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Marco Polo descrive un ponte, pietra per pietra.

“Ma qual ¢ la pietra che sostiene il ponte?” chiede Kublai Kan.

“Il ponte non e sostenuto da questa o quella pietra,” risponde Marco,
“ma dalla linea dell’arco che esse formano.”

Kublai Kan rimane silenzioso, riflettendo. Poi soggiunge:

“Perché mi parli delle pietre? E solo dell’arco che m’importa.”

Polo risponde: “Senza pietre non c’e arco.”

Le citta invisibili, Italo Calvino

Marco Polo describes a bridge, stone by stone.

“But which is the stone that supports the bridge?” Kublai Khan asks.

“The bridge is not supported by one stone or another,” Marco answers,

“but by the line of the arch that they form.”

Kublai Khan remains silent, reflecting. Then he adds:

“Why do you speak to me of the stones? It is only the arch that matters to me.”

Polo answers: “Without stones there is no arch.”

Invisible Cities, Italo Calvino
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Chapter 1

Introduction

Together with great achievements, general relativity and quantum field theory come
with unresolved problems. Among others, these include quantisation of gravity and
a feasible description of strongly-coupled gauge theories. Recent developments have
proved that string theory is a useful framework to investigate open issues in theoreti-
cal Physics. One sign of this success may be seen in the discovery of dualities, through
which we are able to relate seemingly different concepts. In the most celebrated “holo-
graphic duality”, gravity and gauge theories turn out to be two sides of the same coin. A
prominent role in the study of this correspondence has been played by Integrability. The
term “Integrability” is very broad, and actually collects many different concepts—from
classical integrable models to factorisation of scattering in two-dimensional quantum
field theories, et cetera. For the moment we point out that methods borrowed from Inte-
grability allow one to obtain exact results that go beyond the usual perturbative analy-
sis, thus giving stringent tests for holography. Interestingly, Integrability provides a new
language to describe both the string and the gauge theory forming the holographic pair.
In this introductory chapter we review some of these achievements and explain how this
thesis fits in this context.

Maldacena’s proposal [10] currently known as the AdS/CFT correspondence is a con-
crete version of the holographic principle anticipated by 't Hooft in 1974 [11]. AdS/CFT
conjectures the equivalence between a gravity theory living in an (asymptotically) Anti-
de Sitter (AdS) spacetime in d + 1 dimensions, and a gauge theory—or more precisely
a conformal field theory (CFT)—in flat d-dimensional Minkowski spacetime. Often one
refers to AdS as the bulk and interprets the gauge theory as living on the boundary of this
spacetime.

The best understood example of this conjecture is the pair AdSs/CFT,4. On the one
side we have string theory on the ten-dimensional background AdSs;xS°, the product
of a five-dimensional Anti-de Sitter and a five-dimensional sphere. On the other side
we find N = 4 super Yang-Mills (SYM), the maximally supersymmetric gauge theory in
four dimensions. Although the equivalence is believed to hold precisely at any point in
the parameter space, it becomes more testable in the planar or large-N limit.

For the gauge theory, N is the number of colors of the gauge group SU(N), and as
pointed out already by 't Hooft [11] sending N — oo is a way to simplify the problem
while keeping some of its non-trivial feautures. In some sense it is an approximation
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6 Chapter 1. Introduction

along a direction different from the usual perturbation theory, the latter being an expan-
sion in the number of loops. At large N an indefinite number of loops remains, but at
leading order only planar graphs survive. These are the Feynman graphs that can be
drawn on genus-zero surfaces like the sphere, as opposed to the ones that can be drawn
only on surfaces with handles. To be more precise, when N — co we have to send the
Yang-Mills coupling gym to zero in such a way that the effective coupling A = g N
remains finite. After this limit is taken, one may still implement the usual perturbation
theory by performing an expansion at small values of A—the point A = 0 corresponding
to the free theory.

On the string side, the planar limit corresponds to considering free, i.e. non interact-
ing, strings. More precisely, for N large the string coupling constant g, is related to the
‘t Hooft coupling ) as g, = A/47N and it tends to zero, while the tension g = v/\/27
remains finite. These relations show one of the most exciting features of the AdS/CFT
correspondence, namely that it is a weak/strong duality. In fact, the regime in which the
string theory is more tractable is not for small values of A, but rather for A > 1. This
is when the tension is large and the string moves like a rigid object. Therefore, if we
decide to make our life easier by considering the “simple” regime for the string, this ac-
tually corresponds to the—usually unaccessible—gauge theory at strong coupling, and
vice versa!

The AdS/CFT correspondence is made quantitatively more precise by saying how
to match observables on the two sides of the duality. In particular, conformal dimen-
sions of operators correspond to the energies of the dual string configurations [12, 13].
Integrability for gauge and string theory has the power of computing exactly the depen-
dence of these observables on the effective coupling \. We are then able to go beyond
a perturbative expansion at weak or at strong coupling, and we can actually interpolate
the spectrum between the two sides for any finite value of A. The achievement is not
just computational, but also conceptual. In fact, with these methods we find a unified
description of both the gauge and the string theory in a single quantum integrable model
in 141 dimensions. From the point of view of the gauge theory, the interpretation is that
of a spin-chain with long-range interactions; the different flavors of the field content of
N = 4 SYM correspond in fact to the directions of the spins. For the string, the quan-
tum integrable model is the one arising on the worldsheet after gauge-fixing, where the
excitations now correspond to the bosonic and fermionic coordinates that parameterise
the spacetime in which the superstring is living. Integrability allows one to compute the
all-loop S-matrix governing the scattering of the excitations, on the spin-chain or on the
worldsheet. The remarkable fact is that both sides of the AdS/CFT correspondence lead
to the same result.

Gauge theory and Integrability The first hint about the presence of Integrability in the
large-N limit appeared on the gauge theory side!. In their seminal paper [16], Minahan
and Zarembo showed that the problem of finding the spectrum of the gauge theory can
be rephrased in terms of an integrable spin-chain. Let us say a few words about this.
Because of conformal symmetry, interesting observables to consider are the confor-
mal dimensions of gauge-invariant operators. These are formed by taking traces of

ntegrability in the context of four-dimensional gauge theories appeared already in [14, 15], where it was
shown that it manifests itself in some specific regimes of Quantum Chromodynamics (QCD).



products of fields, where the trace is needed to ensure gauge invariance’. The one-
dimensional object that we get by taking this product already suggests how a spin-chain
comes into the game. The various fields here play the role of the spins pointing in dif-
ferent directions in the space of flavors. Because of the cyclicity of the trace, we can
anticipate that what we consider are periodic spin-chains. The analogy becomes more
precise when one computes loop corrections to the dilatation operator. For simplicity
let us focus on an “su(2) sector” with just two scalar fields of N' = 4 SYM, that we will
interpret as “spin up” and “spin down”. One finds that at one loop the operator mea-
suring the anomalous dimension mixes operators that differ by permutations of fields
sitting at neighbouring sites. Its expression actually matches that of the Hamiltonian
of the Heisenberg spin-chain, solved by Bethe with a method that is commonly called
the Bethe Ansatz [17]. It is then really nice to discover that we can compute anomalous
dimensions by using the same diagonalisation techniques.

The story is not restricted to this su(2) sector, as the complete dilatation operator at
one loop still has the form of an integrable Hamiltonian [18]. Also higher loops can
be accounted for [19, 18], and one finds that at higher orders interactions become more
and more non-local, meaning that not only nearest-neighbour sites are coupled, but also
next-to-nearest neighbour, et cetera. We refer to [20] for a review.

In the Heisenberg spin-chain that arises at one-loop, an S-matrix can be defined to de-
scribe the scattering of the magnons. It turns out that the key object on which one should
focus to obtain all-loop results is not the Hamiltonian—which becomes more and more
complicated at higher orders—but rather the S-matrix. In fact, this can be fixed even at fi-
nite values of the effective coupling by imposing compatibility with the symmetries [21],
which for N' = 4 SYM are given by two copies of a central extension of the Lie super-
algebra su(2|2). The possibility of bootstrapping the S-matrix is a consequence, on the
one hand, of the presence of these powerful symmetries, and on the other hand of the
knowledge of the exact dependence of the central charges on the momenta of the excita-
tions and on the effective coupling [21]. It is clear that this bootstrapping method relies
on the assumption that Integrability extends to all loop orders; let us review here some
important points and refer to Chapter 4 for a more detailed discussion.

The S-matrix that is considered dictates just 2 — 2 scattering. This is enough for inte-
grable models, since the number of particles is conserved and generic N — N scatterings
can be derived just from the knowledge of the two-body S-matrix. This is a crucial prop-
erty of integrable theories that goes under the name of factorisation of scattering, and we
refer to [22] for a nice review. The idea is that thanks to the large amount of symmetry
generators, one is allowed to move the wave packets of the excitations independently,
to disentangle interactions in such a way that only two particles are involved every time
an interaction takes place. If this is possible, then any generic process can be reinter-
preted as a sequence of two-body interactions. In Figure 1.1 we show how this works
in the example of the scattering of three particles. Notice that in this case we have two
different possibilities to achieve factorisation. It is clear that for consistency it should not
matter which choice of factorisation we pick. This imposes a constraint on the two-body
S-matrix S that goes under the name of Yang-Baxter equation. It is found by equating the

%In the large-N limit it is enough to consider single-trace operators, as at leading order the conformal
dimension of multi-trace operators is additive.
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Figure 1.1: The vertical axis corresponds to propagation in time, while the horizontal axis param-
eterises space. A process like the one in the center involving three particles may be factorised as a
sequence of two-body scatterings in two possible ways, as in the left or right figure. Consistency
between the two factorisations yields the Yang-Baxter equation.

left and right processes in Figure 1.1
Sa3 - S13 - S12 = S12 - S13 - Sas,

and one can check that this is enough to ensure consistency also for factorisation of scat-
tering with more than three particles.

Symmetries actually allow one to fix the S-matrix only up to an overall scalar func-
tion, which in this context is called the “dressing factor” [23]. Without this factor “just”
ratios of scattering elements would be known exactly in the effective coupling A\. How-
ever, the dressing factor for ' = 4 SYM is actually known [24], and it can be found
by solving the equation obtained by imposing crossing invariance [25, 26], which relates
physical processes to the ones in which one particle is analytically continued to an un-
physical channel.

As we will explain in more detail later, in this thesis we will show how it is possible to
apply similar methods to a specific instance of the AdS3 /CFT; correspondence, allowing
us to find an all-loop S-matrix for that case. This opens the possibility of implementing
the same program that proved to be successful for AdSs/CFT4, and solve another dual
pair exactly in the planar limit, suggesting that the presence of Integrability might be
more general than expected. Rather than the ones used for ' = 4 SYM, the methods we
exploit are actually borrowed from the description of strings on AdS; xS®. Let us briefly
review the situation there.

String theory and Integrability In parallel to the findings for the gauge theory, devel-
opments were achieved also on the string theory side of the AdS/CFT correspondence.
The string is described as a non-linear o-model on the background AdS; xS®, and thanks
to the realisation in terms of the supercoset PSU(2, 2|4)/(SO(4,1) x SO(5)) it is possible
to write down its action to all orders in the fields [27].

