed flux theory, which however does not fix the dispersion
relation entirely. The dispersion relation can essentially be narrowed down to (8.25) by
requiring periodicity in p, which is what happens in the pure-RR case. As we mentioned in
the introduction, one can think of this periodicity as coming from a discretization of the
worldsheet whence the spin-chain picture emerges—which is well established in several
instances of integrable (pure-RR) string backgrounds.

To further validate this proposal, Hoare, Stepanchuk and Tseytlin [194] have investigated
solitonic solutions for the mixed flux theory. Studying the dyonic giant magnon solution, they
were able to determine that the dispersion relation in that case takes the form

E.()* = (1 £ hgp)* + 4102 (1 - g% sinz(g), (8.26)

that in fact is incompatible with the earlier conjecture (8.25), despite going to the same tree-
level expression (8.22). Now the g-linear term in brackets spoils periodicity in the momentum
p—a completely new and somewhat unexpected feature. Note that this also contradicts the
naive expectation of periodicity from a discretization of the worldsheet that we discussed in
the introduction and is at odds with a spin-chain description. This last picture is also validated
from the study of the bound-state dispersion relation [194], and is consistent with the study of
finite-size giant magnons later performed in [195].

Very recently, the complete all-loop S matrix for the mixed-flux theory has been
proposed from the study of the off-shell symmetry algebra [196]. Also in the massless and
mixed-mass sector one finds that, modulo some subtelties, the ratios of the S-matrix elements
can be expressed simply in terms of the pure-RR one with deformed Zhukovski variables.

77 The form in which we write the definition of the Zhukovski parameters here is equivalent to (3.47), as it can be
seen by using the definition of E(p) in terms of x*.

Special care is needed to consider the limit ¢ — 1.
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Note also that this last study also predict a dispersion relation as in equation (8.26). Still, some
further investigation may be desirable, which may come through a two-loop calculation”” for
the dispersion relation, in the spirit of [101, 258], that for these backgrounds has not been
performed yet. Perhaps also due to the non-trivial analytic structure of the dispersion—
implying in particular the absence of the familiar rapidity torus—the dressing factors of the
theory seem to be very intricate. Not only they cannot be found by plugging deformed
Zhukovski variables in the pure-RR dressing factors—which in any case was not to be
expected on general grounds—but also their leading-order expressions appear quite are quite
a bit more involved than in the pure-RR theory [195].

In conclusion, there are still some puzzles for mixed-flux integrability even in the
simplest case of AdS; x S? x T*, but we are witnessing significant progress in the subject
and we expect more in the next several months. We find this particularly exciting because it
may offer a way to understand the relation between the notion of solvability in terms of the
worldsheet S matrix (the pure-RR case) and by representation theory of chiral algebras (pure-
NSNS). Such a structure has been partially uncovered in the case of relativistic massless
integrable theories that we mentioned in section 8.1. In the case of the massless sine-Gordon
model, it was possible to see how the higher charges from integrability fit into the Virasoro
algebra, thus relating the two descriptions, see [252]. Whether something similar will happen
in the AdS;/CFT, setup and what role is played by the dual CFT, is a very interesting
question.

8.4. Conclusions and outlook

In this section we have reviewed the most promising and relevant lines of research in
integrability for AdS;/CFT,. As we have seen, rapid progress is being made in including
massless modes into the integrability machinery, see [174—177]. More general backgrounds
such as AdS; x S* x S [170, 171] or the ones supported by mixed fluxes [188, 191-195] are
also being actively investigated, and show indications of being integrable. All this offers a
unique playground to gain a new understanding of integrability for massless (non-relativistic)
S matrices, of the relation between the charges of the Zamolodchikov—Faddeev algebra with
the Virasoro ones appearing in the CFT, as well as in the worldsheet CFT, and of string
dualities.

Once the massless modes issue has been finally cleared, it would also be very interesting
to further investigate the relations between the integrability construction and the symmetric-
product orbifold CFT which is the dual to AdS? x S* x T4 strings [3, 21, 22, 45-50]. Quite
likely, such a study would be most fruitful in a spin-chain framework such as the one of [190].
Repeating that study for the AdS; x S* x S* x S! background could then shed some new
light on the quite obscure CFT, dual arising in that case [33, 36-38].

We should also mention a related but somewhat more distant field of investigation, that is
the study of higher-spin theories in AdS; backgrounds. Non-trivial theories involving fields
of spin higher than two can be formulated on three-dimensional Minkowski space and on
AdS, spaces. Such fields may be thought as arising from the tensionless limit of string theory
[259-261] whereby the tower of string states becomes massless. A special feature of AdS; is
that there (like it happens for gravity [262, 263]) higher-spin theories can be described as
Chern—Simons theories [264]. In this way, it was possible to show that asymptotically they
enjoy a W, (4) infinite-dimensional symmetry [265, 266], which also characterizes minimal

7 In the present case, a simpler near-flat-space calculation may not be sufficient to unveil the form of the dispersion
relation, and a subtler near-BMN calculation would be necessary, perhaps taking advantage of the unitarity
techniques that we mentioned in section 7.

124



J. Phys. A: Math. Theor. 48 (2015) 023001 Topical Review

models in CFT, [267], see [268] for a review. This provided a new approach to holograpic
dualities, and lead to rapid developments [269-272]—see also [273] for a review—including
a recent study of higher spins in the AdS; x S* x S* x S' background [274], whereby the
same 0(2, 1; a) representations constructed in [168] and used in [170, 171] emerge [275].
While a comparison of higher-spin theory results with the S-matrix integrability ones has not
been performed yet, we expect these two approaches to make contact in the future, perhaps
through the investigation of the Yangian symmetries of the theory—such an investigation has
been recently initiated in [276]. This may lead to a more quantitative understanding of the
tensionless limit—at least at the level of the free string spectrum—adding to the recent
progresses in flat space [277] and in the context of AdS4/CFT; [278].

Another interesting direction which should be explored in due course is to consider
deformations of the AdS; backgrounds. This road has been taken in the case of AdSs/CFTy,
where a plethora of deformations has been shown to preserve integrability, such as orbifolds
[279, 280] and T-duality-shift-T-duality (TsT) deformations [281, 282] of the background,
and quantum deformations (in the sense of quantum groups) of the underlying symmetry
algebra [283-286] or of the NLSM Poisson structure [287], which also result in an integrable
NLSM closely related to the AdSs X S® one [288, 289].%° For a review of the spectral
problem in these contexts see [200, 291]. The rationale in these approaches is to get rid of as
much manifest symmetry as possible in an effort to get closer to more realistic theories. This
amounts to breaking R-symmetry and supersymmetry in the geometric deformations of the
background, and even conformal (and Lorentz) symmetry in the case of quantum deforma-
tions. What could be new and very interesting in the case of AdS; is that integrable defor-
mations of that sort may include BTZ-like black hole geometries, which as we remarked in
the introduction are in fact locally isometric to AdSs. In fact, it appears that the quotient that
yields the BTZ background imposes boundary conditions that are compatible with classical
integrability, so that the classical string theory is integrable there [292, 293]. This raises high
hopes of putting an integrability handle on such geometries, which would be extremely
interesting.

All of these avenues appear very exciting, and unique to three-dimensional gravity
theories and their dual two-dimensional CFTs. We are confident that in the near future we will
witness substantial progress along many of them.

Acknowledgments

I would like to thank Riccardo Borsato, Olof Ohlsson Sax, Bogdan Stefariski and Alessandro
Torrielli for the fruitful and enjoyable collaboration whence some of the results discussed here
originated. I am also grateful to Gleb Arutyunov, Diego Bombardelli, Sergey Frolov, Ben
Hoare, Thomas Klose, Grisha Korchemsky, Gustavo Lucena Gémez, Vladimir Mitev, Mat-
thias Staudacher, Ryo Suzuki, Stijn van Tongeren, Arkady Tseytlin and Kostya Zarembo for
many stimulating discussions. I especially thank Gleb Arutyunov, Riccardo Borsato, Ben
Hoare, Thomas Klose, Grisha Korchemsky, Gustavo Lucena Gémez, Olof Ohlsson Sax,
Bogdan Stefariski and Alessandro Torrielli for reading parts of the manuscript and providing
useful comments.

The author’s work is funded by the People Programme (Marie Curie Actions) of the
European Union’s Seventh Framework Programme FP7/2007-2013/ under REA Grant
Agreement No. 317089 (GATIS). The work leading to this review was initiated during the

80 A more systematic classification of integrable deformations of AdS/CFT has been recently initiated, see in
particular [290].

125



J. Phys. A: Math. Theor. 48 (2015) 023001 Topical Review

author’s employment at the Institute for Theoretical Physics of Utrecht University, supported
by the Netherlands Organisation for Scientific Research (NWO) under VICI grant No.
680-47-602 and in the framework of the ERC Advanced grant research programme No.
246974, ‘Supersymmetry: a window to non-perturbative physics’.

This review is partially based on the author’s doctoral dissertation, defended cum laude at
the University of Utrecht on 28 April 2014.

Appendix

A.1. Generalities of the psu(1,1|2) superalgebra

We have given the (anti)commutation relations of the superalgebra psu(1, 112) in section 2.2.
In this appendix we will collect some useful additional notions about it, see also [256].

Serre—Chevalley bases. Superalgebras have in general several inequivalent Dynkin
diagrams, corresponding to different choices of simple roots. Each such choice gives a set
of Cartan generators );, and corresponding raising and lowering operators ¢; and f;, where the
index i takes values from 1 to the rank of the algebra, which is 3 for psu(l, 112). These
generators satisfy an algebra of the form

[bi’ bj] =0, [% fj] = 5;b;, [f)i, ej]=+Aijeja [bi’ fj] =—-A;f;, (A

where A; is the Cartan matrix.
Here we will mainly consider two gradings of psu(l, 112). In the su(2) grading the
simple roots are given by

hi=+Ls - Js, e =+ Q4__, fi=+Q_14,
b2=+2J37 92=+J+, f2=+J—a
b=+ L3 — Js, e3 =+ Q4. f3=— Q4. (A.2)
This leads to the Cartan matrix
0O -1 0
-1 +2 -1|. (A.3)
0O -1 0

The corresponding Dynkin diagram is shown in figure A1 (a). In the construction of the coset
of section 2 and in the spin-chain one of section 5, we generally pick psu(l, 112); to be in
this grading. The Dynkin diagram for the s[(2) grading is shown in figure Al(c). This is the
grading that we generally use for psu(l, 112)g.

There are also fermionic gradings of psu(1, 112), in which all three raising operators ¢;
are odd. In particular we can choose them to be either

Qi+, Qu-, Q4 or Q. Q-4 Q-
This leads to the Cartan matrices

0 +1 0 0 -1 0
+1 0 -1, and -1 0 +1} (A4)
0o -1 0 0 +1 0

respectively, corresponding to the Dynkin diagram in figure A1(b).

126



J. Phys. A: Math. Theor. 48 (2015) 023001 Topical Review
+1 +1 —1
(a) (b) (c)

Figure A1. Three Dynkin diagrams for psu(1, 112).

In the s[(2) grading we have

Gl = - L3 + JS’ El = - Q—++’ fl =+ Q+——’
=+ 2Ls, GH=+L_, f,=-L,,
b

=—L;+ Js B=-Q_,_, f3 == Qu_g, (A.5)

with the Cartan matrix

0 +1 0
+1 -2 +1{ (A.6)

0 +1 0

A continuous automorphism. It is useful to note that psu(l, 112) admits an u(l)
-automorphism U, acting on the supercharges as

[U. Quea] = 3 Quee (A7)

and commuting with the bosonic charges. If one thinks of psu(1, 112) as a contraction of the
exceptional superalgebra 0(2, 1; a) with @ — 0, the generator U can be identified with with
one of the generators of su(2) C 0(2, 1; a) that is contracted. This is described in more detail
in [168].

Supermatrix realization. Once the reality condition (2.36) is imposed, we are left with eight
even independent supermatrices. Eliminating trace and supertrace, we can identify the six
even generators as

0 —i 00 0000
1l[i 0 00 110000
L:— y = — ,
=510 0 00 T=310 0 0 i
00 00 00iO0
0100 000 0
1000 i]o o0 0
L :l ] -5 [}
27200 0 0 =310 0 0 -1
0000 001 0
i 000 000 0
0 —-i 00 i]ooo0 o
| P i =1 . , A8
37210 0 0 0 B5=3l00 i 0 (A-8)
0000 000 —i
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while the eight supercharges are

00 i O 00 —-10
1 _loooo > oo 0 0
Q“_iOOO’ Q“_IOOO’
0000 00 0 O
000 i 000 —1
1 _loooo > o000 0
QZI_0000’ Q21_0000’
i 000 100 0
00 0 0 0000
oo -i o0 > _loo10
Q12_0i00’ Q12_0100’
00 0 0 0000
000 0 0000
oo o0 —i > 10001
Q22—000 ol QZZ_OOOO' (A9)
0i 00 0100

While this choice of the generators satisfies (2.36), it can be useful to consider complex
combinations such as L., J. and Q.... In particular we have

L.=L xiL, Jo=Jxil. (A.10)

Two copies of psu(1,1|2). We can take the representation for M, i.e. the one defining the left
copy of psu(1, 112), to be given by the previous expressions. The matrix in the representation
M., instead, is in a representation that has opposite weights for the bosonic subalgebra. This
can be realized by sending

L, - —-L,, L3;— -Ls, h—--L Ih--1k (A.11)

In fact, this corresponds to exchanging raising with lowering operators L. and J, without
affecting the commutation relations. The transformation straightforwardly extends to the
whole superalgebra.

The transformation (A.11) implies that the bosonic subalgebras in each (left and right)
copy of psu(1, 112) have opposite notions of what are the positive bosonic roots. If we take
this notion to be induced from the choice of simple roots, it follows that the two copies cannot
be in the same grading. More specifically, if one copy is in the grading of figure Al(a) with
Cartan matrix (A.3), then the other is in the grading of figure Al(c) with Cartan matrix (A.6).
If one of them has the fully-fermion grading of figure A1(b), then the other does too, and they
have Cartan matrices of opposite signs, see (A.4).

It is also interesting to notice that then the Z 4-automorphism 2 of equation (2.41) acts on
a bosonic matrix as

o(L;@0)=00L;, «(J;00)=00], (A.12)
i.e. exchanges the left and right bosonic subalgebras.

A.2. Explicit expressions for the coset action

Here we will collect some explicit expressions that appear when evaluating the coset action of
section 2 and expanding it.
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Parametrization of group elements. We parametrize a group element by (2.47). The light-
cone coordinate A(z, ¢) has been defined in equation (2.48). The transverse coordinates

{xx} = (z1,22)1,y,) are given by
L+aZi+ X L+ yZs+ 2

gx)=1 i , (A.13)
NI (U TbP
4 47
with
L=3(I+22)  S=Li-L{5=J-Jf
I,= %(1 - 3,2), =LY -L} =, =% - J} (A.14)

We have split the fermions in massive and massless ones. The former are 6;, 67 and
g, 07 that in terms of a psu(1, 112)* matrix we write as

0 0 0 -6 0o 0 0 -0
0 0 6 0 0 0 -0 0
¥, = , ® . . (A.15)
0 62 0 0 0 -6 0 0
G, 0 0 0 g 0 0 O

The four massless fermions are instead

0 0 n o 0 0 73 O
2 1
g=| O 0 O mfaf O O O -mf (A.16)
-, 0 0 0 g 0 0 O
0 7y 0 0 0 g 0 O
In both cases, the bar denotes complex conjugation, e.g.
(6!) = . (A.17)
ans so on. We can now parametrize the corresponding group element as
Lo
For)=1+8.,+ =¥, A.18
g(¥1) Uy (A.18)

Note that one can think that such a parametrization emerges equivalently from
g(¥)=exp(¥)org(¥) =¥+ 1+ ¥?2, since the expansions terminate at O (¥?).
Finally, the T* elements can be found from exponentiating the corresponding generators,

4
4
i Y X Tk Y ok
g = 2" 2 IT ™ (A.19)
k=1
where we made it explicit that they all commute.
Explicit expressions for perturbative evaluation. To define quantities related to the transverse

bosonic fields x; let us introduce indices a, s so that x, = (z1,22) and x; = (y.,y,). Then the
metric elements are
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1 1 2i z, 2iy,
g, = + , g = =5 (A.20)
[J4+m2 J4—m2] CoJa-i T A+

It is useful to rewrite the parametrization (A.13) of g(x) in light-cone coordinates
gx)y=igl+iglg+ g, (A.21)

where I is the identity, g = —X, ¥ and X are given by (A.14). It is then easy to compute

g§@)? =G I+ G g+ GyZy, (A.22)
where now
4— P 44z 82, 8
@:_[ b Hi} LTI S A23)
4+ b 4-1 4 -z 4+l

We can work out the expression of the momenta {p,} = (p,°, py, p;’, p;) canonically
conjugated to {xx } = (z1,22,);,),), in terms of the auxiliary fields wy. They are

4 1w, 4 wy
= b py = .
4 — |z 4+ |y

Let us now look at the Lagrangian more in detail. The even and odd currents are given by

n, (A.24)

o= g (003, (10 202) 4 Jors - ilonnl) - o,
Aodd = i gx_l dX+Z+Y’mgx - gx_ldﬁumng (A25)

where we used that the fermion parametrisation (A.15) is quadratic at most. The part of the
even current that depends solely on the transverse bosonic coordinates is

Al = —%gx_l[‘i’m,'f’m]gx -g7'g. (A.26)
Using these expressions it is easy to get to equation (2.57). Moreover we have

str(ng_lgx) = k. (A.27)
We can also further simplify

str(ng_' [ &i{n,ﬁt’m]gx) = i(erGJr - w_G_)str(Z+[ ﬁt’m,'f’m])

+ iwkstr(zkgx_l[?{n,ﬁl’m]gx). (A.28)

Solving the constraints. We have from C; = 0
| .
—x! = pxj + Zwkstr(zkgx_l[ﬂ;l, Tm]gx) + é str( Z4 [ e o)) (A29)
which we can expand as

—x! = pxi — istr(ZJ,Yfm'P,;,) + .., (A.30)
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where the ellipsis indicate higher order terms. The quadratic constraint is

O AN AR EALY str((Al(z) )2), (A31)

+

where

A® = ;—.xl(gx_lz_ - _Q(gx—lz_gx)) _ l(gx—lg; + g;gx—l)

2
| VT 1 g
- Z(gx [ Ealg, = (87 [ ¥ ¥als,) ) (A32)

By dropping higher order terms, from C, = 0 we have

w_ = —%|wk| 2 - %|xk/| 2+ (A.33)
Dropping the total z-derivative x_, the Lagrangian reads

. i . i,
L= p+ ppin = sir( 2, 8,) - Zedsir( A5t Q(434)) + . (A34)
with

— 1 2 2
p=w_ — E(‘xk‘ + str?’m) ¥ (A.35)

For the purpose of expanding the Lagrangian and the Noether charge (2.67) in powers of the
fields it is useful to note that at leading order it is

AQY = —ip, — ¥, + .., AP =y 4 (A.36)

When plugged into the Lagrangian (A.34), and of using the explicit form of ¥,,, this gives
contributions of the form

—éeaﬂstr(A(fdd Q(A;;dd)) - %str(zym Q(v,)) - %(5" Q(¥)) + (A.37)

where the double-derivative terms all vanish after two integrations by parts. By these
expressions it is easy to derive the Lagrangian and Hamiltonian of the main text (2.71).
To derive some of these results is useful to use the identities

e =g%.  Z¥=F V.. (A.38)

A.3. Quadratic charges in terms of the fields

In order to compactly write down that form of the symmetry generators, it is useful to
introduce complex bosonic coordinates

Xl=za+iz, Xl=y+iy, Xe=zu-iz Xg=y —iy,, (A.39)

and conjugate momenta

RL=p‘ —ip;, BrL=p —ip], Rr=p‘+ip;, Pr=p +ip;. (A.40)

It is clear that (X{)" = X{ and (P;1.)" = P;g. We will raise and lower indices by
XjL=0,Xt, Xjr=03pXg, P/ =8B, P{=08"Br (A4l])
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Similarly, if necessary, we will raise an lower the fermion indices by
OjLr = 6p0lr,  Ofr=06%0;x. (A.42)
The quadratic Lagrangian becomes
Lro=PX] +PrXgd +i 006" +i0;6'% - 1, (A.43)
In particular, this implies that the upon quantization the non-vanishing commutators are
[X{(©@). BL(&)]|=i5]5(c =5, [Xd(©), Ar(&)]=id/5(c-3). (A44)

compatibly with the ones we originally found (2.74)-(2.75).
The form of the bosonic charges is then

1. . ‘ , ., _ S ‘
H=/d0'(5PIijR + 2X]_{, j{R + 2XLJXJR + QL{Q;R - 9]19]1{ + englf + 0.,R6’1{),
M= /da(é,]ﬁﬁ - e_lRel{ + lP/ LX]f — lP] RXI{)’
N= /da i(ALX] — BLX? - RRXg + BRXR). (A.45)
The four supercharges Q/ R read
Q=" fdaeéx‘(ZEPzR O — X 0" + X( O
i 1 5/ 1 g2
- EPIL 92L + XR 62R + XR HL ),
QR =e " /dﬁe%x’(ész Oir — Xg 0] + Xz Oir
— LR 03 + X1 03+ X1 efg),
QL =tim f doeéX—( %PIL ol + X 0 — X3 0
+ ész O + X7 O3 + X7 éZL)»
QR = etir / dae%X—( %PIR o + X! 0, — X[ 68
i 7] 2 92 24
+ 5P2L O + Xg 07 + Xg 92R), (A.46)

and the remaining four can be found by taking the complex conjugate of these expressions.
Notice how left and right supercharges differ only by exchanging the labels L < R. The
factors e*4” is inserted so that the charges take a simpler expression in terms of oscillators.
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From field to oscillators. We can define bosonic lowering operators

w,Xi (o) + éHR(G))e_i””,

N | i —ipo
ag~(p) = Zﬂwa_p(prRwH zPlL(o))e po,
/ do (

i .
w, XL (o) + P (a))e-’w,

1 d j .
ag* (p) = Word f %(%Xﬁ(o) + éPzL(a))e—’P”, (A.47)

with the raising operator being the conjugate of these. Similarly, for fermions we have

_ etim d - .
ag"(p) = /%(fp 0 (0) + i gpﬁlk(a))e“P",
14

o

+ym B )
it ="= [ j; (1, O(@) + i 8,01())e,
P

_ eit d
art (p)=—f d
)4

\/a)_

(£,0:000) = i 8,68 (0))e .

N do = . ) —ive
=" [ Jw_p(f,,emo)—zg,,mo))e ve. (A48)

Once we drop the x_-dependence from (A.46), and by making use of the explicit form of the
wave-function parameters (2.81)—(2.84) with mass m = 1, the charges can be recast in the
form (2.86)—(2.87).

A.4. Dualization of the Bethe ansatz equations

While performing the nesting procedure in section 6, we had to chose a set of level-I
excitations. Here we will show that the different choices we could make lead there, to
equivalent equations (i.e. that describe the same spectrum), by performing a fermionic duality
[68, 239] of the Bethe equations.

Duality for the su (1|1)3, Bethe equations. Let us start from the simpler case we treated in
section 6.2. We will work in the spin-chain frame for definiteness.

The idea is that one can write a new set of equations equivalent to the previous one, in
which all the auxiliary roots y, ¥ are replaced by a dual set of auxiliary roots ¥, § . We will
see that the resulting equations have the same form as the original ones, up to exchanging the
left and right sectors, which makes it clear that they correspond to the choice V in (6.17).

Let us define the polynomial 2 (¢) as

M Ml | M Mg 1
CCR 1 KCER) 1 R B T NERE) 1 E) NS

j=1 j=1 J j=1 j=1 J
This is a polynomial of degree n = M;| + Mg — 1. Then the Bethe equations for the left and
right auxiliary excitations can be rewritten respectively as
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P(y) = 0, 2(1/3) = 0. (A.50)

Another zero of the polynomial is at £ = 0. The equation 2(0) = 0 is equivalent to the level-
matching condition. We denote the remaining zeros by ¥ and 3 , because they correspond to
the dualization of respectevely left and right excitations. We can thus rewrite 2 (£) as

=1 I =1

M L Mg 1 My
7@ =l (¢-3) I (e-5) I |e- Tl -5 (AS1)
j=1 '

=1 j=1 i) = Vi

—_—

)

I ~1I .

for M, =M} — K" — 1 and My = M} — Kg' — 1 roots. Let us now dualize the Bethe
equations for level-I excitations. We write the expression 2(x;")/?(x;) using the two
possible representations for the polynomial, getting the equation

1l + T + o~ oyl n ~ 70 + 2
xk+lM—L[ Xk _)’le—L[ Xk _)’jﬁ Xk —l/yle_R[ X _l/yj
xk_ . .