Integrability starts appearing at the classical level. In fact, the equations of motion
for the superstring on the background AdSsxS® admit a formulation in terms of a Lax



connection L,(z,7,0) [28], which depends on the worldsheet coordinates (7,0) and a
spectral parameter that we denote by z. It is a way to encode the dynamics of the model,
as the flatness condition

aTLU - 8(7LT - [LT7LG'] = 0’

provides the equations of motion for the string. The Lax connection is of primary im-
portance, since expanding the trace of its path-ordered exponential—that goes under the
name of transfer matrix—around any value of the spectral parameter generates the com-
plete tower of conserved charges of the system. These charges can be used to construct
solutions of the equations of motion. Classical integrability is inherited also by reduced
models, obtained by confining the motion of the string to specific dynamics, and one
of the finite-dimensional integrable models that may be recovered is e.g. the Neumann
model [29, 30].

The action for the string has a local invariance, which generates unphysical modes
that should be removed by fixing a gauge. It turns out that, to make contact with the
description of the gauge theory, the proper gauge choice is a combination of the light-
cone gauge for the bosonic coordinates and a specific “kappa-gauge” for the fermions.
We will review this procedure in Chapter 2. The Hamiltonian of the light-cone gauge-
fixed two-dimensional model is highly non-linear, and a standard way to study it is by
implementing the usual expansion in powers of fields. The quadratic Hamiltonian turns
out to be the free Hamiltonian for eight massive bosons and eight massive fermions of
unit mass. From the quartic contribution one can extract the tree-level two-body scat-
tering processes [31] that satisfy the classical Yang-Baxter equation—the semiclassical
limit of the equation that we encountered before. Loop contributions may be taken into
account to construct the S-matrix perturbatively [32], confirming again consistency with
factorised scattering. Let us stress again that now the perturbative expansion is per-
formed for large values of ), as opposed to the small-A expansion used for the perturba-
tion theory in N = 4 SYM.

The perturbative results suggest that the approach used on the gauge-theory side
to construct an all-loop S-matrix may be considered also for the string. In this context
the scattering will involve excitations on the worldsheet, and rather than a spin-chain
we now encounter a field theory in 1 + 1 dimensions, to be quantised to all orders.
For the string there exists actually a derivation of the exact eigenvalues of the central
charges [33] that are crucial in the all-loop construction. Exploiting the symmetries, one
finds an S-matrix that is essentially the same as the one derived from the point of view
of the gauge theory [34]—the two objects being related by a change of the two-particle
basis. This S-matrix is supposed to describe to all-loops the scattering of the excitations
on the worldsheet. The results rely on the assumption that Integrability extends from the
classical to the quantum level; however, the strongest indication of its validity is that the
all-loop S-matrix matches with the perturbative results of both the string and the gauge
theory.

The program of finding the S-matrix is so important because its knowledge allows
one to construct the Bethe-Yang equations by imposing periodicity of the wave-function.
These are the equations that one should solve to compute the spectrum of the theory [35].
Let us mention that the Bethe-Yang equations derived from the all-loop S-matrix actu-
ally describe the spectrum only in the so-called asymptotic limit. In fact, as anticipated,
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from the point of view of the gauge theory higher-loop corrections introduce long-range
interactions, and these eventually lead to virtual particles travelling all around the spin-
chain. These wrapping interactions give contributions that are exponentially suppressed
in the length of the spin-chain, and become important for precision computations when
this is finite. The same issue has a counterpart on the string side. In fact, in order to de-
fine asymptotic states on the worldsheet and an S-matrix, one has to consider the limit
of large length of the light-cone gauge-fixed string. In both cases, therefore, to compute
the exact spectrum one has to account for finite-size corrections [36].

A way to incorporate the wrapping corrections is to use the trick of the mirror model,
first introduced by Zamolodchikov in the context of relativistic integrable systems [37].
Rather than considering a model with finite length, one chooses to reinterpret the prob-
lem as the one of finding the spectrum for another model, with infinite size but at finite
temperature. The treatment can be done with the method of the Thermodynamic Bethe
Ansatz (TBA) [38], which can be applied to the case of the ground state of AdS;xS® [39,
40, 41] as well as the excited states [42, 43, 44], allowing one to obtain numerical results
for the spectrum with arbitrary precision. Thanks to the inclusion of the finite-size ef-
fects [45, 46], it was possible to match with perturbative results at five loops in the gauge
theory [47]. A more recent and refined version of the TBA is the Quantum Spectral
Curve [48], through which it is possible to efficiently obtain analytic results for anoma-
lous dimensions of operators up to ten loops [49].

AdS3/CFT2 The striking presence of Integrability for AdS;/CFT, at large-N and the
great success achieved raise the natural question of whether it is possible to apply the
same methods also to other instances of the AdS/CFT correspondence. We may wonder
whether also lower-dimensional and less supersymmetric models still have the chance
of being solvable. The answer was shown to be positive for the ABJM theory [50], see [51]
for a review. The case that is of interest for this thesis is rather AdSs/CFT5.

AdS; gravity was actually the first ante litteram example of the holographic duality.
In 1986 Brown and Henneaux showed that its asymptotic symmetry algebra—the gauge
transformations that leave the field configurations invariant at the boundary—coincides
with the Virasoro algebra, that is the symmetry of two-dimensional CFTs [52].

On the one hand, gravity in three dimensions is remarkably simpler than the one
we experience in our world, and it can be seen as an easier set-up to investigate some
questions. An example of this is that it does not contain a propagating graviton. On
the other hand, this does not make it a trivial theory at all. As shown by Bafiados, Teit-
elboim and Zanelli, gravity in three dimensions with a negative cosmological constant
admits black hole solutions [53]. These are locally isomorphic to empty AdSs, differing
from it because of global identifications [54]. Also these black holes follow the famous
Bekenstein-Hawking area-law for the entropy [55, 56], making AdSs a nice playground
to further understand the nature of these objects. For black holes whose near-horizon
geometry is (locally) AdSs, it was actually possible to derive the area-law by performing
a micro-state counting in the dual CFT; [57]. This computation generalises the one for
black holes arising in string theory, as considered in [58, 59, 60]. Let us mention that
AdS3/CFT; appears also in this context because of a particular D-brane construction,
the D1-D5 system. In Chapters 3, 4 and 5 we will actually study strings propagating
on the background that arises as the near-horizon limit of D1-D5. Let us briefly review
some facts about backgrounds that are relevant for AdSs/CFTs.
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The backgrounds that we want to consider here preserve a total of 16 supercharges,
and are AdS3xS?xS?xS! and AdS;xS*xT*. The former is actually a family of back-
grounds, as the amount of supersymmetry is preserved if the radii of AdS and the two
three-spheres Sf,) and S{,) satisfy the constraint

-2 -2 —2
Rugs =R} + Ry

We then find a family parameterised by a continuous parameter a = R3 s/ R%l), where
0 < a < 1. The algebra of isometries is given by d(2,1;a). & 9(2,1; o), Where the
labels for the two copies of the exceptional Lie superalgebra [61] refer to the Left and
Right movers of the dual CFTs. The background AdS;xS?xT* may be understood as a
contraction of the previous case, when we blow up the radius of one of the $*’s and then
compactify these directions together with the remaining S' to get a four-dimensional
torus. At the level of the algebra this is achieved by a proper o — 0 limit, or alternatively
a — 1. In this case the algebra of isometries is psu(1,1]2), ® psu(1,1]2).

The above backgrounds provide a rich structure since they can be supported by a
mixture of Ramond-Ramond (R-R) and Neveu-Schwarz—Neveu-Schwarz (NS-NS) fluxes,
where a parameter permits to interpolate between the pure R-R and the pure NS-NS
backgrounds. The latter case was solved by using methods of representations of chiral
algebras [62, 63, 64, 65]. On the contrary the case of pure R-R cannot be addressed with
these techniques [66] and we will argue that the right language to study it in the planar
limit is indeed Integrability.

One of the main challenges of AdS3/CFT; is that the gauge theories dual to the above
backgrounds are not as well understood as the example of N' = 4 SYM in four dimen-
sions. Maldacena argued that the dual CFT; should be found at the infra-red fixed point
of the Higgs branch of the dual gauge theory [10]. In the case of AdS3 xS xT* the finite-
dimensional algebra mentioned before is completed to small N = (4,4) superconformal
symmetry [67], while for AdS; xS?xS? xS one finds large N = (4,4) [68]. Constructions
of long-range spin-chains for the dual CFT5’s are unfortunately lacking. A first proposal
of a weakly coupled spin-chain description of the CFT; dual to AdS;xS?xT* appeared
in [69], for a different and more recent description see [70]. In this thesis we show that
addressing the problem on the string theory side of the correspondence allows us to
derive the desired all-loop S-matrix.

One of the new features common to backgrounds relevant for the AdS3/CFT; corre-
spondence is the presence of massless worldsheet excitations, corresponding to flat direc-
tions®. For some time they have been elusive in the Integrability description, but we will
show that they can be naturally included in it. The massive sectors of AdS3 xS3xS?xS!
and AdS;xS?xT* may be described respectively by the cosets

D(2,1;a), x D(2,1; )z PSU(1,1|2), x PSU(1,1/2)x
SO(1,2) x SO(3) x SO(3) ’ SO(1,2) xSO(3)  °

and following the method of Ref. [27] one can construct the action for the non-linear o-
models on AdS3xS?xS? and AdS3xS? [71, 72, 73]. The missing flat directions can then
be re-inserted by hand, and agreement with the Green-Schwarz action can be shown in
a certain kappa-gauge for fermions [74].

3For AdS3 xS3xS3xS! directions corresponding to massless modes are the circle S* and a linear combina-
tion of the two equators of the S3’s. For AdS3; xS? x T* the flat directions correspond to the torus.
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Classical Integrability for the pure R-R backgrounds* was demonstrated in [74]. In
fact, these cosets enjoy a Z4 symmetry that allows one to borrow the construction for the
Lax representation of the AdS;xS® background [28], see also [76, 77, 78].

In this thesis we will consider the case of strings on the pure R-R AdS; xS?xT* back-
ground, and by assuming that Integrability extends from the classical to the quantum
level we will derive an all-loop S-matrix, in the spirit of what was done for strings
on AdSsxS°. For the case of mixed flux see [79], and for results on AdSsxS3xS3xS!
see [7, 8, 9].

Deforming AdS5 XS5 Together with the study of lower-dimensional AdS models, one
may wonder whether it is possible to deform the superstring on AdS;xS® and its dual
N = 4 SYM, to relax some of the symmetries while preserving the integrable structure.
This would teach us what the conditions are under which Integrability is still present,
and it would allow us to study cases that are less special than the maximally supersym-
metric theory in four dimensions.

Examples of deformations of the o-model that preserve its classical Integrability are
orbifolds of either AdSs; or S° [80, 81], where the fields living on the worldsheet are
identified through the action of a discrete subgroup of the bosonic isometries. Another
class of deformations is generated by the so-called “TsT-transformations”, that can be
implemented any time the background possesses at least two commuting isometries.
Let us call ¢; and ¢, the two directions on which these isometries act as shifts. The
TsT-transformation is a sequence of a T-duality, a shift, and a T-duality on ¢; and ¢s.
The first T-duality transformation acts on ¢, producing the dual coordinate q~51 ; the shift
is implemented on ¢ as ¢2 — ¢ + 7(;31 ; to conclude, one performs another T-duality
along ¢, [82]. Multi-parameter deformations are made possible by the various choices of
pairs of U(1)-isometries used to implement the TsT-transformation, and in general they
can break all supersymmetries [83]. A restriction to a one-parameter real deformation of
the sphere reproduces the Lunin-Maldacena background [84], which preserves N = 1
supersymmetry. The effects of these classes of deformations on the gauge theory and on
the quantum integrable model have also been studied, and we refer to [85] for a review
on this.