R I A B R

1 — 1 ~
A TR - SRR Vo g

J
B ) S e
o1 e T XL Xk /X
that becomes
—~ 1
_I_MlI_MII+MI Ml _ mn _ ML 1 - —
(xk*) foT Rl—L[ X - xy e Xk~ Yo X5
= — I —— 11 —
Xk j=1 Xk Xj j=1 Xk yj j=1 1 - XATf
J#k ’
—1 snoq o I
My x+ — . My = My 1 - —=
k yj XK X X; A53
Il — I —I— (A.53)
Jj=1 7 j=1 x5, =1 xixF

where the exponent of x;'/x; is in fact 0. With the help of this substitution, the Bethe
equation for left excitations can thus be rewritten as

Y M My
(_k_) “T[ o
Jj=1 j=1
j#k

(A.54)

This equation has precisely the same form as the original equation for the right
excitations (6.48).

Similarly, using 2 (1/%;)/2(1/%;), one can obtain the dualized Bethe equation for type
1 excitations

~1I

! My =+ - M,
=+ R — . R
xk .Xk )C] RR
-t = I I —ylgj

—— —.  (AS5)
xk _Xj =1

which has the same form as the original Bethe equations for type 1 excitations.

We have found a new set of Bethe equations, with the same form of the original ones up
to exchanging left with right excitations and substituting (y, K,) and (¥, K3) by (¥, k\z) and
(F, K3), respectively.
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Duality for the psu (1|1)¢, Bethe equations. ~As argued in section 6.3, there are four different
possible gradings in which we can write the all-loop Bethe equations for the psu(111):, S
matrix. Once again, these are related by dualities. Labelling the excitation numbers K; by the
corresponding Cartan elements as in equation (6.76)-(6.77)), let us define again the
polynomial

2o =T (¢-)TI (:— xi] 1 (5—x,--)j].lf[1 ( - x%] (A.56)

j=1 j=1 J j=1

of degree n = K, + K5 — 1. The Bethe equations for auxiliary roots y;,y;,y;.y3 can be written
respectively as

2y =0, 20y =0,  2(1py)=0,  2(1)y)=0. (A.57)

We can choose to dualize either the auxiliary roots y;,y; or y;,y3. In the first case we consider a

set of dual I/(\lj(\i roots such that K; + I?l =K, — 1and Kj + k\i = K5 — 1. The polynomial
can thus be rewritten as

K] E] Ki ] k\i ]
2@ =¢[1 (¢-»,)IT (¢-5,)I1 [5— f]]'[ [5— T] (A.58)
j=1

=1 =1 Yij ) =1 MW

y](xkf) and ?(l/ii).
L .. . . P(x) REAYE
resulting identities, plugged into the Bethe ansatz equations, allow us to rewrite them as

As we did in the previous subsection, we can evaluate the quantities

| = H il x’_; H I (A.59)

T VX o 1 — ——
j=1 , J o j=1 ik
+ 14 Kz 1 - ]— I/(\l x+ — 1 K} x_ —_
X xix; 2 k Yij k Y3
- =||710(xk,xj)|| - AII T
X _ — X X, — P X — .
k J=1 XX j=1 "k M j=1 "k V3,
J#k
K 11— +‘_7 Ki 1— +l€. Ky 11— 7‘)1
%) ~ Yk T3
x [T —=2(nt) [T 11 — (A.60)
j=1 xf j=1 TS j=1 i3
K TSN
T Yk~ Xj 3 VsuXj
| = momne | e ot (A.61)
j= 3,k = - =
j=1 J o j=1 y}.kaJr
1
Kog — gt K l_yr
J Lk
=11 5= — i (A.62)
S F _
= i - =
j=1 JLk 7=l Fraxj
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XH 1 r 0 (xk’xj)H 1 ! H 1 L (A.63)

j=1 e j=1 Wy oj=1 T3,

(A.64)

Y3 X

The above equations are the ones that we would have found if we had chosen @, ®} to be
the fields composing the level-II vacuum. Similarly, one could have dualized the auxiliary
roots y;,ys and obtained the Bethe equations corresponding to the choice of @ L, &R in the
level-II vacuum. We do not write them, since they are equal to the ones written above after
exchanging 1 and 3, as expected. Two consecutive dualizations, i.e.dualizing y,,y; and then
¥3,y3 (in any order) give Bethe equations corresponding to the choice of oL, @er in the
level-II vacuum. They are equal to the Bethe equations derived in section 6.3 after exchanging
L < R.

References

[1] ’t Hooft G 1993 Dimensional reduction in quantum gravity arXiv:gr-qc/9310026
[2] Susskind L 1995 The world as a hologram J. Math. Phys. 36 6377
[3] Maldacena J M 1998 The large-N limit of superconformal field theories and supergravity Adv.
Theor. Math. Phys. 2 231
[4] Witten E 1998 Anti-de Sitter space and holography Adv. Theor. Math. Phys. 2 253
[5] Gubser S, Klebanov I R and Polyakov A M 1998 Gauge theory correlators from noncritical string
theory Phys. Lett. B 428 105
[6] Babichenko A, Stefaiski B Jr and Zarembo K 2010 Integrability and the AdS;/CFT,
correspondence J. High Energy Phys. JHEP03(2010)058
[7] Brown J D and Henneaux M 1986 Central charges in the canonical realization of asymptotic
symmetries: an example from three-dimensional gravity Commun. Math. Phys. 104 207
[8] Banados M, Henneaux M, Teitelboim C and Zanelli J 1993 Geometry of the (2+1) black hole
Phys. Rev. D 48 1506
[9] Banados M, Teitelboim C and Zanelli J 1992 The black hole in three-dimensional space-time
Phys. Rev. Lett. 69 1849
[10] Carlip S 1995 The (2+1)-dimensional black hole Class. Quantum Grav. 12 2853
[11] Coussaert O and Henneaux M 1994 Supersymmetry of the (2+1) black holes Phys. Rev. Lett.
72 183
[12] Izquierdo J and Townsend P 1995 Supersymmetric space-times in (2+1) adS supergravity models
Class. Quantum Grav. 12 895
[13] Steif A R 1996 Supergeometry of three-dimensional black holes Phys. Rev. D 53 5521
[14] Strominger A and Vafa C 1996 Microscopic origin of the Bekenstein—-Hawking entropy Phys.
Lett. B 379 99
[15] Strominger A 1998 Black hole entropy from near horizon microstates J. High Energy Phys.
JHEP02(1998)009
[16] Aharony O, Gubser S S, Maldacena J M, Ooguri H and Oz Y 2000 Large-N field theories, string
theory and gravity Phys. Rep. 323 183

136


http://arXiv.org/abs/gr-qc/9310026
http://dx.doi.org/10.1063/1.531249
http://dx.doi.org/10.1016/S0370-2693(98)00377-3
http://dx.doi.org/10.1007/JHEP03(2010)058
http://dx.doi.org/10.1007/BF01211590
http://dx.doi.org/10.1103/PhysRevD.48.1506
http://dx.doi.org/10.1103/PhysRevLett.69.1849
http://dx.doi.org/10.1088/0264-9381/12/12/005
http://dx.doi.org/10.1103/PhysRevLett.72.183
http://dx.doi.org/10.1088/0264-9381/12/4/003
http://dx.doi.org/10.1103/PhysRevD.53.5521
http://dx.doi.org/10.1016/0370-2693(96)00345-0
http://dx.doi.org/10.1088/1126-6708/1998/02/009
http://dx.doi.org/10.1016/S0370-1573(99)00083-6

J. Phys. A: Math. Theor. 48 (2015) 023001 Topical Review

(7]

(18]
[19]

[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]

[43]
[44]

[45]
[46]
[47]

(48]

David J R, Mandal G and Wadia S R 2002 Microscopic formulation of black holes in string
theory Phys. Rep. 369 549

Vafa C 1996 Instantons on D-branes Nucl. Phys. B 463 435

Seiberg N 1997 New theories in six-dimensions and matrix description of M theory on T° and
T%/Z, Phys. Leit. B 408 98

Witten E 1997 On the conformal field theory of the Higgs branch J. High Energy Phys. JHEPO7
(1997)003

Larsen F and Martinec E J 1999 U (1) charges and moduli in the D1-D5 system J. High Energy
Phys. JHEP06(1999)019

Seiberg N and Witten E 1999 The D1/D5 system and singular CFT J. High Energy Phys. JHEPO4
(1999)017

Youm D 1999 Black holes and solitons in string theory Phys. Rep. 316 1

Douglas M R 1995 Branes within branes arXiv:hep-th/9512077

Dijkgraaf R 1999 Instanton strings and hyperKahler geometry Nucl. Phys. B 543 545

Maldacena J] M and Strominger A 1998 AdS(3) black holes and a stringy exclusion principle
J. High Energy Phys. JHEP12(1998)005

de Boer J 1999 Six-dimensional supergravity on S° x AdS; and 2-D conformal field theory Nucl.
Phys. B 548 139

Kutasov D, Larsen F and Leigh R G 1999 String theory in magnetic monopole backgrounds
Nucl. Phys. B 550 183

Gaberdiel M R and Kirsch 1 2007 Worldsheet correlators in AdS;/CFT, J. High Energy Phys.
JHEP04(2007)050

Dabholkar A and Pakman A 2009 Exact chiral ring of AdS;/CFT, Adv. Theor. Math. Phys.
13 409

Pakman A and Sever A 2007 Exact N' = 4 correlators of AdS;/CFT, Phys. Leit. B 652 60

Taylor M 2008 Matching of correlators in AdS;/CFT, J. High Energy Phys. JHEP06(2008)010

Elitzur S, Feinerman O, Giveon A and Tsabar D 1999 String theory on AdS; X $*x s xS
Phys. Lett. B 449 180

Boonstra H J, Peeters B and Skenderis K 1998 Brane intersections, anti-de Sitter space-times and
dual superconformal theories Nucl. Phys. B 533 127

de Boer J, Pasquinucci A and Skenderis K 1999 AdS/CFT dualities involving large 2-D N = 4
superconformal symmetry Adv. Theor. Math. Phys. 3 577

Figueroa-O’Farrill J M and Stanciu S 2000 D-branes in AdS; x S° x S* x S' J. High Energy
Phys. JHEP04(2000)005

Gukov S, Martinec E, Moore G W and Strominger A 2005 The search for a holographic dual to
AdS, x S* x S* x S' Adv. Theor. Math. Phys. 9 435

Tong D 2014 The holographic dual of AdS; x S* x S* x S' J. High Energy Phys. JHEP04
(2014)193

Sevrin A, Troost W and van Proeyen A 1988 Superconformal algebras in two dimensions with
N =4 Phys. Leit. B 208 447

Schoutens K 1988 O (n) Extended superconformal field theory in superspace Nucl. Phys. B
295 634

Spindel P, Sevrin A, Troost W and van Proeyen A 1988 Extended supersymmetric sigma models
on group manifolds. 1. The complex structures Nucl. Phys. B 308 662

van Proeyen A 1989 Realizations of A = 4 superconformal algebras on wolf spaces Class.
Quantum Grav. 6 1501

Sevrin A and Theodoridis G 1990 N = 4 Superconformal coset theories Nucl. Phys. B 332 380

Gauntlett J P, Myers R C and Townsend P 1998 Supersymmetry of rotating branes Phys. Rev. D
59 025001

Giveon A, Kutasov D and Seiberg N 1998 Comments on string theory on AdS; Adv. Theor.
Math. Phys. 2 733

de Boer J, Ooguri H, Robins H and Tannenhauser J 1998 String theory on AdS; J. High Energy
Phys. JHEP12(1998)026

Kutasov D and Seiberg N 1999 More comments on string theory on AdS; J. High Energy Phys.
JHEP04(1999)008

Maldacena J M and Ooguri H 2001 Strings in AdS; and SL (2, R) WZW model 1. The spectrum
J. Math. Phys. 42 2929

137


http://dx.doi.org/10.1016/S0370-1573(02)00271-5
http://dx.doi.org/10.1016/0550-3213(96)00075-2
http://dx.doi.org/10.1016/S0370-2693(97)00805-8
http://dx.doi.org/10.1088/1126-6708/1997/07/003
http://dx.doi.org/10.1088/1126-6708/1997/07/003
http://dx.doi.org/10.1088/1126-6708/1999/06/019
http://dx.doi.org/10.1088/1126-6708/1999/04/017
http://dx.doi.org/10.1088/1126-6708/1999/04/017
http://dx.doi.org/10.1016/S0370-1573(99)00037-X
http://arXiv.org/abs/hep-th/9512077
http://dx.doi.org/10.1016/S0550-3213(98)00869-4
http://dx.doi.org/10.1007/JHEP12(1998)005
http://dx.doi.org/10.1016/S0550-3213(99)00160-1
http://dx.doi.org/10.1016/S0550-3213(99)00144-3
http://dx.doi.org/10.1088/1126-6708/2007/04/050
http://dx.doi.org/10.4310/ATMP.2009.v13.n2.a2
http://dx.doi.org/10.1016/j.physletb.2007.06.041
http://dx.doi.org/10.1088/1126-6708/2008/06/010
http://dx.doi.org/10.1016/S0370-2693(99)00101-X
http://dx.doi.org/10.1016/S0550-3213(98)00512-4
http://dx.doi.org/10.1088/1126-6708/2000/04/005
http://dx.doi.org/10.4310/ATMP.2005.v9.n3.a3
http://dx.doi.org/10.1007/JHEP04(2014)193
http://dx.doi.org/10.1007/JHEP04(2014)193
http://dx.doi.org/10.1016/0370-2693(88)90645-4
http://dx.doi.org/10.1016/0550-3213(88)90539-1
http://dx.doi.org/10.1016/0550-3213(88)90582-2
http://dx.doi.org/10.1088/0264-9381/6/10/018
http://dx.doi.org/10.1016/0550-3213(90)90100-R
http://dx.doi.org/10.1103/PhysRevD.59.025001
http://dx.doi.org/10.1007/JHEP12(1998)026
http://dx.doi.org/10.1088/1126-6708/1999/04/008
http://dx.doi.org/10.1063/1.1377273

J. Phys. A: Math. Theor. 48 (2015) 023001 Topical Review

[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]

[57]
[58]

[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]
(73]
[74]
[75]

[76]
(771

(78]

[79]

Maldacena J M, Ooguri H and Son J 2001 Strings in AdS; and the SL (2, R) WZW model. 2.
Euclidean black hole J. Math. Phys. 42 2961

Maldacena J M and Ooguri H 2002 Strings in AdS; and the SL(2, R) WZW model. 3.
Correlation functions Phys. Rev. D 65 106006

Gaberdiel M R and Gerigk S 2011 The massless string spectrum on AdS; X S* from the
supergroup J. High Energy Phys. JHEP10(2011)045

Berkovits N, Vafa C and Witten E 1999 Conformal field theory of AdS background with
Ramond-Ramond flux J. High Energy Phys. JHEP03(1999)018

Henneaux M and Mezincescu L 1985 A Sigma model interpretation of Green—Schwarz covariant
superstring action Phys. Lett. B 152 340

Metsaev R and Tseytlin A A 1998 Type IIB superstring action in AdSs X $° background Nucl.
Phys. B 533 109

Rahmfeld J and Rajaraman A 1999 The GS string action on AdS; X S* with Ramond—Ramond
charge Phys. Rev. D 60 064014

Pesando I 1999 The GS type IIB superstring action on AdS; X S* x T* J. High Energy Phys.
JHEP02(1999)007

’t Hooft G 1974 A planar diagram theory for strong interactions Nucl. Phys. B 72 461

Yang C-N 1967 Some exact results for the many body problems in one dimension with repulsive
delta function interaction Phys. Rev. Lett. 19 1312

Bethe H 1931 On the theory of metals. 1. Eigenvalues and eigenfunctions for the linear atomic
chain Z. Phys. 71 205

Fradkin E H 1991 Field theories of condensed matter systems (Reading, MA: Addison-Wesley)

Kruczenski M 2004 Spin chains and string theory Phys. Rev. Lett. 93 161602

Kruczenski M, Ryzhov A and Tseytlin A A 2004 Large-spin limit of AdS;5 X S string theory and
low-energy expansion of ferromagnetic spin chains Nucl. Phys. B 692 3

Herndndez R and Lépez E 2004 The SU (3) spin chain sigma model and string theory J. High
Energy Phys. JHEP04(2004)052

Stefariski B Jr and Tseytlin A A 2004 Large spin limits of AdS/CFT and generalized Landau—
Lifshitz equations J. High Energy Phys. JHEP05(2004)042

Stefariski B Jr and Tseytlin A A 2005 Super spin chain coherent state actions and AdSs X S
superstring Nucl. Phys. B 718 83

Stefariski B Jr 2007 Landau-Lifshitz sigma-models, fermions and the AdS/CFT correspondence
J. High Energy Phys. JHEP07(2007)009

Minahan J and Zarembo K 2003 The Bethe ansatz for ' = 4 super Yang-Mills J. High Energy
Phys. JHEP03(2003)013

Beisert N and Staudacher M 2005 Long-range psu(2.214) Bethe ansatze for gauge theory and
strings Nucl. Phys. B 727 1

Beisert N, Hernandez R and Lopez E 2006 A crossing-symmetric phase for AdSs X S° strings
J. High Energy Phys. JHEP11(2006)070

Ambjorn J, Janik R A and Kristjansen C 2006 Wrapping interactions and a new source of
corrections to the spin-chain/string duality Nucl. Phys. B 736 288

Liischer M 1986 Volume dependence of the energy spectrum in massive quantum field theories.
1. Stable particle states Commun. Math. Phys. 104 177

Liischer M 1986 Volume dependence of the energy spectrum in massive quantum field theories.
2. Scattering states Commun. Math. Phys. 105 153

Yang C-N and Yang C 1969 Thermodynamics of one-dimensional system of bosons with
repulsive delta function interaction J. Math. Phys. 10 1115

Zamolodchikov A 1990 Thermodynamic Bethe ansatz in relativistic models. Scaling three-state
Potts and Lee-Yang models Nucl. Phys. B 342 695

Arutyunov G and Frolov S 2009 Foundations of the AdSs x S superstring. Part 1 J. Phys. A:
Math. Theor. 42 254003

Beisert N er al 2012 Review of AdS/CFT integrability: an overview Lett. Math. Phys. 99 3

Lipatov L 1976 Reggeization of the vector meson and the vacuum singularity in nonabelian
Gauge theories Sov. J. Nucl. Phys. 23 338

Kuraev E A, Lipatov L N and Fadin V S 1976 Multi-Reggeon processes in the Yang—Mills
Theory Sov. Phys. JETP 44 443

Kuraev E, Lipatov L and Fadin V S 1977 The pomeranchuk singularity in Nonabelian Gauge
theories Sov. Phys. JETP 45 199

138


http://dx.doi.org/10.1063/1.1377273
http://dx.doi.org/10.1103/PhysRevD.65.106006
http://dx.doi.org/10.1007/JHEP10(2011)045
http://dx.doi.org/10.1088/1126-6708/1999/03/018
http://dx.doi.org/10.1016/0370-2693(85)90507-6
http://dx.doi.org/10.1016/S0550-3213(98)00570-7
http://dx.doi.org/10.1103/PhysRevD.60.064014
http://dx.doi.org/10.1088/1126-6708/1999/02/007
http://dx.doi.org/10.1016/0550-3213(74)90154-0
http://dx.doi.org/10.1103/PhysRevLett.19.1312
http://dx.doi.org/10.1007/BF01341708
http://dx.doi.org/10.1103/PhysRevLett.93.161602
http://dx.doi.org/10.1016/j.nuclphysb.2004.05.028
http://dx.doi.org/10.1007/JHEP04(2004)052
http://dx.doi.org/10.1088/1126-6708/2004/05/042
http://dx.doi.org/10.1016/j.nuclphysb.2005.04.026
http://dx.doi.org/10.1088/1126-6708/2007/07/009
http://dx.doi.org/10.1007/JHEP03(2003)013
http://dx.doi.org/10.1016/j.nuclphysb.2005.06.038
http://dx.doi.org/10.1007/JHEP11(2006)070
http://dx.doi.org/10.1016/j.nuclphysb.2005.12.007
http://dx.doi.org/10.1007/BF01211589
http://dx.doi.org/10.1007/BF01211097
http://dx.doi.org/10.1063/1.1664947
http://dx.doi.org/10.1016/0550-3213(90)90333-9
http://dx.doi.org/10.1088/1751-8113/42/25/254003
http://dx.doi.org/10.1007/s11005-011-0479-8

J. Phys. A: Math. Theor. 48 (2015) 023001 Topical Review

[80]
[81]
[82]
[83]
[84]

[85]
[86]

[87]
[88]
[89]
[90]
[91]
[92]

[93]
[94]

[95]
[96]
(971
(98]

[99]
[100]

[101]
[102]
[103]
[104]
[105]
[106]
[107]
[108]
[109]

[110]

Fadin V S, Kuraev E and Lipatov L 1975 On the pomeranchuk singularity in asymptotically free
theories Phys. Lett. B 60 50

Balitsky I and Lipatov L 1978 The pomeranchuk singularity in quantum chromodynamics Sov. J.
Nucl. Phys. 28 822

Lipatov L 1994 Asymptotic behavior of multicolor QCD at high energies in connection with
exactly solvable spin models JETP Lett. 59 596

Faddeev L and Korchemsky G 1995 High-energy QCD as a completely integrable model Phys.
Lett. B 342 311

Lipatov L 2009 Integrability of scattering amplitudes in N = 4 SUSY J. Phys. A: Math. Theor.
42 304020

Lipatov L 1997 Perspectives in hadronic physics Proc. Conf. ICTP (Trieste, May 12—-16)

Lipatov L 1999 Duality symmetry of Reggeon interactions in multicolor QCD Nucl. Phys. B
548 328

Beisert N, Kristjansen C and Staudacher M 2003 The Dilatation operator of conformal N = 4
super Yang—Mills theory Nucl. Phys. B 664 131

Beisert N 2004 The complete one loop dilatation operator of A = 4 super Yang-Mills theory
Nucl. Phys. B 676 3

Beisert N 2004 The dilatation operator of A = 4 super Yang-Mills theory and integrability Phys.
Rep. 405 1

Metsaev R, Thorn C B and Tseytlin A A 2001 Light cone superstring in AdS space-time Nucl.
Phys. B 596 151

Arutyunov G and Frolov S 2005 Integrable Hamiltonian for classical strings on AdSs X S
J. High Energy Phys. JHEP02(2005)059

Frolov S, Plefka J and Zamaklar M 2006 The AdS; X S3 superstring in light-cone gauge and its
Bethe equations J. Phys. A: Math. Gen. 39 13037

Green M B and Schwarz J H 1984 Covariant description of superstrings Phys. Lett. B 136 367

Grisaru M T, Howe P S, Mezincescu L, Nilsson B and Townsend P 1985 N = 2 superstrings in a
supergravity background Phys. Lett. B 162 116

Bena I, Polchinski J and Roiban R 2004 Hidden symmetries of the AdS5 X s’ superstring Phys.
Rev. D 69 046002

Arutyunov G, Frolov S, Russo J and Tseytlin A A 2003 Spinning strings in AdSs X S and
integrable systems Nucl. Phys. B 671 3

Tseytlin A A 2005 Spinning strings and AdS/CFT duality From Fields to Strings vol 2, ed
M Shifman et al (Singapore: World Scientific) pp 1648-707

Arutyunov G, Russo J and Tseytlin A A 2004 Spinning strings in AdSs X S°: new integrable
system relations Phys. Rev. D 69 086009

Hofman D M and Maldacena J M 2006 Giant magnons J. Phys. A: Math. Gen. 39 13095

Chen H-Y, Dorey N and Okamura K 2006 Dyonic giant magnons J. High Energy Phys. JHEP09
(2006)024

Klose T, McLoughlin T, Minahan J and Zarembo K 2007 World-sheet scattering in AdSs X S’ at
two loops J. High Energy Phys. JHEP08(2007)051

Kazakov V, Marshakov A, Minahan J and Zarembo K 2004 Classical/quantum integrability in
AdS/CFT J. High Energy Phys. JHEP05(2004)024

Arutyunov G, Frolov S and Staudacher M 2004 Bethe ansatz for quantum strings J. High Energy
Phys. JHEP10(2004)016

Puletti V G M 2010 On string integrability: a journey through the two-dimensional hidden
symmetries in the AdS/CFT dualities Adv. High Energy Phys. 2010 471238

Beisert N 2008 The SU (212) dynamic S-matrix Adv. Theor. Math. Phys. 12 945

Beisert N, Eden B and Staudacher M 2007 Transcendentality and crossing J. Stat. Mech. PO1021