A different approach consists of deforming the symmetry algebra by a continuous
parameter. The case we want to discuss is generally referred to as g-deformation, where
g is indeed the deformation parameter. This deformation replaces a Lie algebra § by its
quantum group version U,(f), which we will just denote by f,. To show how this works
in a simple example’, let us consider the case of the s[(2) algebra where we denote by S;
the Cartan element and by S the positive and negative roots, i.e. the ladder operators.
The sl,(2) relations are given by

¢S — ¢S50

q—q!
meaning that the deformation modifies the right-hand-side of the commutation relation
of the two ladder operators. Sending the deformation parameter ¢ — 1 we recover

[S5,S+] = +2S, [S+,S_] =

)

4Tt is interesting that classical Integrability was extended also to the case in which a B-field is present in the
background [75].

5For higher-rank algebras, the deformed commutation relations in the Serre-Chevalley basis must be sup-
plemented by the g-deformed Serre relations.
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the undeformed algebra. The g-deformation is not just a beautiful mathematical con-
struction, it is also physically motivated. The most famous realisation of it is the XXZ
spin-chain [86]. In fact, allowing for anisotropy (i.e. a different coupling related to ¢ for
the spins in the z-direction) one obtains a ¢g-deformation, in the sense presented above,
of the XXX spin-chain.

The interest for this type of deformation in the context of AdS/CFT first sparkled
when Beisert and Koroteev studied the ¢-deformation of the R-matrix of the Hubbard
model [87], see also [88, 89]. After solving the crossing equation for the dressing factor, it
was possible to define an all-loop S-matrix for the g-deformation of the integrable model
describing the dual pair of AdSs;/CFT,4 [90]. The case considered was that of ¢ being a
root of unity, and it was shown that the “vertex to IRF” transformation can be used to
restore unitarity of the corresponding S-matrix [91]. Much progress has been made, and
thanks to the TBA construction of [92, 93] it is even possible to compute the spectrum at
finite size. We want to stress that all this work was pursued just by using the description
of the deformed quantum integrable model, bypassing the meaning of this deformation
for both the gauge and the string theory.

The gap was filled on the string side by Delduc, Magro and Vicedo, who proposed
a method to deform the action for the superstring on AdS;xS® [94]. This realises a g-
deformation of the symmetry algebra of the classical charges [95], where now the de-
formation parameter is real. It is a generalisation of deformations valid for bosonic
cosets [96] and it is of the type of the Yang-Baxter c-model of Klim¢ik [97, 98]. It is
sometimes referred to as “n-deformation”, where 7 is a deformation parameter that is
related to ¢g. The limit » — 0 gives back the undeformed model. The remarkable fact
is that by construction the deformation procedure preserves the classical Integrability of
the original model. In this thesis we will study this deformation when it is applied to
strings on AdSs xS°, and we will compare it to the S-matrix of Beisert and Koroteev.

Let us mention that recently a new method was studied, going under the name of “\-
deformation”. It is conjectured to realise the g-deformation in the case of ¢ being root of
unity. The A-deformation was first introduced by gauging a combination of a principal
chiral model and a Wess-Zumino-Witten model [99], and it was then extended to strings
on symmetric spaces [100] and on AdS;xS® [101]. It was recently shown [102, 103] that
the - and A-deformation are actually related to each other by the Poisson-Lie T-duality
of [104, 105].

To conclude this paragraph let us point out that it is still unclear how to construct
the duals of these o-models, in other words how to ¢-deform N' = 4 SYM. The result is
expected to be a non-commutative gauge theory, and it would be extremely interesting
to build it explicitly.

About this thesis This thesis contains some of the author’s contributions to the re-
search on Integrability applied to AdS/CFT. Part of this work has been devoted to the
understanding of lower dimensional examples, and we will present in particular the
derivation of an all-loop S-matrix for the case of AdS; xS xT*. A different direction was
motivated by questions on the 7-deformation of strings on AdS;xS°.

We start in Chapter 2 with a review on basic notions that will be useful for the re-
maining chapters of the thesis. We begin with a discussion on bosonic strings and on
how to fix light-cone gauge. We follow [106], but we include also the possibility in
which a background B-field is present. The main consequences of the light-cone gauge-
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Figure 1.2: The Left and Right massive modules. Excitations Z“* correspond to transverse di-
rections in AdSs, while Y™* in S?. Fermions are denoted by . The arrows correspond to super-
charges, while the dotted lines correspond to the action of an su(2).

fixing are explained. We then extend the discussion to include fermions. We present
the generic action for type IIB superstring at quadratic order in fermions, and explain
how to fix a proper kappa-gauge. After presenting the decompactification limit of the
worldsheet—necessary to define asymptotic states—we discuss the large-tension expan-
sion, equivalent to the usual expansion in powers of fields on the worldsheet. We review
also perturbative quantisation and the corresponding scattering theory, whose all-loop
generalisation will be a major topic in the following.

Chapter 3 is the first one specifically devoted to AdSs/CFTs. We consider the back-
ground AdS;xS*xT* and we study the centrally-extended symmetry algebra A of the
charges commuting with the light-cone Hamiltonian. We derive the exact momentum-
dependence of the central charges, and then we study the representation of .4 under
which the excitations are organised, in a limit in which the dispersion relation is rela-
tivistic. The analysis shows that this representation is reducible, a feature of AdSzxS*xT*
that was not there for the known case of AdS;xS®. We find a total of three irreducible
representations, labelled by the eigenvalue of an angular momentum in AdS;xS?. Fig-
ure 1.2 shows the two massive representations, where this eigenvalue takes value +1 and
—1 on Left and Right excitations respectively. Here Left and Right refer to the two copies
of psu(1, 1]2), that are isometries of the background. The algebra .A was first identified
in [1] from the point of view of the spin-chain with symmetry psu(1, 1|2), & psu(1, 1|2)x.
The excitations on this spin-chain correspond to the massive worldsheet excitations of
AdS;xS?xT*. In this chapter we take instead the point of view of the string theory de-
scription and we follow [4, 5], where massless excitations—see Figure 1.3—were finally
included. Using the knowledge of the central charges and arguments of representation
theory, we generalise the representations to all loops in the large-/N limit. We further
study these representations and introduce the notion of Left-Right symmetry.

In Chapter 4 we impose compatibility with symmetries and bootstrap the all-loop S-
matrix for the worldsheet excitations, as done in [4, 5]. Remarkably, the S-matrix satisfies
the Yang-Baxter equation, confirming compatibility with the assumption of factorisation
of scattering. The S-matrix is actually fixed completely up to some dressing factors that
cannot be found from symmetries. Taking into account the constraints of unitarity and
of Left-Right symmetry, we find a total of four unspecified functions. Further constraints
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Figure 1.3: The massless module. T% are excitations on T4, and the fermions are denoted by x“
and x“. Dotted and dashed lines correspond to the actions of two su(2) algebras.

are imposed on them by the crossing equations, that we derive. We then explain how to
impose the periodicity condition on the wave-function to derive the Bethe-Yang equa-
tions. We guide the reader through the diagonalisation procedure, introducing the var-
ious complications in different steps, until the nesting procedure is used. We conclude
by presenting the complete® set of Bethe-Yang equations for AdS3xS? x T4.

We restrict our attention to the massive sector” in Chapter 5. First we show that
the previous results are closely related to a spin-chain description, following [1]. This
spin-chain needs to be dynamical—the interactions change its length—in order to cor-
rectly account for the central extension of the algebra. An all-loop S-matrix can be deter-
mined, which is related to the worldsheet S-matrix by a similarity transformation. We
also present solutions to the crossing equations for the dressing factors of the massive
sector, and we provide some checks for their validity. These solutions and the corre-
sponding discussion were first presented in [2]. By taking a proper thermodynamical
limit in the regime of large string tension, we also recover the so-called “finite-gap equa-
tions” from the Bethe-Yang equations, repeating the calculation in [1]. We conclude by
referring to the independent perturbative calculations that confirm our all-loop results.

In Chapter 6 we begin the investigation of the n-deformation of the string on AdSsxS°.
Here we restrict to the bosonic model. After a brief introduction to the undeformed
model and to the deformation procedure, we derive the results first obtained in [3]. We
find that the background metric is deformed and a B-field is generated. A representation
of the squashing-effect of the deformation in the case of a two-dimensional sphere may
be seen in Figure 1.4. The bosonic action is studied perturbatively by computing the tree-
level S-matrix for the scattering of bosonic worldsheet excitations. The result allows us
to succesfully match with the large-tension limit of the all-loop S-matrix found by fixing
the psuq(2\2)c.e~ symmetry. In particular, we can relate the two deformation parameters
n and ¢ on the two sides. We conclude the chapter with some concluding remarks.

6This result has not yet been published in a research paper. In [1] the Bethe-Yang equations in the massive
sector were derived from the all-loop S-matrix of the spin-chain description.

7The massive sector of AdS3xS3 xT* has been discussed in detail also in the thesis of A. Sfondrini [107], to
which we refer for an alternative presentation.
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Figure 1.4: When we apply the n-deformation to a two-dimensional sphere—left figure—we find
that its effect is a squashing—right figure.

In Chapter 7 we want to address the question of whether the deformed metric and
B-field can be completed to a full type IIB supergravity background. With this mo-
tivation we compute the action of the deformed coset at quadratic order in fermions,
as done in [6]. We cure the—only apparent—mismatch with the standard form of the
Green-Schwarz action by implementing proper field redefinitions on the bosonic and
fermionic coordinates. From the action we extract the couplings to the odd-rank ten-
sors that should correspond to the Ramond-Ramond fields multiplied by the exponen-
tial of the dilaton. We also compute the kappa-symmetry variations of the bosonic and
fermionic coordinates, and of the worldsheet metric at leading order. From this compu-
tation we confirm the results obtained from the Lagrangian, and we show that they are
not compatible with the equations of motion of type IIB supergravity. We conclude the
chapter with a discussion of the results and of the possible resolutions of the puzzles.



Chapter 2

Strings in light-cone gauge

This chapter serves as an introduction and a review of notions that are needed to derive
the results in the rest of the thesis. In fact, we will use the same methods for strings
on both the AdS;xS3xT* background and on the 7-deformed AdSsxS°. We find then
useful to present here a slightly more general discussion valid for both cases.

We explain how to fix uniform light-cone gauge for bosonic and fermionic degrees of
freedom in the action of a freely propagating string. The need of fixing a gauge that
removes some unphysical bosonic degrees of freedom comes from reparameterisation
invariance on the worldsheet. At the same time, another local symmetry called “kappa-
symmetry”’—now parameterised by Grassmann quantities—suggests that half of the
fermions should be gauged away. Clearly, different gauge fixings are possible, all being
equivalent in the sense that the physical observables that we compute will not depend on
any particular choice. However, it is obvious that some of them may be more convenient
than others. The type of gauge-fixing used for backgrounds relevant for the AdS/CFT
correspondence appears to provide models that are solvable by non-perturbative meth-
ods.

This gauge is a generalisation of what was first introduced in flat space in [108].
In fact the procedure is quite general and the only necessary requirement to impose it
is the presence of two commuting isometries—in our case these are shifts of time and
an angle. Although other choices are possible—one might choose the angle being in
Anti-de Sitter [109]—the most convenient one for AdS/CFT is to combine into the light-
cone coordinates the time of AdS and an angle of the compact space. The procedure we
present here was used to gauge-fix the o-model describing the string on AdS;xS° [110,
111, 112] and corresponds to the one used to study spinning strings [113, 114].

We start with the gauge-fixing procedure for bosons in Section 2.1 and then extend it
to fermions in Section 2.2. In Section 2.3 we explain how to define an S-matrix that gov-
erns scattering of worldsheet excitations—in the limit of long strings—and we provide a
discussion on perturbation theory. We refer to [106] for a more detailed review on these
topics.

17
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2.1 Bosonic strings

Restricting to the bosonic model, we can already capture the essential features of the
gauge-fixing procedure. The string moves on a target manifold parameterised by ten
coordinates XM, M = 0,...,9. Two of them—for defineteness X° = ¢ that is time and
X5 = ¢ that for us will be an angle of a compact manifold—correspond to the abelian
isometries of the full action that we will exploit to fix light-cone gauge. Invariance un-
der shifts of two such coordinates results in a dependence of the action on just their
derivatives.

A rank—2 symmetric tensor Gy defines a metric on the target space, that we as-
sume to be written in “block form”

ds? = GundXMax™

2 2 4 v (21)
= Gudf? + Gopdd? + G,y d X dX" |

where X# are the eight transversal coordinates and Gy, < 0. In general one might
have also a rank—2 anti-symmetric tensor Bj;ny. We include this possibility, as it will
be needed in Chapter 6 and Chapter 7. The action for the bosonic string then takes the
form of the Polyakov action

Sb:/2 dodr £°,
-% (2.2)

L0 = *% (770, XM XN Grn — € 0o XM 05 XN Burn) -

Here 7 and o are respectively the timelike and spatial coordinates parameterising the
worldsheet, for which we use Greek indices «, 8. For closed strings o € [— 57 é] parame-
terises a circle of length L and periodic boundary conditions for the fields are used. The
symmetric tensor 7*# = h*#+/—h is the Weyl-invariant combination' of the world-sheet
metric hog, and for us the component 47" < 0. For the anti-symmetric tensor € we use
the convention €’ = 1. The whole action is multiplied by g, that plays the role of the
string tension.

We use first-order formalism and introduce conjugate momenta

5s°

= SXM g7 P95 XN Gun + 9X Y Buw (2.3)

bPm

!

where we are using the shorthand notation X = 9, X(7,0), X’ = 9,X(7,0). Using
det v*# = —1 we can rewrite the action as

L

3 ) To 1
§b — / dodr [ puX™ + 12—y + Cy ), 2.4)
7% /yTT 2g/y7'7'

where C, C; are the Virasoro constraints. They explicitly read as

Cl = pMX/]V[7

02 _ GZ\/pr]MpN + QQX/MX/NGJWN _ 29 pMX/QGMNBNQ + g2X/PX/QBMPBNQGMN.
2.5)

IWith abuse of language we will always refer to it as just the worldsheet metric.
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The components of v*# are Lagrange multipliers, implying that we should solve the
equations C; = 0 and C = 0 in a certain gauge. It is convenient to introduce light-cone
coordinates ™ and z~ as linear combinations of ¢, ¢ [112]

=1 —-a)t+ad, xrT =¢—t. (2.6)

To be more general, we make the combination defining 2 dependent on a generic pa-
rameter a. The above combinations have been chosen in such a way that the conjugate
momentum? of z7 is the sum of the conjugate momenta of ¢ and ¢

5s 5
Pt =5 =PitPs,  p-= = =—ap+(1-a)py. 27)

In these coordinates the two Virasoro constraints are rewritten as
Cr =pya'™ +p_a'” +p, X",
Cy =G p2 +2G " pip_ + G p* (2.8)
+¢°G__(2'7)? +2¢°Gy 2’2" + PGy () + HE,

where we have assumed that the B-field vanishes along light-cone directions—as this is
valid for the examples that we will consider—and

G =d’G )+ (a—1)°Gy',  G'T =aG )+ (a—1)Gy', G~ =G, +Gy',

G__ = (CL — 1)2G¢¢ + a2Gtt, GJF, = —(a — 1)G¢¢ — aGm G++ = G¢.¢ + Gtt .

In C; we have collected all expressions that depend only on the transverse coordinates
X" into the object

HS = G"pupy + ° X" X" G — 2gpu X"*G" B + > X X"P Ba B, G (29)
The uniform light-cone gauge is achieved by fixing
xt=71+amo, p_ =1, (2.10)

where we allow the coordinate ¢ to wind m times around the circle ¢(%) — ¢(—%) =
2mm. The name “uniform” comes from the fact that we choose p_ to be independent
of o, and this choice makes this light-cone momentum uniformly distributed along the
string. Thanks to this gauge, the term py; XM = p, &+ +p_i~ +p,X* in the action (2.4) is
simplified, and we are led to identify the light-cone momentum p_ with the Hamiltonian
(density) of the gauge-fixed model®

sp= [ dodr (X)L MO = pe (X, 1)

once the Virasoro constraints are satisfied. In this gauge the first Virasoro constraint
C7 = 0 may be used to solve for 2/~ as

' =—p, X" —ampy. (2.12)

2We use a different convention from [106] for what we call p4 and p_.
3We have dropped the total derivative term &~.
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Notice that only the derivative of this light-cone coordinate can be written as a local ex-
pression of the transverse fields. Since we are describing closed strings, we should actu-
ally impose the following periodicity condition

L

2 2 2
2rm=x"(L/2) — 2z~ (—L/2) = doa'™ = - dop, X" +am doH",
L L
-3 3

ot~

(2.13)
that we call level-matching condition. We recognise that the above is a constraint involv-
ing the woldsheet momentum

L
2

Pws = _/ dUPuX/“7 (2.14)

ot~

which is the charge associated to shifts of the worldsheet coordinate o, under which
the action is invariant. From now on we will just consider the case of zero winding
m = 0, as it yields a well-defined large-tension limit, see Section 2.3. In this case the level-
matching condition imposes that the worldsheet momentum must vanish for physical
configurations

Pws = 0, (whenm =0). (2.15)

In Chapter 3 we actually use a method where we first need to relax the level-matching
condition, meaning that we allow for the configuations to have non-vanishing world-
sheet momentum. The above condition is then imposed only at the end, as a constraint
on the states of the Hilbert space.

Solving the second Virasoro constraint C; = 0, we find explicitly the light-cone
Hamiltonian (density). The solution to this quadratic equation that yields a positive
Hamiltonian is

GGG (G 9GP HY
- G++ ’

HY = —p, (2.16)

To relate the Hamiltonian on the worldsheet to the spacetime energy of the string, let us
note that—because of the invariance of the action under shifts of t and ¢—we can define
two conserved quantities

L
E=— | dop, J= [ dop,. 2.17)

NS

|t

The first of them is the spacetime energy, while the second measures the angular mo-
mentum in the direction of ¢. After going to light-cone coordinates, these are combined
into

P+:/2 dops —J—E. pﬁ:/"’ dop. = (1—a)J+aE. (2.18)

Nyl
NSl

On the one hand, we immediately discover the relation between the light-cone Hamilto-
nian and the spacetime charges &/ and J. On the other hand, using (2.10) we find how
these fix the length L of the string

L
2

L
/2daHb:E—J, L=P.=(1—-a)J+aE. (2.19)



2.2. Fermions and type IIB 21

The first of these equations justifies the choice of the gauge. From the point of view of
the AdS/CFT correspondence it is indeed desirable to compute the spacetime energy
E, that is then related by a simple formula to the Hamiltonian on the worldsheet. The
second of the above equations shows that the Hamiltonian secretely depends on P_ as
well, although just through the integration limits. The length of the string is a gauge-
dependent quantity, as it is confirmed by the explicit a-dependence.

After this discussion on the gauge-fixing procedure for the bosonic model, let us now
include also the fermionic degrees of freedom.

2.2 Fermions and type IIB

When symmetries allow for a supercoset description, the action of the string may be
computed perturbatively in powers of fermions as it was done for the case of AdS;xS®
in [27] following the ideas of [115]. For our discussions we will need only the contribu-
tion to the action at quadratic order in fermions. In order to be more general and account
also for cases in which a coset description is not valid, we review the Green-Schwarz
action for the superstring [116].

We work in type IIB, where we have two sets of 32-components Majorana-Weyl
fermions ©; labelled by I = 1,2. In most expressions we write only these labels and
we omit the spinor indices, on which the ten-dimensional Gamma-matrices are acting.
We get a total of 32 real degrees of freedom after imposing the chirality and the Majorana
conditions

rn0; =0, 0; =0'.C. (2.20)

In the above equations, I';; is constructed by multiplying all the 32 x 32 rank-1 Gamma-
matrices, and C is the charge conjugation matrix. The barred version of the fermions is
defined in the standard way ©; = /1.

The Green-Schwarz action of type II superstring [117] may be found order by order
in fermions, and its explicit form is known to fourth order in © [118]. For us it will be
enough to stop at second order [117, 119]

L
S’ = dodr £V
-4 (2.21)

L5 = —g i0; (Y*P6" + e*Pol’) en T, D O .
In type IIB the operator D!’ acting on © has the following expression

1 1
DéJ :51'] (80( - 4wgnnl_‘mn) + §G§Je$H7nonnp
2.22
1 © IJFpF(l) 1 IJqurF(B) 1 IJqurstF(f)) m ( )
_ ge € p + 501 pqr + ﬁE pqrst ea m-
In the equations above, e} = 0, X M ely is the pullback of the vielbein on the worldsheet,
and it is related to the spacetime metric as

Gun = evreNNmn - (2.23)
MEN
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The spin connection w™" = 9, XM wii" satisfies the equation
wﬁ" = —eN [m (61\167\; — 8]\[671(/][ + Gn] Pefwape]\;p) 5 (224)

where the factor 1/2 is included in the anti-symmetrisation of the indices m, n. Also the
field-strength of the B-field appears in the fermionic action

Hynp =30 Byp) = 0uByp +OnBpy +0pBun - (2.25)

The quantities denoted by F(™ are the Ramond-Ramond field-strengths and ¢ is the
dilaton. The whole set of fields satisfies the supergravity equations of motion [120]. We
refer to Appendix A where we collect these equations.

The Green-Schwarz action presented above enjoys a local fermionic symmetry called
“kappa-symmetry” [116, 117]. This is a generalisation of the symmetry found for super-
particles [121] and it allows one to gauge away half of the fermions, thus recovering the
correct number of physical degrees of freedom. At lowest order, the kappa-variation is
implemented on the bosonic and fermionic coordinates as

5. XM =~ §,TM5,.0; + 00%), M = Mmp,
: (2.26)
5,.@@] = 71(51J’Yaﬂ — aé‘]eaﬂ)FﬁKaJ =+ 0(62) R F[g = eng R

where we have introduces local fermionic parameters K, ; with chirality opposite to the
one of the fermions I'11 K1 = —K,5. Together with the kappa-variation of the world-
sheet metric

§,y°? = 2i I o' VK B8 g1, DO + 0(6%),

v = 9l 2)

= 5 ,
one finds invariance of the action under kappa-symmetry 4,,(S® + S ) = 0 at first order
in ©.