Arutyunov G, Frolov S, Plefka J and Zamaklar M 2007 The off-shell symmetry algebra of the
light-cone AdSs x S° superstring J. Phys. A: Math. Theor. 40 3583

Arutyunov G, Frolov S and Zamaklar M 2007 The Zamolodchikov—Faddeev algebra for
AdS; x S’ superstring J. High Energy Phys. JHEP04(2007)002

Bajnok Z and Janik R A 2009 Four-loop perturbative Konishi from strings and finite size effects
for multiparticle states Nucl. Phys. B 807 625

Arutyunov G and Frolov S 2007 On string S-matrix, bound states and TBA J. High Energy Phys.
JHEP12(2007)024

139


http://dx.doi.org/10.1016/0370-2693(75)90524-9
http://dx.doi.org/10.1016/0370-2693(94)01363-H
http://dx.doi.org/10.1088/1751-8113/42/30/304020
http://dx.doi.org/10.1016/S0550-3213(99)00133-9
http://dx.doi.org/10.1016/S0550-3213(03)00406-1
http://dx.doi.org/10.1016/j.nuclphysb.2003.10.019
http://dx.doi.org/10.1016/j.physrep.2004.09.007
http://dx.doi.org/10.1016/S0550-3213(00)00712-4
http://dx.doi.org/10.1088/1126-6708/2005/02/059
http://dx.doi.org/10.1088/0305-4470/39/41/S15
http://dx.doi.org/10.1016/0370-2693(84)92021-5
http://dx.doi.org/10.1016/0370-2693(85)91071-8
http://dx.doi.org/10.1103/PhysRevD.69.046002
http://dx.doi.org/10.1016/j.nuclphysb.2003.08.036
http://dx.doi.org/10.1103/PhysRevD.69.086009
http://dx.doi.org/10.1088/0305-4470/39/41/S17
http://dx.doi.org/10.1088/1126-6708/2006/09/024
http://dx.doi.org/10.1088/1126-6708/2006/09/024
http://dx.doi.org/10.1007/JHEP08(2007)051
http://dx.doi.org/10.1007/JHEP05(2004)024
http://dx.doi.org/10.1088/1126-6708/2004/10/016
http://dx.doi.org/10.1155/2010/471238
http://dx.doi.org/10.4310/ATMP.2008.v12.n5.a1
http://dx.doi.org/10.1088/1742-5468/2007/01/P01021
http://dx.doi.org/10.1088/1751-8113/40/13/018
http://dx.doi.org/10.1088/1126-6708/2007/04/002
http://dx.doi.org/10.1016/j.nuclphysb.2008.08.020
http://dx.doi.org/10.1088/1126-6708/2007/12/024

J. Phys. A: Math. Theor. 48 (2015) 023001 Topical Review

[111]
[112]
[113]
[114]
[115]

[116]

[117]
[118]

[119]
[120]

[121]
[122]
[123]
[124]
[125]
[126]
[127]
[128]
[129]
[130]
[131]
[132]
[133]

[134]
[135]

[136]
[137]
[138]
[139]

[140]

Arutyunov G and Frolov S 2009 The dressing factor and crossing equations J. Phys. A: Math.
Theor. 42 425401

Arutyunov G and Frolov S 2009 String hypothesis for the AdSs X S° mirror J. High Energy
Phys. JHEP03(2009)152

Gromov N, Kazakov V and Vieira P 2009 Exact spectrum of anomalous dimensions of planar
N = 4 supersymmetric Yang-Mills theory Phys. Rev. Lett. 103 131601

Arutyunov G and Frolov S 2009 Thermodynamic Bethe ansatz for the AdS5 X S® mirror model
J. High Energy Phys. JHEP05(2009)068

Bombardelli D, Fioravanti D and Tateo R 2009 Thermodynamic Bethe ansatz for planar AdS/
CFT: a proposal J. Phys. A: Math. Theor. 42 375401

Gromov N, Kazakov V, Kozak A and Vieira P 2010 Exact spectrum of anomalous dimensions of
planar N' = 4 supersymmetric Yang-Mills theory: TBA and excited states Lest. Math. Phys.
91 265

Cavaglia A, Fioravanti D and Tateo R 2011 Extended Y-system for the AdSs/CFI,
correspondence Nucl. Phys. B 843 302

Balog J and Hegedus A 2011 AdSs X $° Mirror TBA equations from Y-system and discontinuity
relations J. High Energy Phys. JHEP08(2011)095

Suzuki R 2011 Hybrid NLIE for the mirror AdSs X S J. Phys. A: Math. Theor. 44 235401

Balog J and Hegedus A 2012 Hybrid-NLIE for the AdS/CFT spectral problem J. High Energy
Phys. JHEP08(2012)022

Gromov N, Kazakov V, Leurent S and Volin D 2014 Quantum spectral curve for AdS;/CFT,
Phys. Rev. Lett. 112 011602

Gromov N, Kazakov V, Leurent S and Volin D 2014 Quantum spectral curve for arbitrary state/
operator in AdSs/CFT, arXiv:1405.4857

Arutyunov G and Frolov S 2011 Comments on the mirror TBA J. High Energy Phys. JHEPOS
(2011)082

Sfondrini A and van Tongeren S J 2011 Lifting asymptotic degeneracies with the Mirror TBA
J. High Energy Phys. JHEP09(2011)050

Arutyunov G, Frolov S and Suzuki R 2010 Exploring the mirror TBA J. High Energy Phys.
JHEP05(2010)031

Arutyunov G, Frolov S and Suzuki R 2010 Five-loop Konishi from the mirror TBA J. High
Energy Phys. JHEP04(2010)069

Balog J and Hegedus A 2010 Five-loop Konishi from linearized TBA and the XXX magnet
J. High Energy Phys. JHEP06(2010)080

Arutyunov G, Frolov S and van Tongeren S J 2012 Bound states in the mirror TBA J. High
Energy Phys. JHEP02(2012)014

Arutyunov G, Frolov S and Sfondrini A 2012 Exceptional operators in N = 4 super Yang—Mills
J. High Energy Phys. JHEP09(2012)006

Leurent S, Serban D and Volin D 2012 Six-loop Konishi anomalous dimension from the Y-
system Phys. Rev. Lett. 109 241601

Leurent S and Volin D 2013 Multiple zeta functions and double wrapping in planar ' =4 SYM
Nucl. Phys. B 875 757

Gromov N, Kazakov V and Vieira P 2010 Exact spectrum of planar A" = 4 supersymmetric
Yang—Mills theory: Konishi dimension at any coupling Phys. Rev. Lett. 104 211601

Frolov S 2011 Konishi operator at intermediate coupling J. Phys. A: Math. Theor. 44 065401

Frolov S 2012 Scaling dimensions from the mirror TBA J. Phys. A: Math. Theor. 45 305402

Aharony O, Bergman O, Jafferis D L and Maldacena J 2008 N = 6 superconformal Chern—
Simons-matter theories, M2-branes and their gravity duals J. High Energy Phys. JHEP10
(2008)091

Klebanov I R and Torri G 2009 M2-branes and AdS/CFT Int. J. Mod. Phys. A 25 332

Nilsson B E W and Pope C N 1984 Hopf Fibration of eleven-dimensional supergravity Class.
Quantum Grav. 1 499

Berenstein D and Trancanelli D 2014 S-duality and the giant magnon dispersion relation Eur.
Phys. J. C 74 2925

Correa D, Henn J, Maldacena J and Sever A 2012 An exact formula for the radiation of a moving
quark in N = 4 super Yang-Mills J. High Energy Phys. JHEP06(2012)048

Correa D, Maldacena J and Sever A 2012 The quark anti-quark potential and the cusp anomalous
dimension from a TBA equation J. High Energy Phys. JHEP08(2012)134

140


http://dx.doi.org/10.1088/1751-8113/42/42/425401
http://dx.doi.org/10.1007/JHEP03(2009)152
http://dx.doi.org/10.1103/PhysRevLett.103.131601
http://dx.doi.org/10.1007/JHEP05(2009)068
http://dx.doi.org/10.1088/1751-8113/42/37/375401
http://dx.doi.org/10.1007/s11005-010-0374-8
http://dx.doi.org/10.1016/j.nuclphysb.2010.09.015
http://dx.doi.org/10.1007/JHEP08(2011)095
http://dx.doi.org/10.1088/1751-8113/44/23/235401
http://dx.doi.org/10.1007/JHEP08(2012)022
http://dx.doi.org/10.1103/PhysRevLett.112.011602
http://arXiv.org/abs/1405.4857
http://dx.doi.org/10.1007/JHEP05(2011)082
http://dx.doi.org/10.1007/JHEP05(2011)082
http://dx.doi.org/10.1007/JHEP09(2011)050
http://dx.doi.org/10.1007/JHEP05(2010)031
http://dx.doi.org/10.1007/JHEP04(2010)069
http://dx.doi.org/10.1007/JHEP06(2010)080
http://dx.doi.org/10.1007/JHEP02(2012)014
http://dx.doi.org/10.1007/JHEP09(2012)006
http://dx.doi.org/10.1103/PhysRevLett.109.241601
http://dx.doi.org/10.1016/j.nuclphysb.2013.07.020
http://dx.doi.org/10.1103/PhysRevLett.104.211601
http://dx.doi.org/10.1088/1751-8113/44/6/065401
http://dx.doi.org/10.1088/1751-8113/45/30/305402
http://dx.doi.org/10.1088/1126-6708/2008/10/091
http://dx.doi.org/10.1088/1126-6708/2008/10/091
http://dx.doi.org//10.1142/S0217751X10048652
http://dx.doi.org/10.1088/0264-9381/1/5/005
http://dx.doi.org/10.1140/epjc/s10052-014-2925-0
http://dx.doi.org/10.1007/JHEP06(2012)048
http://dx.doi.org/10.1007/JHEP08(2012)134

J. Phys. A: Math. Theor. 48 (2015) 023001 Topical Review

[141]
[142]
[143]
[144]
[145]
[146]
[147]
[148]
[149]
[150]
[151]
[152]
[153]
[154]

[155]
[156]

[157]
[158]
[159]
[160]
[161]
[162]
[163]
[164]
[165]
[166]
[167]
[168]

[169]

Gromov N and Sever A 2012 Analytic solution of Bremsstrahlung TBA J. High Energy Phys.
JHEP11(2012)075

Berenstein D and Trancanelli D 2008 Three-dimensional N'= 6 SCFT’s and their membrane
dynamics Phys. Rev. D 78 106009

Minahan J A and Zarembo K 2008 The Bethe ansatz for superconformal Chern—Simons J. High
Energy Phys. JHEP09(2008)040

Gaiotto D, Giombi S and Yin X 2009 Spin chains in A" = 6 superconformal Chern—Simons
matter theory J. High Energy Phys. JHEP04(2009)066

Gomis J, Sorokin D and Wulff L 2009 The complete AdS, X cP? superspace for the type ITA
superstring and D-branes J. High Energy Phys. JHEP03(2009)015

Stefariski B jr 2009 Green—Schwarz action for Type IIA strings on AdS, X CP® Nucl. Phys. B
808 80

Arutyunov G and Frolov S 2008 Superstrings on AdS, X CP’as a Coset Sigma-model J. High
Energy Phys. JHEP09(2008)129

Sorokin D and Wulff L 2010 Evidence for the classical integrability of the complete AdS, X cP?
superstring J. High Energy Phys. JHEP11(2010)143

Grignani G, Harmark T and Orselli M 2009 The SU (2) x SU (2) sector in the string dual of
N’ = 6 superconformal Chern-Simons theory Nucl. Phys. B 810 115

Ahn C, Bozhllov P and Rashkov R C 2008 Neumann—Rosochatius integrable system for strings
on AdS, X CP* J. High Energy Phys. JHEP09(2008)017

Abbott M C, Aniceto I and Ohlsson Sax O 2009 Dyonic giant magnons in CP*: strings and
curves at finite J Phys. Rev. D 80 026005

Hollowood T J and Miramontes J L 2009 A New and elementary CP" dyonic magnon J. High
Energy Phys. JHEP08(2009)109

Gromov N and Vieira P 2009 The AdS,/CFT; algebraic curve J. High Energy Phys. JHEPO2
(2009)040

Ahn C and Nepomechie R 1 2008 N = 6 Super Chern-Simons theory S-matrix and all-loop
Bethe ansatz equations J. High Energy Phys. JHEPO9(2008)010

Bykov D 2010 Symmetry algebra of the AdS, X CP? superstring Teor. Mat. Fiz. 163 114