Let us use this freedom to gauge away half of the fermions. We consider the Gamma-
matrices I'g and I's—corresponding to the coordinates ¢ and ¢ used in Section 2.1 to fix
the gauge for bosonic strings—and we define the combinations*

1

I+ = 5(r5 +T19). (2.28)

Kappa-symmetry is fixed by imposing [109]
Irte;=0 = ©,I'"=0. (2.29)

This gauge simplifies considerably the form of the Lagrangian. To start, in this gauge
all terms containing an even number of Gamma-matrices in the light-cone directions
vanish, as it is seen by using the identity

I +T Tt =1;5. (2.30)

* Another definition that seems natural from the point of view of a generic a-gauge is 't = (1 — a)I'° +
al®, I~ = -0 4 1.
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Moreover, the motivation for choosing this gauge is that at leading order in the usual
perturbative expansion in powers of fields it gives a non-vanishing and standard kinetic
term for fermions, see Section 2.3.

Let us first show how to generalise the procedure of Section 2.1 by including the
fgrmionic contributions. We first define an effective metric G'j;y and an effective B-field
By containing all the couplings to the fermions that do not involve derivatives on
them

Gun =Gun +i0; e(ml'm

1 1J 1 I1J n
—1(5 W%I)qu—‘rgo'?’ eN)anquq

1 1 , 1 ,
- gef (e”FPFg” ot T EQ) 4 S T ) el |0y,

pqr 2. 5| pqrst

R _ 1 1
Byy =Bun — iU§K®I eﬁ(/frm [ - iaKJwﬁfq]qu + gagje%]anquq

1 1 1
_ getﬂ (GKJFpr(l) + 5U{(JqurF(i%) + 7€KerqrstF(5) > e%]rn 0.

pqr 2 i 5| pqrst
(2.31)
This allows us to rewrite the sum of the bosonic and fermionic Lagrangians as
Py P = —g (WQBGQXMGQXNG’MN — P9, XM XN Byn
(2.32)

+i07 (v*76" + e*Pofl) el T aﬁ@']> :

The momenta pys conjugate to the bosonic coordinates X receive fermionic corrections,
that using the above rewriting are

v =— g7 P95 XN G + 9X N By
o o (2.33)
—9591 (776" Ta 0505 + 03'Ta ©)) .

After inverting the above relation for X™ we find that the Lagrangian is

. i )
L4 PV =py XM 4 §PM@1FM@1

+%QU§JX/M61FM®J+%gBMNX/Méer@[ (234)
TO 1
T 29777

+
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At second order in fermions, the two Virasoro constraints read as

C1 :pMX/M -+ %pMé]FIVI@/I -+ %g O’é‘] X/]W@]FM@& -+ %g BMNX/JW@[FN@'I,
Co =GMNpypn + 2 XM XN Gy — 29pm X'CCMYN Byg + ¢? X'P X' B p By GMY
+ ig2 X/]Wé]].—‘M@/I + ig O'?{JpMé[F]w@f] — ig2 BMPX/PdéJé[FNI@f].
(2.35)
At this point we introduce bosonic light-cone coordinates as in (2.6) and fix the gauge
as in (2.10). Together with the gauge fixing for the fermions (2.29), we then find the
gauge-fixed Lagrangian at order ©2. Now 2/~ and p; must be determined by solving

the Virasoro constraints C; = 0, C5 = 0 that include the fermionic contributions as
in (2.35). The gauge-fixed Lagrangian®

(20 +.27) , =puX 4 301 [37 (po 417 ) s gof X126 (2:36)

+p+a

shows that the Hamiltonian for the gauge-fixed model remains to be related to the
momentum conjugate to =", namely # = —p;(X*,p,,0r). In the kinetic term for
fermions of the gauge-fixed Lagrangian, Gamma-matrices with transverse indices dis-
appear thanks to the kappa-gauge (2.29). We defined Gamma-matrices with checks on
the indices to distinguish them from the ones introduced in (2.28), as now we consider
linear combinations of Gamma-matrices with curved indices I'y; = e’y T,

rt= a4+ (1-a)l?, ™ =T¢-T¢, (237)
- =—aly +(1—a)ly, ;=T +Ty. '
The kinetic term for the fermions defines a Poisson structure that in general is not canon-
ical. One may choose to keep this or rather implement field redefinitions to recast the
kinetic term in the standard form.

The description simplifies when we use the usual perturbative expansion in pow-
ers of fields. We explain how to implement it in the next section, after presenting the
decompactification limit.

2.3 Decompactification limit and quantisation

After fixing light-cone gauge for bosons and fermions as in the previous sections, we
obtain a Hamiltonian on a cilinder, defining the time evolution of a closed strings. In
general this model is complicated because of the non-linear nature of the interactions.

The first step that we take is the so-called decompactification limit. It essentially consists
in taking the length of the string to be very large L >> 1. The model originally defined on
the cylinder becomes then a problem on the two-dimensional plane. When this limit is
taken, one should replace the periodic boundary conditions for the fields with the ones
decaying at infinity. The strategy is then to solve the model in the L — oo limit, and to
take into account the finite-length corrections in a later step.

5We have assumed as in the previous section that the B-field vanishes along light-cone coordinates.
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P_—c

Figure 2.1: In the decompactification limit we take the total light-cone momentum P_ to be very
large. This is equivalent to taking the limit of infinite length of the string. The original model
defined on a cylinder lives now on a plane.

The technical reason why the decompactification limit can be taken is that in uni-
form light-cone gauge the length of the string L = P_ is equal to the total momen-
tum conjugate to 27, see (2.19). The momentum P_ enters the light-cone Hamiltonian
only through the integration limits for the worldsheet coordinate o, therefore sending
P_ — oo has really just the effect of decompactifying the cylinder.

The light-cone Hamiltonian is expressed in terms of the target-space charges as £ —J.
This means that in order to get configurations with finite worldsheet energy, we should
take both E and J to be large, in such a way that their difference is finite.

2.3.1 Large tension expansion

In [122] Berenstein, Maldacena and Nastase (BMN) showed that there exists a limit of
AdS,, xS™ spaces that reproduces plane-wave geometries. For the o-model on AdS;xS®
this matches the plane-wave background of [123, 124]. In the light-cone gauge-fixed
theory, this limit is equivalent to the usual expansion in powers of fields truncated at
leading order. In this section we want to look at the “near-BMN limit”, where we take
this expansion beyond the leading order.

In fact, in our case we can look at it as a large-tension expansion. To implement it
one has to rescale the worldsheet coordinate ¢ — go and then the bosonic and fermionic
fields as ) ) )

X“%%X”, puaﬁpﬂ, @14%81. (2.38)
In the action, inverse powers of the string tension g organise the contributions at different
powers in the fields

> 1 1
Sg.f. = / drde <$2 + 50%4 + ?36 + - ) . (2.39)

Here .Z, is the contribution to the Lagrangian containing n powers of the physical fields.
Using (2.36), at lowest order we find simply

Ly =p XP +i0T00; — Ha. (2.40)
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The first two terms define a canonical Poisson structure for bosons and fermions®.

The form of the quadratic Hamiltonian depends on the specific theory considered.
For the case of AdSsxS?® (this will be true also for its n-deformations), Hs is the Hamilto-
nian for eight free massive bosons and eight free massive fermions, see Section 6.3.1. For
the case of AdS;xS?xT* we find instead a collection of four bosons and four fermions
that are massive, plus four bosons and four fermions that are massless, see Section 3.1.2.
The massless fields are a consequence of the presence of the four-dimensional torus in
the background.

The higher order contributions to the Lagrangian define the interactions of the fields,
which are organised in inverse powers of the string tension g.

We notice that under this rescaling of the physical fields, the quantity «'~ that solves
the constraint C; in (2.35) has the form

1 _
Ili = 75 (p“Xm +l@IFO@/I) + 0(1/92) ) (241)

and the leading contribution is at order 1/g. Let us now discuss quantisation of the
model.

2.3.2 Perturbative quantisation

Here we address the quantisation of the two-dimensional quantum field theory that we
find on the worldsheet after the gauge-fixing and the decompactification limit. Assum-
ing that a canonical Poisson structure for both bosons and fermions of the classical the-
ory was achieved, in the quantised theory we can write equal-time commutation and
anti-commutation relations

[X*(o,7),pu(c",7)] =6k 6(c — o), {0%a, 1), @i(a’, 7)} =06, 0(c —0d'). (242

Here a, b are indices that span all the eight complex fermionic degrees of freedom, re-
maining after gauge fixing. One may introduce oscillators for the bosonic fields

XH(o,7) = (e®7ak(p,7) + e " a (p, 7))

1 1
2 /dp \./Qw(p) (2.43)
pulo,7) = \/% /dp % V2w(p) (e"%al,(p,7) — €™ au(p,7)) ,

in such a way that the creation and annihilation operators satisfy canonical commutation
relations

[ (p. 1), al, (0", 7)) = 8% 6(p — p'). (2.44)
The explicit form of the frequency w(p) is dictated by the quadratic Hamiltonian #s.
Similarly, for fermions we may write

el %a dp . )
0%0,7) = e f(p) a(p,7) + e~ g(p) a*' (p, 7)) , (2.45)
V2rmJ Jw(p) ( )
6The kinetic term for fermions comes from the term %pM(:)IFM(;)[ = %p+(:)1[(1 — a)I'* + al'?]® +

% p_Or[-Tt+ I‘¢]® in (2.34), where Gamma matrices along transverse directions do not contribute thanks to
the gauge-fixing for fermions (2.29). At leading order we have to consider just the contribution of p_ =1, and
we assume that €9 ~ 1, eg ~ 1 expanding in transverse bosons.
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where we have the freedom of choosing a phase ¢,, and we have introduced the wave-
function parameters f(p), g(p). The creation and annihilation operators satisfy canonical
anti-commutation relations

{a(p,7),a}(p/,7)} = 650 (p— 1), (2.46)
if these functions satisfy”

2 200y — o f(=p)g(=p) _ _fp)9(p)

For simplicity, let us collect all bosonic and fermionic oscillators together and label them
by k = (i, a). The time evolution for these operators is dictated by

dk(pa T) =1 [H(aTa a)a ak(pa 7_)] ) (248)

and similarly for creation operators. Here H(af,a) is the full Hamiltonian written in
terms of the oscillators. Because of the complicated nature of the interactions, one prefers
to formulate the problem in terms of scattering.

We do not try to describe interactions at any time 7, but rather we focus on the in-
and out-operators that evolve freely and coincide with the ones of the interacting theory
atT = —ooand 7 = +oo

a|-rzfoo = ainl‘rzfoo > a|7:+oo = aout|7’:+oo . (2.49)

They create in- and out-states

in 1 T
lp1,p2; -+ 7p”>k1,k2,...,kn = Gin ey (p1)--- Gin k,, (pn)|0) , (2.50)

out

P12, D) ks, = G, (1) 0, (90)[0)
from the vacuum |0), which is killed by annihilation operators. These operators are
particularly simple because by definition interactions are switched off
h(p,7) = i [Hz(afy, ain), af (0, 7)]

) ‘ ; . (2.51)
aout(pa T) =1 [H2 (aout7 aout), aout(p’ 7—)} )

> Q-

meaning that their time evolution is dictated just by the quadratic Hamiltonian Ho.
Since we want all pairs of creation and annihilation operators (a/., ain), (@}, dout) and

(a',a) to satisfy canonical commutation relations, they all must be related by unitarity

operators. In particular, in- and out-operators are related to the interacting operators by

_mt . U (r
a(p,7) = Um(T) in(p, 7) - Uin(7) , 2.52)
a(p, 7) = Uout(7) - Gout(p; 7) - U(T)ut(T) )

where we require Uiy (7 = —00) = 1, Ugw(T = +00) = 1 to respect the boundary condi-
tions (2.49). The unitary operator that we call S is actually the most interesting of them,
as it relates in- and out-operators

ain(p, 7) =S - aout(p, 7) .St S|0) =10) . (2.53)

Typically one also sets f2(p) — g?(p) = m, so that @}@ 7 in H2 generates a mass term written for the
oscillators a, a’ multiplied by the mass m.
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From this definition we have that the map between in- and out-states is given by the
S-matrix
i t
|p17p2>"'apn>}€nl7k2 k :S|p17p27"'7pn>21117k2 kn ? (254)

..... n [XERE}

and consistency of the above relations implies
S = Uin(T) : Uout(T)- (255)

Let us mention that the time dependence on the right hand side is only apparent; in
fact, the in- and out-operators are free and evolve with the same time dependence, that
cancels. This means that we may evaluate the expression at any preferred value of 7.
The three unitary operators are determined by imposing that the time evolutions (2.48)
and (2.51) are respected. For Ui, Uyt one can check that

Uin(1) = Texp (—z’ /T dr’' v (a;rn(T’Lam(T/))) ;

— 00

Uout(7) = Texp (—Z/T

solves the desired equations, where we have introduced the potential V = H — H,, and
Texp is the time-ordered exponential. For evaluating the S-matrix we can use the fact
that boundary conditions simplify the formulae and write two equivalent results

= (2.56)

ar' v (ajm(f’), aout(T/))> :

S = Uin(+o0) = Texp (—i /Oo dr’' v (aiTn(T’),ain(T’))> ;
- (2.57)
= Uout(—0o0) = Texp (—i /_Oo dr’'' v (aiut(T’), aout(r’)>> .

We conclude pointing out that perturbation theory is a useful tool to compute the scat-
tering processes. We get approximate and simpler results if we define the T-matrix as

S=1+ gT, (2.58)

and we take the large-tension expansion of (2.57). At leading order we obtain
T — _g/ ar' V() + ... (2.59)

where V = 1/gH, + O(1/g%). We then recover the known fact that the quartic Hamil-
tonian provides the 2 — 2 tree-level scattering elements. Subleading contributions in
inverse powers of g for the matrix T will give the quantum corrections for the 2 — 2
scattering processes. In the next chapter we show how in some cases non-perturbative
methods may be used to account for quantum corrections to all orders.



Chapter 3

Symmetries of AdS3x S’ xT*

In this chapter we study the 1+1-dimensional model that emerges as a description for
strings on the AdS; xS?x T4 background, after fixing light-cone gauge on the worldsheet
and taking the decompactification limit. The symmetry algebra of the original model—
the isometries of this background are given by psu(1, 1|2), & psu(1, 1|2)—is broken to a
smaller algebra under the gauge-fixing procedure explained in Chapter 2. The genera-
tors that commute with the light-cone Hamiltonian close into the superalgebra that we
call A. The explicit commutation relations are presented in the next section. Here it is
enough to say that the vector space underlying .A can be decomposed as

psu(1|1)* @ u(1)? @ s0(4) ©u(1)?.

The four copies of psu(1|1) provide a total of eight real supercharges. As it can be seen
in (3.1), their anti-commutators yield the 1(1) central charges corresponding to the light-
cone Hamiltonian H and an angular momentum M in AdS3;xS®. The so(4) symme-
try is present only in the decompactification limit, where we have to consider the zero-
winding sector for the torus and use vanishing boundary conditions for the worldsheet
fields. This so(4) may be decomposed into su(2)e @ su(2),, to show more conveniently
that the supercharges transform in doublets of su(2),, and are not charged under su(2),.

Let us introduce some terminology and say that on-shell—when we consider states
for which the total worldsheet momentum vanishes—these are the only generators ap-
pearing. Going off-shell we relax the condition on the momentum and we get A, a central
extension of the on-shell algebra. The two new u(1) generators C, C measure the mo-
mentum of the state and play a major role in the whole construction.

For the reader’s convenience, we start by presenting the commutation relations defin-
ing the algebra A, and we explain how to rewrite its generators in terms of the ele-
ments of a smaller superalgebra, namely su(1]1)2,. The explicitly form of the charges
at quadratic order in the fields permits, on the one hand, to check the closure under the
correct commutation relations. On the other hand, it suffices to derive the exact mo-
mentum dependence of the eigenvalues of the central charges C, C . We also study the
representations of A under which the worldsheet excitations are organised, first in the
near-BMN limit and then to all-loops. We also rewrite them as bi-fundamental represen-
tations of su(1|1)2,, and we show that we can define a discrete “Left-Right symmetry”
that will be crucial for constructing the S-matrix in the next chapter. We conclude with

29
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an explicit parameterisation of the action of the charges, as a function of the momenta of
the worldsheet excitations. We collect in an appendix the calculations of the gauge-fixed
action needed to obtain these results.

3.1 Off-shell symmetry algebra of AdS; xS xT*

To accustom the reader to the symmetry algebra A derived in [4], we start by introducing
the notation for the bosonic and fermionic charges, and we present the (anti)commutation
relations that they satisfy. To begin we have the anti-commutators

— 1 ' :
Q4 Q=50 H+M),  {QQu} =} C,

o o (3.1)

{QRd7QRb} = 56;} (H-M), {QLd’QRb} = 6{sz'
Here H, M, C, C are central elements of the algebra. The charge H corresponds to the
Hamiltonian, and M to a combination of angular momenta in AdS;xS?. The charges
C, C are related by complex conjugation and they appear only after relaxing the level
matching condition, see Chapter 2. If we set C = C = 0 we remove the central extension,
and the two copies Left (L) and Right (R) of the algebra decouple.

The supercharges are denoted by Q and the bar means complex conjugation. The
labels L or R are inherited from the superisometry algebra psu(1,1]2), @& psu(1,1]2),
where they refer to the chirality in the dual CFT,. The supercharges transform under the
fundamental and anti-fundamental representations of su(2),, whose indices are denoted
by a=1,2

. . 1 . ) o 1 5 .
[Jee’, Qs = 6%.Qe — §5aer, [Jei’, Q% = —0,,Q" + 55;) “. (3.2)

Here J,," denotes the generators of su(2),. Together with the generators J,,” of s1(2)o—
under which the supercharges are not charged—they span the algebra so(4) = su(2), @
su(2),

Joi? Joe®] = 00, J0a® = 0L 302, [30a? T30 = 62 300? — 6 300 (3.3)
The whole set of (anti-)commutation relations defines the algebra .4, that we continue to

study in more detail in the rest of the chapter.

3.1.1 The symmetry algebra as a tensor product

Focusing on the subalgebra psu(1|1)2, C A4, it is convenient to rewrite its generators—
namely the supercharges and the central charges—in terms of generators of a smaller
algebra,! that we call su(1[1)2, . Let us start from su(1]1)? = su(1|1), @ su(1|1), defined

I This possibility has a counterpart in the case of AdSs xS, where the generators that commute with the
light-cone Hamiltonian close into two copies of su(2|2)ce. [33]. The S-matrix may be then written as a tensor
product of two su(2|2)ce -invariant S-matrices. In Section 4.2.2 we will show how in the case of AdS3 xS3 x T4
we may rewrite an S-matrix compatible with psu(1|1)2, C .A as a tensor product of two su(1|1)?2, -invariant
S-matrices.
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as the sum of two copies of su(1|1) labelled by L and R

{QL7@L} = ]H[u {QR7@R} = Hk. (3~4)

A central extension of this is the algebra su(1|1)?, that we want to consider. The two new

central elements C, C appear on the right hand side of the following anti-commutators
mixing L and R [7] o -
{Qb QR} = (C 9 {Qb QR} = (C . (35)

It is now easy to see that the supercharges of psu(1|1)* appearing in the previous subsec-
tion may be constructed via the elements of su(1]1)2, . Intuitively, we identify the su(2),
index “1” with the first space in a tensor product, and the index “2” with the second
space? and we write

QLIZQL®17 QLlZ@L(X)l; QL2:E®QL7 QL2:E®@L;

_ _ _ _ 3.6
QRIZQR®17 lezQR®17 QR2:Z®QR7 QR2:E®QR' ( )

The matrix ¥ is defined as the diagonal matrix taking value +1 on bosons and —1 on
fermions. In this way we can take into account the odd nature of the supercharges while
using the ordinary tensor product ®. Following the same rule, for the central elements
we first define

H'=-H ®1, H?=1®H., Ccl=Cw®1, C?=1®C,

1 2 ol _ = 2 e 37)
H'=H®1, H? =1 H, C'=Co»1, C>=1®C.

To reproduce the property that these generators are not charged under the su(2), algebra,
we identify the charges in the two spaces as

H=H'-H? H=H'=H2 c=c!=cCc? C=cC'=cCc% (3.8)

Another consequence of this requirement is that the above generators become propor-
tional to the identity operator on irreducible representations.

Using these identifications and the anti-commutation relations (3.4)-(3.5), one can
check that the anti-commutation relations (3.1) of psu(1]1)2, are satisfied, where we have

H=H +H, M=H —H,. (3.9)

The tensor product construction presented here will be particularly useful when study-
ing the representations of the algebra A, and we refer to Section 3.2.3 for further details.

3.1.2 Charges quadratic in the fields

We present the expressions for the bosonic and fermionic conserved charges that en-
ter the superalgebra A, as derived from the worldsheet Lagrangian. We refer to Ap-
pendix B.1 for notation, and for the calculations of the gauged-fixed action following

2]t is important to make this identification when Left supercharges have an upper su(2)e index, while for
Right supercharges the index is lower. In fact, for this rewriting to work, if Left supercharges transform in the
anti-fundamental representation of s1(2)s, then Right supercharges have to transform in the fundamental—or
viceversa. Hermitian conjugation swaps fundamental and anti-fundamental representations.
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the general explanation of Chapter 2. We parameterise the transverse directions of AdSs
with complex coordinates Z, Z and the transverse directions of S with Y, Y, such that
Zt = Z,YT = Y. The directions on T* are denoted by X%. The index & = 1,2 cor-
responds to su(2),, while a = 1,2 to su(2),. The reality condition on these bosons is
(Xll)T — X22, (X12)T — —X21.

Half of the fermions are denoted with the letter 1 and carry a label L or R. Being
charged under su(2), they carry also an index @ = 1,2. The other half of the fermions
are denoted with the letter x and are equipped with a label + or — and the su(2), index
a = 1,2. In both cases a bar means charge conjugation. Later we show that the former
are massive, the latter are massless.