Gromov N and Vieira P 2009 The all loop AdS,/CFT; Bethe ansatz J. High Energy Phys.
JHEP01(2009)016

Bombardelli D, Fioravanti D and Tateo R 2010 TBA and Y-system for planar AdS,/CFT; Nucl.
Phys. B 834 543

Gromov N and Levkovich-Maslyuk F 2010 Y-system, TBA and quasi-classical strings in
AdS, x CP? J. High Energy Phys. JHEP06(2010)088

Cavaglia A, Fioravanti D, Gromov N and Tateo R 2014 The Pu-system for the spectrum of the
ABJM theory Phys. Rev. Lett. 113 021601

Gromov N and Sizov G 2014 Exact slope and interpolating functions in ABJM theory Phys. Rev.
Lert. 113 121601

Klose T 2012 Rev1ew of AdS/CFT integrability chapter IV.3: N’ = 6 Chern—Simons and strings
on AdS, x CP® Lett. Math. Phys. 99 401

David J R and Sahoo B 2008 Giant magnons in the D1-D5 system J. High Energy Phys. JHEPO7
(2008)033

David J R and Sahoo B 2010 S-matrix for magnons in the D1-D5 system J. High Energy Phys.
JHEP10(2010)112

Park J and Rey S-J 1999 Green—Schwarz superstring on AdS; X S J. High Energy Phys. JHEPO1
(1999)001

Metsaev R and Tseytlin A A 2001 Superparticle and superstring in AdS; X S* Ramond-Ramond
background in light cone gauge J. Math. Phys. 42 2987

Sundin P and Wulff L 2012 Classical integrability and quantum aspects of the
AdS; x S* x S* x S' superstring J. High Energy Phys. JHEP10(2012)109

Sundin P and Wulff L 2013 The low energy limit of the AdS; X S x M, spinning string J. High
Energy Phys. JHEP10(2013)111

Ohlsson Sax O and Stefariski B Jr. 2011 Integrability spin-chains and the AdS;/CFT,
correspondence J. High Energy Phys. JHEP08(2011)029

Ahn C and Bombardelli D 2013 Exact S-matrices for AdS;/CFT, Int. J. Mod. Phys. A 28
1350168


http://dx.doi.org/10.1007/JHEP11(2012)075
http://dx.doi.org/10.1103/PhysRevD.78.106009
http://dx.doi.org/10.1088/1126-6708/2008/09/040
http://dx.doi.org/10.1088/1126-6708/2009/04/066
http://dx.doi.org/10.1007/JHEP03(2009)015
http://dx.doi.org/10.1016/j.nuclphysb.2008.09.015
http://dx.doi.org/10.1007/JHEP09(2008)129
http://dx.doi.org/10.1007/JHEP11(2010)143
http://dx.doi.org/10.1016/j.nuclphysb.2008.10.019
http://dx.doi.org/10.1007/JHEP09(2008)017
http://dx.doi.org/10.1103/PhysRevD.80.026005
http://dx.doi.org/10.1007/JHEP08(2009)109
http://dx.doi.org/10.1007/JHEP02(2009)040
http://dx.doi.org/10.1007/JHEP02(2009)040
http://dx.doi.org/10.1007/JHEP09(2008)010
http://dx.doi.org/10.1007/s11232-010-0038-y
http://dx.doi.org/10.1007/JHEP01(2009)016
http://dx.doi.org/10.1016/j.nuclphysb.2010.04.005
http://dx.doi.org/10.1007/JHEP06(2010)088
http://dx.doi.org/10.1103/PhysRevLett.113.021601
http://dx.doi.org/10.1103/PhysRevLett.113.121601
http://dx.doi.org/10.1007/s11005-011-0520-y
http://dx.doi.org/10.1088/1126-6708/2008/07/033
http://dx.doi.org/10.1088/1126-6708/2008/07/033
http://dx.doi.org/10.1007/JHEP10(2010)112
http://dx.doi.org/10.1007/JHEP01(1999)001
http://dx.doi.org/10.1007/JHEP01(1999)001
http://dx.doi.org/10.1063/1.1377274
http://dx.doi.org/10.1007/JHEP10(2012)109
http://dx.doi.org/10.1007/JHEP10(2013)111
http://dx.doi.org/10.1007/JHEP08(2011)029
http://dx.doi.org/10.1142/S0217751X13501686
http://dx.doi.org/10.1142/S0217751X13501686

J. Phys. A: Math. Theor. 48 (2015) 023001 Topical Review

[170]
[171]

[172]

[173]
[174]
[175]
[176]
[177]
[178]
[179]
[180]
[181]

[182]

[183]
[184]
[185]
[186]
[187]
[188]
[189]
[190]
[191]
[192]
[193]
[194]
[195]
[196]
[197]

[198]
[199]

Borsato R, Ohlsson Sax O and Sfondrini A 2013 A dynamic su(111)* S-matrix for AdS;/CFT,
J. High Energy Phys. JHEP04(2013)113

Borsato R, Ohlsson Sax O and Sfondrini A 2013 All-loop Bethe ansatz equations for AdS;/CFT,
J. High Energy Phys. JHEP04(2013)116

Borsato R, Ohlsson Sax O, Sfondrini A, Stefariski B Jr. and Torrielli A 2013 The all-loop
integrable spin-chain for strings on AdS; X S* x T*: the massive sector J. High Energy Phys.
JHEP08(2013)043

Borsato R, Ohlsson Sax O, Sfondrini A, Stefariski B Jr. and Torrielli A 2013 Dressing phases of
AdS,/CFT, Phys. Rev. D 88 066004

Ohlsson Sax O, Stefariski B Jr and Torrielli A 2013 On the massless modes of the AdS;/CFT,
integrable systems J. High Energy Phys. JHEP03(2013)109

Lloyd T and Stefanski B Jr 2014 AdS;/CFT,, Finite-gap equations and massless modes J. High
Energy Phys. JHEP04(2014)179

Borsato R, Ohlsson Sax O, Sfondrini A and Stefariski B 2014 All-loop worldsheet S matrix for
AdS; x S* x T* Phys. Rev. Lett. 113 131601

Borsato R, Ohlsson Sax O, Sfondrini A and Stefariski B 2014 The complete AdS; x S* x T*
worldsheet S-matrix J. High Energy Phys. JHEP10(2014)066

Zarembo K 2010 Strings on semisymmetric superspaces J. High Energy Phys. JHEP05(2010)002

Zarembo K Algebraic curves for integrable string backgrounds arXiv:1005.1342

Rughoonauth N, Sundin P and Wulff L 2012 Near BMN dynamics of the AdS; X $xsxs!
superstring J. High Energy Phys. JHEP07(2012)159

Sundin P and Wulff L 2013 Worldsheet scattering in AdS;/CFT, J. High Energy Phys. JHEPO7
(2013)007

Beccaria M, Levkovich-Maslyuk F, Macorini G and Tseytlin A 2013 Quantum corrections to
spinning superstrings in AdS; X S* x M*: determining the dressing phase J. High Energy
Phys. JHEP04(2013)006

Beccaria M and Macorini G 2013 Quantum corrections to short folded superstring in
AdS; x S* x M* J. High Energy Phys. JHEP03(2013)040

Abbott M C 2013 The AdS; x S* x S* x S! Hernandez—L6pez phases: a semiclassical derivation
J. Phys. A: Math. Theor. 46 445401

Bianchi L, Forini V and Hoare B 2013 Two-dimensional S-matrices from unitarity cuts J. High
Energy Phys. JHEP07(2013)088

Engelund O T, McKeown R W and Roiban R 2013 Generalized unitarity and the worldsheet S
matrix in AdS, x S" x M'°~*" J. High Energy Phys. JHEP08(2013)023

Sundin P 2014 Worldsheet two- and four-point functions at one loop in AdS(3)/CFT Phys. Rev.
Lett. B 733 134-9

Bianchi L and Hoare B 2014 AdS; X S* x M* String S-matrices from unitarity cuts J. High
Energy Phys. JHEP08(2014)097

Pakman A, Rastelli L and Razamat S S 2009 Diagrams for symmetric product orbifolds J. High
Energy Phys. JHEP10(2009)034

Pakman A, Rastelli L and Razamat S S 2010 A spin chain for the symmetric product CFTL,
J. High Energy Phys. JHEP05(2010)099

Cagnazzo A and Zarembo K 2012 B-Field in AdS;/CFT, correspondence and integrability
J. High Energy Phys. JHEP11(2012)133

Hoare B and Tseytlin A 2013 On string theory on AdS; X S* x T* with mixed 3-form flux: tree-
level S-matrix Nucl. Phys. B 873 682

Hoare B and Tseytlin A 2013 Massive S-matrix of AdS; X S* x T* superstring theory with
mixed 3-form flux Nucl. Phys. B 873 395

Hoare B, Stepanchuk A and Tseytlin A 2014 Giant magnon solution and dispersion relation in
string theory in AdS; X S* x T* with mixed flux Nucl. Phys. B 879 318-47

Bablchenko A, Dekel A and Ohlsson Sax O 2014 Finite-gap equations for strings on
AdS; % $* x T4 with mixed 3-form flux arXiv:1405.6087

Lloyd T, Ohlsson Sax O, Sfondrml A and Stefaniski B 2014 The complete worldsheet S matrix of
superstrings on AdS;xS SxT* w1th mixed three-form flux arXiv:1410.0866

Janik R A 2006 The AdSs x S’ superstring worldsheet S-matrix and crossing symmetry Phys.
Rev. D 73 086006

Tseytlin A A 2001 Superstrings in AdS in light cone gauge Int. J. Mod. Phys. A 16 900

Waulff L 2013 The type II superstring to order 6* J. High Energy Phys. JHEP07(2013)123

142


http://dx.doi.org/10.1007/JHEP04(2013)113
http://dx.doi.org/10.1007/JHEP04(2013)116
http://dx.doi.org/10.1007/JHEP08(2013)043
http://dx.doi.org/10.1103/PhysRevD.88.066004
http://dx.doi.org/10.1007/JHEP03(2013)109
http://dx.doi.org/10.1007/JHEP04(2014)179
http://dx.doi.org/10.1103/PhusRevLett.113.131601
http://dx.doi.org/10.1007/JHEP10(2014)066
http://dx.doi.org/10.1007/JHEP05(2010)002
http://arXiv.org/abs/1005.1342
http://dx.doi.org/10.1007/JHEP07(2012)159
http://dx.doi.org/10.1007/JHEP07(2013)007
http://dx.doi.org/10.1007/JHEP07(2013)007
http://dx.doi.org/10.1007/JHEP04(2013)006
http://dx.doi.org/10.1007/JHEP03(2013)040
http://dx.doi.org/10.1088/1751-8113/46/44/445401
http://dx.doi.org/10.1007/JHEP07(2013)088
http://dx.doi.org/10.1007/JHEP08(2013)023
http://dx.doi.org/10.1016/j.physletb.2014.04.022
http://dx.doi.org/10.1007/JHEP08(2014)097
http://dx.doi.org/10.1088/1126-6708/2009/10/034
http://dx.doi.org/10.1007/JHEP05(2010)099
http://dx.doi.org/10.1007/JHEP11(2012)133
http://dx.doi.org/10.1016/j.nuclphysb.2013.05.005
http://dx.doi.org/10.1016/j.nuclphysb.2013.05.005
http://dx.doi.org/10.1016/j.nuclphysb.2013.12.011
http://arXiv.org/abs/1405.6087
http://arXiv.org/abs/1410.0866
http://dx.doi.org/10.1103/PhysRevD.73.086006
http://dx.doi.org/10.1142/S0217751X01003986
http://dx.doi.org/10.1007/JHEP07(2013)123

J. Phys. A: Math. Theor. 48 (2015) 023001 Topical Review

[200]
[201]

[202]
[203]

[204]
[205]

[206]
[207]

[208]
[209]
[210]

[211]
[212]

[213]
[214]

[215]
[216]
[217]
[218]
[219]
[220]
[221]
[222]
[223]
[224]
[225]
[226]
[227]
[228]
[229]
[230]

[231]
[232]

Zoubos K 2012 Review of AdS/CFT integrability, chapter IV.2: deformations orbifolds and open
boundaries Lett. Math. Phys. 99 375

Mandal G, Raju S and Smedback M 2008 Supersymmetric giant graviton solutions in AdS; Phys.
Rev. D 77 046011

Prinsloo A 2014 D1 and D5-brane giant gravitons on AdS; X $* x §* x S! arXiv:1406.6134

Arutyunov G and Frolov S 2006 Uniform light-cone gauge for strings in AdSs X S3: solving
SU (111) sector J. High Energy Phys. JHEP01(2006)005

Arutyunov G, Frolov S and Zamaklar M 2007 Finite-size effects from giant magnons Nucl. Phys.
B 778 1

Berenstein D E, Maldacena J M and Nastase H S 2002 Strings in flat space and pp waves from
N = 4 super Yang-Mills J. High Energy Phys. JHEP04(2002)013

Souriau J 1970 Structure des Systemes Dynamiques (Paris: Dunod)

Beisert N and Zwiebel B 12007 On symmetry enhancement in the psu(1, 112) sector of N' =4
SYM J. High Energy Phys. JHEP10(2007)031

Hoare B and Tseytlin A 2011 Towards the quantum S-matrix of the Pohlmeyer reduced version
of AdSs x S° superstring theory Nucl. Phys. B 851 161

Babelon O, Bernard D and Talon M 2007 Introduction to Classical Integrable Systems
(Cambridge: Cambridge University Press)

Faddeev L, Takhtajan L and Reyman A 2007 Hamiltonian Methods in the Theory of Solitons
(Berlin: Springer)

Gaudin M 1983 La fonction d’onde de Bethe (Paris: Masson)

Zamolodchikov A B and Zamolodchikov A B 1979 Factorized S matrices in two dimensions as
the exact solutions of certain relativistic quantum field models Ann. Phys. 120 253

Faddeev L 1996 How algebraic Bethe ansatz works for integrable model arXiv:hep-th/9605187

Gardner C S, Greene ] M, Kruskal M D and Miura R M 1967 Method for solving the Korteweg-
de Vries equation Phys. Rev. Lett. 19 1095

Lax P D 1968 Integrals of nonlinear equations of evolution and solitary waves Commun. Pure
Appl. Math. 21 467

Zakharov V and Faddeev L 1971 Korteweg-de Vries equation: a completely integrable
Hamiltonian system Funct. Anal. Appl. 5 280

Shabat A and Zakharov V 1972 Exact theory of two-dimensional self-focusing and one-
dimensional self-modulation of waves in nonlinear media Sov. Phys. JETP 34 62

Gel’fand I and Levitan B 1955 On the Determination of a Differential Equation from its Spectral
Function (Providence, RI: American Mathematical Society)

Marchenko V 1986 Sturm—Liouville Operators and Applications (Basel: Birkduser)

Faddeev L 1980 Quantum completely integral models of field theory Sov. Sci. Rev. C 1 107

Plefka J, Spill F and Torrielli A 2006 On the Hopf algebra structure of the AdS/CFT S-matrix
Phys. Rev. D 74 066008

Torrielli A 2012 Review of AdS/CFT integrability, chapter VI.2: Yangian algebra Lett. Math.
Phys. 99 547

Torrielli A 2011 Yangians, S-matrices and AdS/CFT J. Phys. A: Math. Theor. 44 263001

Delius G 1995 Exact S-matrices with affine quantum group symmetry Nucl. Phys. B 451 445

Beisert N, Dippel V and Staudacher M 2004 A Novel long range spin chain and planar N = 4
super Yang-Mills J. High Energy Phys. JHEP07(2004)075

Dorey N, Hofman D M and Maldacena J M 2007 On the singularities of the magnon S-matrix
Phys. Rev. D 76 025011

Vieira P and Volin D 2012 Review of AdS/CFT Integrability, chapter IIL.3: the dressing factor
Lett. Math. Phys. 99 231

Hernandez R and Lépez E 2006 Quantum corrections to the string Bethe ansatz J. High Energy
Phys. JHEP07(2006)004

Castillejo L, Dalitz R and Dyson F 1956 Low’s scattering equation for the charged and neutral
scalar theories Phys. Rev. 101 453

Chen H-Y, Dorey N and Okamura K 2007 The Asymptotic spectrum of the A" = 4 super Yang—
Mills spin chain J. High Energy Phys. JHEP03(2007)005

Arutyunov G and Frolov S 2008 The S-matrix of string bound states Nucl. Phys. B 804 90

Dorey N 2006 Magnon bound states and the AdS/CFT correspondence J. Phys. A: Math. Gen. 39
13119

143


http://dx.doi.org/10.1007/s11005-011-0515-8
http://dx.doi.org/10.1103/PhysRevD.77.046011
http://arXiv.org/abs/1406.6134
http://dx.doi.org/10.1007/JHEP01(2006)005
http://dx.doi.org/10.1016/j.nuclphysb.2006.12.026
http://dx.doi.org/10.1007/JHEP04(2002)013
http://dx.doi.org/10.1007/JHEP10(2007)031
http://dx.doi.org/10.1016/j.nuclphysb.2011.05.016
http://dx.doi.org/10.1016/0003-4916(79)90391-9
http://arXiv.org/abs/hep-th/9605187
http://dx.doi.org/10.1103/PhysRevLett.19.1095
http://dx.doi.org/10.1002/cpa.3160210503
http://dx.doi.org/10.1007/BF01086739
http://dx.doi.org/10.1103/PhysRevD.74.066008
http://dx.doi.org/10.1007/s11005-011-0491-z
http://dx.doi.org/10.1088/1751-8113/44/26/263001
http://dx.doi.org/10.1016/0550-3213(95)00336-Q
http://dx.doi.org/10.1088/1126-6708/2004/07/075
http://dx.doi.org/10.1103/PhysRevD.76.025011
http://dx.doi.org/10.1007/s11005-011-0482-0
http://dx.doi.org/10.1088/1126-6708/2006/07/004
http://dx.doi.org/10.1103/PhysRev.101.453
http://dx.doi.org/10.1088/1126-6708/2007/03/005
http://dx.doi.org/10.1016/j.nuclphysb.2008.06.005
http://dx.doi.org/10.1088/0305-4470/39/41/S18
http://dx.doi.org/10.1088/0305-4470/39/41/S18

J. Phys. A: Math. Theor. 48 (2015) 023001 Topical Review

[233]
[234]
[235]
[236]

[237]
[238]

[239]
[240]
[241]
[242]
[243]
[244]
[245]
[246]
[247]
[248]
[249]
[250]
[251]

[252]

[253]
[254]
[255]
[256]
[257]
[258]
[259]
[260]

[261]
[262]

[263]

Abbott M C 2013 Comment on strings in AdS; X S* x §* x S'at one loop J. High Energy Phys.
JHEP02(2013)102

Eden R, Landshoff P, Olive D and Polkinghorne J 2002 The Analytic S Matrix (Cambridge:
Cambridge University Press)

Beisert N 2012 Review of AdS/CFT integrability, chapter VI.1: superconformal symmetry Letz.
Math. Phys. 99 529

Beisert N and Staudacher M 2003 The A = 4 SYM integrable super spin chain Nucl. Phys. B
670 439

Beisert N 2004 The su(213) dynamic spin chain Nucl. Phys. B 682 487

Rej A 2012 Review of AdS/CFT integrability, chapter 1.3: long-range spin chains Lett. Math.
Phys. 99 85

Essler F H and Korepin V E 1992 A new solution of the supersymmetric T-J model by means of
the quantum inverse scattering method arXiv:hep-th/9207007

Ogievetsky E and Wiegmann P 1986 Factorized S matrix and the Bethe ansatz for simple Lie
groups Phys. Lett. B 168 360

Klose T, McLoughlin T, Roiban R and Zarembo K 2007 Worldsheet scattering in AdSs X S°
J. High Energy Phys. JHEP03(2007)094

Maldacena J M and Swanson I 2007 Connecting giant magnons to the pp-wave: an interpolating
limit of AdSs X S Phys. Rev. D 76 026002

Beisert N and Klose T 2006 Long-range gl(n) integrable spin chains and plane-wave matrix
theory J. Stat. Mech PO7006

Bargheer T, Beisert N and Loebbert F 2009 Long-range deformations for integrable spin chains
J. Phys. A: Math. Theor. 42 285205

Beisert N, Minahan J, Staudacher M and Zarembo K 2003 Stringing spins and spinning strings
J. High Energy Phys. JHEP09(2003)010

Beisert N, Frolov S, Staudacher M and Tseytlin A A 2003 Precision spectroscopy of AdS/CFT
J. High Energy Phys. JHEP10(2003)037

Gromov N and Vieira P 2008 Complete 1-loop test of AdS/CFT J. High Energy Phys. JHEPO4
(2008)046

Gromov N, Schafer-Nameki S and Vieira P 2008 Quantum wrapped giant magnon Phys. Rev. D
78 026006

Zamolodchikov A B and Zamolodchikov A B 1992 Massless factorized scattering and sigma
models with topological terms Nucl. Phys. B 379 602

Fendley P, Saleur H and Zamolodchikov A B 1993 Massless flows. 1. The Sine-Gordon and
O (n) models Int. J. Mod. Phys. A 8 5717

Fendley P, Saleur H and Zamolodchikov A B 1993 Massless flows, 2. The exact S matrix
approach Int. J. Mod. Phys. A 8 5751

Fendley P and Saleur H 1993 Massless integrable quantum field theories and massless scattering
in (1+1)-dimensions Summer School on High Energy Physics and Cosmology (Trieste)
pp 301-32

Alday L F, Arutyunov G and Frolov S 2006 Green—Schwarz strings in TsT-transformed
backgrounds J. High Energy Phys. JHEP06(2006)018

Gross D J and Neveu A 1974 Dynamical symmetry breaking in asymptotically free field theories
Phys. Rev. D 10 3235

Witten E 1978 Chiral symmetry, the 1/n expansion, and the SU (N) Thirring model Nucl. Phys. B
145 110

Frappat L, Sorba P and Sciarrino A 1996 Dictionary on Lie superalgebras arXiv:hep-th/9607161

Gavarini F 2010 Chevalley supergroups of type D (2, 1; ) arXiv:1006.0464

Murugan J, Sundin P and Wulff L 2013 Classical and quantum integrability in AdS,/CFT,
J. High Energy Phys. JHEP01(2013)047

Sundborg B 2001 Stringy gravity, interacting tensionless strings and massless higher spins Nucl.
Phys. Proc. Suppl 102 113

Witten E 2001 Spacetime reconstruction Talk at the John Schwarz 60th Birthday Symposium
http://theory.caltech.edu/jhs60/witten/1.html

Sezgin E and Sundell P 2002 Massless higher spins and holography Nucl. Phys. B 644 303

Achucarro A and Townsend P 1986 A Chern—Simons action for three-dimensional anti-de Sitter
supergravity theories Phys. Lett. B 180 89

Witten E 1988 (2+1)-Dimensional gravity as an exactly soluble system Nucl. Phys. B 311 46

144


http://dx.doi.org/10.1007/JHEP02(2013)102
http://dx.doi.org/10.1007/s11005-011-0479-8
http://dx.doi.org/10.1016/j.nuclphysb.2003.08.015
http://dx.doi.org/10.1016/j.nuclphysb.2003.12.032
http://dx.doi.org/10.1007/s11005-011-0509-6
http://arXiv.org/abs/hep-th/9207007
http://dx.doi.org/10.1016/0370-2693(86)91644-8
http://dx.doi.org/10.1088/1126-6708/2007/03/094
http://dx.doi.org/10.1103/PhysRevD.76.026002
http://dx.doi.org/10.1088/1751-8113/42/28/285205
http://dx.doi.org/10.1007/JHEP09(2003)010
http://dx.doi.org/10.1007/JHEP10(2003)037
http://dx.doi.org/10.1088/1126-6708/2008/04/046
http://dx.doi.org/10.1088/1126-6708/2008/04/046
http://dx.doi.org/10.1103/PhysRevD.78.026006
http://dx.doi.org/10.1016/0550-3213(92)90136-Y
http://dx.doi.org/10.1142/S0217751X93002265
http://dx.doi.org/10.1142/S0217751X93002265
http://dx.doi.org/10.1088/1126-6708/2006/06/018
http://dx.doi.org/10.1103/PhysRevD.10.3235
http://dx.doi.org/10.1016/0550-3213(78)90416-9
http://arXiv.org/abs/hep-th/9607161
http://arXiv.org/abs/1006.0464
http://dx.doi.org/10.1007/JHEP01(2013)047
http://dx.doi.org/10.1016/S0920-5632(01)01545-6
http://theory.caltech.edu/jhs60/witten/1.html
http://dx.doi.org/10.1016/S0550-3213(02)00739-3
http://dx.doi.org/10.1016/0370-2693(86)90140-1
http://dx.doi.org/10.1016/0550-3213(88)90143-5