At quadratic order in the transverse fields®, the light-cone Hamiltonian H and the
angular momentum M are

1_- 1_- 1- 1-
H= /da <2PZPZ +5272 + 5Z’Z’ + 2Py Py + SYY + 5Y’Y’
+ an® + Tk + 1 ke — T TLa (3.10)

. 1 .,
+ P, P% + ZX‘{“IXW + XX, — xaxﬁra> ,

M = /da (z’PZZ —iPyZ 4+ iPyY — iPyY + fan,® — nﬁ%) . (3.11)

The Hamiltonian shows that the fields Z, Z, Y, Y parameterising AdS and the sphere are
massive, with mass equal to 1 in our units. They are accompanied by fermions 7 with
the same value of the mass. The fields X% that parameterise the torus are massless,
as well as the fermions denoted by x. Taking the Poisson bracket of a given charge
with the various fields we may discover its action on them. In particular, when we do
it for the angular momentum M—a central element of the algebra—we discover that
it takes eigenvalues +1 for massive fields, and 0 for massless fields. We learn that the
representation of A is reducible.

The knowledge of the supercharges allows us to compute the central charges C, C
exactly in the string tension g. In order to do that, one has to keep exact expressions
involving the light-cone coordinate =, that carries the information about the worldsheet
momentum as showed in Chapter 2. On the other hand, we might want to perform an
expansion in transverse fields, and we actually decide to stop the expansion at quadratic
order. This is preferable from the point of view of the presentation, and it is enough for

3In this section we use bold face notation also for the charges written in terms of the fields.
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our purposes®. In this hybrid expansion, the supercharges read as

. ef%i i - . i . . . .7 3 _ _
Q' = 5 /da ez? <2PZnL“ —iZ' 5 +iZn* — b (QZPyﬁLB — Y'an + YﬁLb)
— 2% Py — (XA X—a)a
e~ it

Qs = /da ez <2P2nm —iZ' e + i Zmra + €4 (2iPy T — Y'nP +YR)

+ 2PdaX—a - ieai;(Xim)/ X-‘ra )

(3.12)
while their Hermitian conjugates are found directly by

Qui = (QH, Q. = (Qua)'. (3.13)

Using the canonical (anti-)commutation relations for the fields as in Appendix B.1, one
finds that the above supercharges indeed close into the algebra A defined by (3.1).

We now want to derive the form of the generators C, C introduced by the central
extension. Their exact eigenvalues are found thanks to the hybrid expansion of the su-
percharges, where expressions in = have been kept exactly. In fact it is this light-cone
coordinate that carries information on the worldsheet momentum, as it can be seen from
the Virasoro constraints in Chapter 2. Computing, for example, {Q,!, Q1 } one finds®

C:—i/dae”’

=2 (PsZ' + PyZ + PyY' + PyY' + Pau X )

Y 0,(ZZ + VY + XaaX99) + ... (3.14)

= g / do e'® (2'~ 4+ total derivative) ,

where we have used the relation (2.41) that solves one of the Virasoro conditions, and
we have dropped a total derivative term. The combination that appears is particularly
nice and can be integrated as

—= do die“f = _%g (emf('koo) — e”f(_oo)> = _%g el® (=) (giPws_1), (3.15)
o

— 00

Here g is the string tension. To be more general, from now on we write this result in terms
of a new effective coupling h(g), that may be identified with g in the semiclassical regime

“For expressions at quartic order—in particular at first order in fermions and third order in bosons— we
refer to [5].

5When we compute the anti-commutator of a Left and a Right supercharge, we should keep only terms at
order zero in the transverse fermions, as higher order terms mix with fermionic corrections to the supercharges
that we have dropped. This approximation does not prevent to find the result, since C is a central element and
the knowledge of its eigenvalue on bosonic fields is enough.
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h ~ g. These central charges may be then written in terms of the charge P measuring
the worldsheet momentum as
n B o
] C= ey, (3.16)

where we have fixed a normalisation for ¢'® (=>°). This is the key result that will allow
us to find the exact S-matrix in Chapter 4. It is worth stressing that with this computa-
tion we were able to fix the exact momentum dependence of these central charges, and
one may take into account higher order corrections in power of fields to check that the
dependence is not modified. This derivation is classical, and it would be interesting to
explicitly show that the result is solid under quantum corrections, at least at the leading
orders in the near-BMN limit.

The eigenvalues of the central charges C, C that we have found match with those
computed in the case of AdS;xS® [33]. In the context of AdSs;/CFT,, these central
charges appear also in the construction of the gauge theory side, with exactly the same
eigenvalues [21]. This fact was a strong suggestion that they are not modified by quan-
tum corrections. We will assume that also in the case of AdS3xS?xT* quantum correc-
tions do not spoil the result found with the classical computation presented above.

3.2 Representations of the off-shell symmetry algebra

In this section we want to study the representations of the off-shell symmetry algebra A
that are relevant for AdS; xS3 xT*. For simplicity we start by considering the near-BMN
limit introduced in Section 2.3.1, and then we explain how we can extend the results to
all-loops. We further study these representations and we provide a parameterisation in
terms of the momentum of the excitation.

3.2.1 Near-BMN limit

We start by considering the near-BMN limit, where we truncate the charges at the quadratic
order in the fields. For the supercharges this means also that we will ignore the factor
e~ in (3.12). Introducing creation and annihilation operators, we rewrite the charges
in momentum space and discuss the representations under which the excitations trans-
form. For the explicit map between fields and oscillators we refer to Appendix B.2. The
tables below summarise the notation for the annihilation operators that we use. Creation
operators are denoted with a dagger. We have bosonic ladder operators a carrying a la-
bel z or y, to distinguish excitations on AdS or the sphere respectively, and a label L or R.
As anticipated in the previous section, they create massive excitations on the worldsheet.
The labels L,R appear also for the ladder operators d of massive fermions, that also carry
a su(2), index. For bosons of T*, creation and annihilation operators will carry two in-
dices, as they are charged under su(2), and su(2),. They are massless excitations, and
together with them we find also massless fermions, whose ladder operators d, d carry
just an su(2), index.

AdS; | s* | T

Az, Qrz ‘ Gy, Ary ‘ Qgq

massive ‘ massless
dog, d® | da, dq

Bosons: Fermions:
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When acting on the vacuum, we create the eight massive states that we denote as
2% = al . 10), Y =al,, 10), ) =4 0), ) =dl;10),  (317)
and the eight massless ones
T =atTj0),  [x)=d*T|0),  [x*)=d"T|0). (3.18)
The notation that we introduce here for states in the near-BMN limit is the same one

that we will use for the exact representations, starting in Section 3.2.2. In terms of ladder
operators, the central charges are written as

H= / dp [wp (aIZaLZ + aiyaLy + al ag. + a;yaRy +d,Tdy + dlddR‘i)

+ @y (ad“Ta;m +d*td, + d”cia)

)

M = /dp [azzau + alyaLy + deTdLa — (a:gzaRz + alyaky + dlddR‘i> ] , (3.19)
1 . .
C = -3 /dpp [azzam + aIyaLy + alzam + a;ﬂyaky + dL“TdL;l + dlddR“

+a%ta,, +d*td, +dtd,

As expected, in the near-BMN limit the frequencies for massive (w, = /1 + p?) and
massless excitations (@, = |p|) show a relativistic dispersion relation. We will see later
how this is deformed by the h-dependence, see (3.23). In the near-BMN limit, the el-
ement introduced by the central extension is essentially just the charge measuring the
worldsheet momentum C ~ —3P.

The quadratic supercharges of Eq. (3.12) take the form

Q- / dp [ Fo(dTan, + ¢®al d ;) + gp(al,dd + € d'; ax.)
+f» (6“’ d*Va, + ad“da) ] :
(3.20)
Qi = /dp [fl’(dlaaRy — e at.dy) + gp(aiydm — €l M)

+3p (d“Ta(m - € aEaTcia) 1 .

Here we have introduced the functions f,, g, and f,, §, for massive and massless excita-
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tions respectively, defined by

_ (3.21)
A e G o= L2
bi P 9 9p 9 fp

The action of the bosonic and the fermionic charges on the states of Equation (3.17)

and (3.18) define the representation under which the excitations of AdS3;xS*xT* are

organised.
It is clear this representation is reducible. We find three irreducible representations,

that may be labelled by the eigenvalue m of the central charge M: m = +1 for Left
massive, m = —1 for Right massive, and m = 0 for massless excitations.

3.2.2 All-loop representations

The study of the charges at quadratic level allowed for the understanding of the rep-
resentations at the near-BMN order. We now want to go beyond this limit and write
down representations that are supposed to be valid to all loops. In particular we want to
reproduce the full non-linear momentum dependence of the charge C, as in Eq. (3.16).
Doing so we discover that the dispersion relation is modified, and for generic A it is not
relativistic. The results rely on the assumption that the eigenvalues of the central charges
C, C derived from the classical computation remain unmodified at the quantum level.
As already pointed out, the main motivation for believing this is the fact that the same
central charges were found on both sides of the AdSs/CFT, dual pair [21, 33].

The key point of the construction is that each of the irreducible representations found
in the near-BMN limit—Left-massive, Right-massive and massless—is a short represen-
tation of psu(1/1)2,. Even beyond the near-BMN limit the dimensionality remains the
same, and they remain to be short. A generic short representation satisfies the important
constraint relating the central charges®

H? = M? + 4CC, (3.22)

called shortening condition. It allows us to solve immediately for the eigenvalue E,, of the
Hamiltonian H, in terms of the eigenvalues m and 2 (e'? — 1) of M and C, yielding

E, = /m? + 4h? sin? g . (3.23)

This result is particularly important because it states what is the energy of a fundamental
worldsheet excitation at a generic value of h. For this reason it is often referred to as the
all-loop dispersion relation. M measures an angular momentum, and its eigenvalue will
continue to take the integer values m = +1, —1,0. In other words it does not depend on
h and p even beyond the near-BMN limit.

6This equation is a consequence of the fact that in a short representation a highest weight state—defined
as being annihilated by the raising operators Q, ;, Q*—is annihilated also by a particular combination of
lowering operators 1 (H—M)Q,% — CQg,,. Then the vanishing of the anti-commutator {Q, ;,  (H—M)Q,% —
CQy, } yields the desired constraint on the central elements.
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Yh) | Z})
(QL1 ’ QRI 6L2 ) QR2 QLl ) 6[{1 6]_27 QR2
) 5 ") %) 5 ')
Q2, QR QuL1, Qri Q% Q¢ QL1, Qr1
1ZY) 1Y)

Figure 3.1: The Left and Right massive modules. The supercharges indicated explicitly correspond
to the outer arrows only. The two massive fermions within each module are related by su(2),
ladder operators.

We now proceed with the discussion on the exact representations by presenting the
action of the supercharges on the states. The result is written in terms of the coefficients
Aps Gp, by, by, that will be fixed in Section 3.2.5 by requiring that we reproduce the eigen-
values (3.16) and (3.23) of the central charges, and that we match with the results in the
near-BMN limit once we rescale the momentum p — p/h and send h — co. We show the
action of the supercharges separately for each of the irreducible modules.

Massive representations The Left and Right modules are depicted in Figure 3.1. Each
of them has the shape of a square, where supercharges connect adjacent corners. The
two corners hosting the fermions are related by su(2), generators. More explicitly, the
action of the supercharges on the Left module is

Q. |Y}) = ap In?) . Sy = et a, | ZL),
QuilZ8) = —epapln?y.  Qualn®) =80a, v},
(3.24)
Qui | Z5) = €43, bp [0) Qui 1) = 6.7 b, |Y2),
QAN = byl | Q) = b, |25) .