J. Phys. A: Math. Theor. 48 (2015) 023001 Topical Review

[264]
[265]
[266]
[267]

[268]
[269]

[270]
[271]
[272]
[273]
[274]
[275]
[276]

[277]
[278]

[279]
[280]
[281]
[282]
[283]
[284]
[285]
[286]
[287]
[288]
[289]
[290]
[291]
[292]

[293]

Blencowe M 1989 A consistent interacting massless higher spin field theory in D = (2 + 1)
Class. Quantum Grav. 6 443

Campoleoni A, Fredenhagen S, Pfenninger S and Theisen S 2010 Asymptotic symmetries of
three-dimensional gravity coupled to higher-spin fields J. High Energy Phys. JHEP11(2010)007

Henneaux M and Rey S-J 2010 Nonlinear W, as asymptotic symmetry of three-dimensional
higher spin anti-de Sitter gravity J. High Energy Phys. JHEP12(2010)007

Zamolodchikov A 1985 Infinite additional symmetries in two-dimensional conformal quantum
field theory Theor. Math. Phys 65 1205

Bouwknegt P and Schoutens K 1993 W symmetry in conformal field theory Phys. Rep. 223 183

Gaberdiel M R and Gopakumar R 2011 An AdS; dual for minimal model CFTs Phys. Rev. D 83
066007

Gaberdiel M R and Hartman T 2011 Symmetries of holographic minimal models J. High Energy
Phys. JHEP05(2011)031

Candu C and Gaberdiel M R 2013 Supersymmetric holography on AdS; J. High Energy Phys.
JHEP09(2013)071

Henneaux M, Lucena Gémez G, Park J and Rey S-J 2012 Super-W,, asymptotic symmetry of
higher-spin AdS; supergravity J. High Energy Phys. JHEP06(2012)037

Gaberdiel M R and Gopakumar R 2013 Minimal model holography J. Phys. A: Math. Theor. 46
214002

Gaberdiel M R and Gopakumar R 2013 Large N = 4 holography J. High Energy Phys. JHEP09
(2013)036

Gaberdiel M 2013 Large N = 4 minimal model holography Talk at the integrability in Gauge
and string theory workshop http://web.science.uu.nl/IGST13/

Pittelli A, Torrielli A and Wolf M 2014 Secret symmetries of type IIB superstring theory on
AdS; X S* x M, J. Phys. A: Math. Theor. 47 455402

Sagnotti A and Taronna M 2011 String lessons for higher-spin interactions Nucl. Phys. B 842 299

Chang C-M, Minwalla S, Sharma T and Yin X 2013 ABJ Triality: from higher spin fields to
strings J. Phys. A: Math. Theor. 46 214009

Kachru S and Silverstein E 1998 4-D Conformal theories and strings on orbifolds Phys. Rev. Lett
80 4855

Lawrence A E, Nekrasov N and Vafa C 1998 On conformal field theories in four-dimensions
Nucl. Phys. B 533 199

Lunin O and Maldacena J M 2005 Deforming field theories with U (1) x U (1) global symmetry
and their gravity duals J. High Energy Phys. JHEP05(2005)033

Frolov S 2005 Lax pair for strings in Lunin—-Maldacena background J. High Energy Phys.
JHEP05(2005)069

Beisert N and Koroteev P 2008 Quantum deformations of the one-dimensional Hubbard model
J. Phys. A: Math. Theor. 41 255204

Beisert N, Galleas W and Matsumoto T 2012 A quantum affine algebra for the deformed
Hubbard chain J. Phys. A: Math. Theor. 45 365206

Hoare B, Hollowood T J and Miramontes J L 2012 g-Deformation of the AdSy X S3 superstring
S-matrix and its relativistic limit J. High Energy Phys. JHEP03(2012)015

de Leeuw M, Matsumoto T and Regelskis V 2012 The bound state S-matrix of the deformed
Hubbard chain J. High Energy Phys. JHEP04(2012)021

Delduc F, Magro M and Vicedo B 2014 An integrable deformation of the AdS5 X S’ superstring
action Phys. Rev. Lett. 112 051601

Arutyunov G, Borsato R and Frolov S 2014 S-Matrix for strings on 7-deformed AdSs X S°J.
High Energy Phys. JHEP04(2014)002

Arutyunov G, de Leeuw M and van Tongeren S J 2014 On the exact spectrum and mirror duality
of the (AdSs X S’ ), superstring arXiv:1403.6104

Kawaguchi I, Matsumoto T and Yoshida K 2014 Jordanian deformations of the AdSSxS5
superstring J. High Energy Phys. JHEP04(2014)153

van Tongeren S J 2014 Integrability of the AdSs X S° superstring and its deformations J. Phys.
A: Math. Theor. 47 433001

David J R and Sadhukhan A 2011 Classical integrability in the BTZ black hole J. High Energy
Phys. JHEP08(2011)079

David J R, Kalousios C and Sadhukhan A 2013 Generating string solutions in BTZ J. High
Energy Phys. JHEP02(2013)013

145


http://dx.doi.org/10.1088/0264-9381/6/4/005
http://dx.doi.org/10.1007/JHEP11(2010)007
http://dx.doi.org/10.1007/JHEP12(2010)007
http://dx.doi.org/10.1007/BF01036128
http://dx.doi.org/10.1016/0370-1573(93)90111-P
http://dx.doi.org/10.1103/PhysRevD.83.066007
http://dx.doi.org/10.1103/PhysRevD.83.066007
http://dx.doi.org/10.1007/JHEP05(2011)031
http://dx.doi.org/10.1007/JHEP09(2013)071
http://dx.doi.org/10.1007/JHEP06(2012)037
http://dx.doi.org/10.1088/1751-8113/46/21/214002
http://dx.doi.org/10.1088/1751-8113/46/21/214002
http://dx.doi.org/10.1007/JHEP09(2013)036
http://dx.doi.org/10.1007/JHEP09(2013)036
http://web.science.uu.nl/IGST13/
http://dx.doi.org/10.1088/1751-8113/47/45/455402
http://dx.doi.org/10.1016/j.nuclphysb.2010.08.019
http://dx.doi.org/10.1088/1751-8113/46/21/214009
http://dx.doi.org/10.1103/PhysRevLett.80.4855
http://dx.doi.org/10.1016/S0550-3213(98)00495-7
http://dx.doi.org/10.1088/1126-6708/2005/05/033
http://dx.doi.org/10.1088/1126-6708/2005/05/069
http://dx.doi.org/10.1088/1751-8113/41/25/255204
http://dx.doi.org/10.1088/1751-8113/45/36/365206
http://dx.doi.org/10.1007/JHEP03(2012)015
http://dx.doi.org/10.1007/JHEP04(2012)021
http://dx.doi.org/10.1103/PhysRevLett..112.051601
http://dx.doi.org/10.1007/JHEP04(2014)002
http://arXiv.org/abs/1403.6104
http://dx.doi.org/10.1007/JHEP04(2014)153
http://dx.doi.org/10.1088/1751-8113/47/43/433001
http://dx.doi.org/10.1007/JHEP08(2011)079
http://dx.doi.org/10.1007/JHEP02(2013)013

	1. Introduction
	1.1. AdS3 gravity and holography
	1.2. The spectral problem
	String theory in light-cone gauge
	The decompactification limit and the worldsheet S matrix
	A spin-chain picture
	The spectrum of the finite-size theory

	1.3. The integrability approach to AdS/CFT
	The case of AdS5/CFT4
	The case of AdS4/CFT3
	The case of AdS3/CFT2

	1.4. Plan of the review
	A note on notation


	2. The nonlinear &#x003C3; model and its symmetries
	2.1. Bosonic strings in light-cone gauge
	Perturbative expansion of the action
	Evaluation of the quadratic Hamiltonian

	2.2. The AdS3&times;S3&times;T4 supercoset
	The superalgebra psu(1,1&#x0007C;2)
	Supermatrix realization
	The full algebra and Z4-automorphism
	Parametrization of group elements
	Lagrangian and Noether current

	2.3. Massive modes in light-cone gauge
	Evaluation of the action
	Gauge fixing
	Noether charge
	Perturbative evaluation at leading order
	Quadratic expressions in the fields
	Momentum-space representation

	2.4. Symmetry algebra and its representation
	Commutation relations
	Representations on one-excitation states
	On-shell representations
	Off-shell representations
	Tensor-product structure
	The central charges

	2.5. Section summary

	3. The all-loop integrable S matrix
	3.1. Classical and quantum integrability
	Classical integrable theories
	Integrability for two-dimensional QFTs
	The Zamolodchikov-Faddeev algebra
	Consistency conditions
	Symmetries

	3.2. Representations of su(1&#x0007C;1)2 centrally extended
	Shortening condition
	One-particle representation
	Dispersion relation
	Left-right symmetry
	Two-particle representation

	3.3. Finding the S matrix
	Off-shell symmetries
	Left-right symmetry
	Braiding and physical unitarity
	The reflectionless su(1&#x0007C;1)c.e.2 S matrix
	Same-chirality scattering
	Opposite-chirality scattering
	Scalar factors
	The full S matrix
	Yang-Baxter equation and integrability
	Comparison with the su(2&#x0007C;2)-symmetric S matrix

	3.4. Section summary

	4. Crossing symmetry and dressing factors
	4.1. Crossing symmetry
	Uniformising the dispersion relation
	Charge conjugation
	Crossing equations
	Constraints on the scalar factors

	4.2. Solving the crossing equations
	Dressing phases in AdS5&times;S5
	Solution for the sum of the phases
	Solution for the difference of the phases

	4.3. Poles of the S matrix
	Bound states and short representations
	Semiclassical bound states from giant magnons
	Simple poles of the S matrix
	Conditions on CDD factors

	4.4. Section summary

	5. The psu(1,1&#x0007C;2)2 spin chain
	5.1. The weakly-coupled spin chain
	The spin-chain algebra and representation
	The ground state
	Excitations at weak coupling
	Fundamental representations

	5.2. The dynamical spin chain
	Constructing the central extension
	Magnons
	Charge action on multiparticle states
	One-particle representation coefficients
	Two-particle representation

	5.3. The spin-chain S matrix
	Properties of the S matrix
	Symmetries
	Braiding unitarity and physical unitarity
	Yang-Baxter equation and multiparticle scattering
	S-matrix elements
	Same-chirality scattering
	Opposite-chirality scattering

	5.4. Comparing with the worlsheet S matrix
	From the spin-chain to the worldsheet coproduct
	Scalar factors and crossing

	5.5. Section summary

	6. The all-loop Bethe ansatz equations
	6.1. Bethe ansatz essentials
	Imposing periodicity
	Bethe ansatz from the worldsheet
	The level-matching condition

	6.2. Nested Bethe ansatz
	Level-I excitations
	Level-II excitations
	Level-II excitations: propagation
	Level-II excitations: scattering
	Bethe ansatz equations
	Worldsheet picture

	6.3. The psu(1,1&#x0007C;2)2 Bethe ansatz
	Sketch of the nesting procedure
	Bethe equations
	Small-h limit and Cartan matrix
	Global charges
	Worldsheet picture

	6.4. Section summary

	7. Comparison with perturbative calculations
	7.1. Expansions of the dressing factors
	Strong-coupling expansion
	Semiclassical and near-flat-space limits
	Weak-coupling expansion

	7.2. Comparisons
	Tree-level S matrix
	One- and two-loop S-matrix elements
	Finite-gap equations

	7.3. Section summary

	8. Recent developments and new directions
	8.1. Massless modes in AdS3&times;S3&times;T4
	8.2. Integrability for the AdS3&times;S3&times;S3&times;S1 background
	Classical and perturbative aspects
	Quantum integrability
	Massless modes and &#x003B1;&#x02192;1 limit

	8.3. Mixed-flux backgrounds
	Classical integrability
	Towards quantum integrability

	8.4. Conclusions and outlook

	Acknowledgments
	AppendixA.1.
	A.1. Generalities of the psu(1,1&#x0007C;2) superalgebra
	Serre-Chevalley bases
	A continuous automorphism
	Supermatrix realization
	Two copies of psu(1,1&#x0007C;2)

	A.2. Explicit expressions for the coset action
	Parametrization of group elements
	Explicit expressions for perturbative evaluation
	Solving the constraints

	A.3. Quadratic charges in terms of the fields
	From field to oscillators

	A.4. Dualization of the Bethe ansatz equations
	Duality for the su(1&#x0007C;1)c.e.2 Bethe equations
	Duality for the psu(1&#x0007C;1)c.e.4 Bethe equations


	References