As it is clear also from the picture, if we define Q.1, Q1 to be our raising operators, then
the bosonic excitation |Y") of the sphere is the highest weight state of this module. For
the Right module the situation is different, as the highest weight state is the bosonic
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Figure 3.2: The massless module. It is composed of two short representations of psu(1|1)Z,. that
are connected by the action of the su(2), generators.

excitation | Z®) of AdS. The action of the supercharges in this case is’

Q| Z8) = by 5, Q* \an’> = i, YY),
Qua Y = €4 by 1) Qua ) = 6.2, 125)
(3.25)
Qua V) = ey ap 1) Qua [10) = 8 a, | Z5)
Q|78 = ay |12, Q) = —e®a, |v)).

The above exact representations reproduce the ones found in the near-BMN limit after
identifying a;, ~ a, ~ f, and b, ~ b, ~ g,. When going on-shell one has to set also
b, = b, = 0, with the result that only Left (Right) supercharges act non-trivially on Left

(Right) states.

Massless representations Figure 3.2 shows the massless module, with the shape of a
parallelepiped. It is obtained by gluing together two short psu(1|1)2, representations—
with the shape of a square, like in the case of massive excitations—related by the action
of su(2), generators. The explicit action of the supercharges on the massless module is

Q. T2) = etba, |R2) Q. xg) = ap T,
Qua V%) = —egiap |12, Qua [T = 8, X2,
(3.26)
Qui [T2%) = 6,55, X% Qui IX2) = —€q3bp 1127,
QX% = b, |18, Q. |They = b, |72).

7 Although we have defined Right fermions with a lower su(2)e index in Eq. (3.17), here we prefer to raise
it, to avoid collision with the label for the momentum of the excitation. We raise su(2) indices with the help of
eab.
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|6") ) %) |6°)
@y W @, T Qu, Tx
¥) £y 4)
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Figure 3.3: Short representations of su(1|1)Z. . They differ by the label L or R, and by the grading.

Masslessness of the excitations is encoded in the fact that they are annihilated by M,
which results in a constraint on the representation coefficients®

lap|® = |bp[*. (3.27)

To match with the near-BMN limit one has to take a, ~ a, ~ fp and b, ~ l;p ~ Gp. Dif-
ferently from the massive case, on-shell all supercharges annihilate massless excitations.

3.2.3 Bi-fundamental representations

In Section 3.1.1 we showed how it is possible to write the psu(1|1)2, algebra in terms of
su(1]1)2, generators. In this section we explain how the representations of psu(1|1)2,.
that are relevant for AdS; xS?xT* can be understood as proper tensor products of repre-
sentations of su(1|1)?, . The representations that we consider in this section are depicted
in Figure 3.3.

We start by considering a possible short representation of su(1/1)2, that we call g;.
It has dimension two, with one boson denoted by ¢" and one fermion denoted by ¢".
It is defined by the following action of the supercharges that satisfy the commutation
relations (3.4)-(3.5)

Q. |¢L> =ap |'¢L> Q. |1/}L> =
@L|¢L>:O @L|¢>:a |¢p>
L 3.28
Qulds) =0, Qu k) = by I6) (429
Qxloh) = by |¢y) Qr |yy) = 0.

The choice of the coefficients makes sure that the Left and the Right Hamiltonians are
positive definite. The above equations identify a Left representation, in the sense that on-
shell b, = b, = 0 the Right charges annihilate the module. Similarly, one could consider

8We stress that the coefficients ap, @p, bp, bp appearing for the massless module are different from the ones
for the massive modules. The dependence on the eigenvalue m is not written explicitly not to burden the
notation.
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a Right representation gz where the role of Left and Right charges is exchanged

Q) = ap ), Q) =0,
@R |¢) > =0, @R l¢;> =ap |¢;>7
R - 3.29
Q.16%) = 0, Q) = by |62 6.5)
QI =B 1), Tl = 0.

If for lowering operators we conventionally choose the supercharges Q,, Q,—and for
raising operators Qr, Q,—then the representations g, and g are identified by the fact
that the highest weight states are respectively ¢ and ¢*. Other two possible representa-
tions are found by taking the opposite grading of the representations above, namely by
exchanging the role of the boson and the fermion. We call g, the Left representation in
which " is the highest weight state

Q) =apldp),  Quldy) =0,

R Q WJ ) =0, Q. |¢~5p> =ap |1£}p> ) (3.30)
QR|¢ > =0, QR|¢;)> :bp Iw;)>a
@R|"/}L> :B | > @R|¢;> =0,

and similarly g the one in which ¢~ is the highest weight state.

The study of short representations of su(1|1)?2, is useful because the exact represen-
tations relevant for AdS3 xS3xT* are bi-fundamental representations of su(1|1)2, . It is easy
to check that the Left-massive, the Right-massive and the massless modules correspond
to the following tensor products of representations

Left: o, ® o, Right : or ® 0k, massless : (o, ® @)@2. (3.31)

For the massless module one has to consider two copies of g, ® g, hence the symbol ®2.
These two modules transform one into the other under the fundamental representation
of su(2),. More precisely, one can identify the massive states as
Yi=ged,  nl=vied,  pl=dev, 2 =yed
= ¢R®¢R7 an :wR®¢R7 77R2 = ¢R®va ZR 21/1R®1/1R;
and the massless ones as
T =(yredt) Xt=(ed), x'=(ded) TM=(sed)". G3)

Together with the identification (3.6) for the psu(1|1)?, charges in terms of the ones
of su(1|1)2,, it is easy to check that we reproduce the action presented in (3.24)-(3.25)
and (3.26).

(3.32)

3.2.4 Left-Right symmetry

The labels L and R appearing in the representations for the massive excitations are in-
herited from the two copies psu(1, 1|2), & psu(1, 1|2)x of the symmetry of the string [74].
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It is clear that exchanging the two labels in this case does not produce any difference.
Considering the commutation relations of A in (3.1) we see that they remain invariant
under the map

Q.4 +— Qu, M — —M. (3.34)

A Left supercharge with upper su(2), index is mapped to a Right supercharge with lower
5u(2), index because they transform under the fundamental and anti-fundamental rep-
resentations of su(2),, respectively. The Left and Right massive modules inherit a similar
Zo symmetry that we call Left-Right (LR) symmetry. The map here is given by

Y' — Y 7 s Z*, e e R, (3.35)

Combining the map for the charges and the one for the states, we find compatibility
for the representations (3.24) and (3.25). This will prove to be extremely useful when
constructing the S-matrix, see Section 3.2.4. At the level of the bi-fundamental repre-
sentations, it is clear that the map above is equivalent to exchanging the labels L and R
in (3.32).

Let us consider the massless representation in (3.26), or its bi-fundamental struc-
ture (3.33). Naively, it seems that the notion of LR symmetry cannot be extended to this
module, as only Left representations are used for the construction. It turns out that LR
symmetry is naturally implemented, and the resolution is in the masslessness of these
excitations: there exists a momentum-dependent change of basis for the massless states’

~a Ap | ~a a b a
|Xp> = 7b7p ‘Xp> ) |Xp> =2 |Xp> ) (336)
P ap

under which the action of the supercharges becomes

QLd ‘T;Z;a> = _Edbbp |X$> ) QLd |X§> =y |Tz?a> )

Qui |X§> = eal}l_’p ‘T5a> ) Qu |T5a> = 5&%}) ‘XZ> )
(0r ® 00) ¥ |: _ 4 4 (3.37)

Qra \T£u> = 5abap |x$> ) Qra IXZ> = €p0p |Tz§)a> )

QdIxp) = ap, Ty, Q") = —e™ay, |X5) -

The bi-fundamental structure in this case corresponds to the identifications

Tio= W@, Xa=(0"00),, Xa= @), Toa=(¢"®d), (338)

This change of basis yields the above representation only when the states are massless,
as we need to use explicitly |a,|? = |b,|?. It is then clear that a notion of LR symmetry is
present also for the massless module, where we have the rules

a?

aa ~a b a a ~
T = Taa), R = +5xa), X = =35 IXa). (339)
P p
It is interesting to note that one might perform also a different rescaling
~ ~ ~ ap |~ b
) =), ) =g, XG) = —bf Xp)s Ixp) = ;Z IXp) - (3.40)

9Using the parameterisation of the Section 3.2.5 one can check that the rescalings are in fact just a sign,
2 = —sign(sin 2).
D
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Doing this, one would get a bi-fundamental structure of the form (o, ®0,)H(0x®0r). Now
both Left and Right representations would be used to construct the massless module,
where Left corresponds to the su(2), index @ = 1 and Right to ¢ = 2. LR symmetry
would be implemented just by swapping the two su(2), flavors.

3.2.5 Representation coefficients

In the previous section we presented the action of the odd generators of .4 on the massive
and massless states. It is written in terms of two complex coefficients a,, b,—depending
on the mometum p of the excitation and the eigenvalue m of the central charge M on the
specific module—and their complex conjugates a,, b,. Computing anti-commutators of
supercharges we are able to write the relation between these coefficients and the eigen-
values of the central charges. These are known at any value of the coupling constant,
thanks to the results coming from the explicit worldsheet computation (3.16) and the
shortening condition (3.22)'°

M: apay — byb, = |ml,

_ 7 . o2P
H: aplp + bpby = \/ m? + 4h? sin” 97 (3.41)
C: a,,b,,:h%(eip—ng.

Here ( = €%¢ is a function that characterises the representation. On one-particle states
it can be taken to be 1, but in Section 4.1 we will show that this is not the case when
constructing two-particle states.

A way to solve the above equations is to introduce the Zhukovski parameters =¥,
that satisfy

1 1 2im zh ,
. ml g, (3.42)
Tp Tp h Tp
Then we can take the representation coefficients to be
. b\ o\ "V - .
ap = npez'f7 ap =np (]i> 6715’ bp = _Lﬁ (g) 6267 bp — _%67267
Tp Tp \Tp Tp
(3.43)

where we have introduced the function

eI\ i
w=(2) | Fer b, (3.44)
Tp

This parameterisation coincides with the one of [106]. The constraints on the spectral
parameters 2+ can be solved by taking

erT csc (%) <|m| + \/m2 + 4h2 sin? (g))

£
o = o , (3.45)
10The eigenvalue of the charge M is denoted by m. In these equations we have the absolute value of m
appearing becuase we get apa, — bpyb, = m = +1 for Left states and apa, — bpby, = —m = +1 for Right

states. On massless states we have apa, — bpbp, = m = 0.
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where the branch of the square root has been chosen such that |xff| > 1 for real values
of the momentum p, when we consider massive states |m| > 0. For massless states, we
have simply

+ tie
T, =e 2, E, =2h

in P
sin o ‘ . (3.46)

In the massless case the spectral parameters lie on the unit circle. Similarly to the situa-
tion of massive excitations, the dispersion relation is not relativistic, and now it actually
gets the form of a giant magnon dispersion relation at strong coupling [125].

3.3 Summary

In this chapter we have studied the symmetry algebra that remains after fixing light-
cone gauge for strings on AdS;xS*xT*. We have considered the charges written in
terms of worldsheet fields, and to simplify the computations we have truncated them
at quadratic order in the expansion in powers of fields. We actually used a “hybrid
expansion”, in the sense that the dependence on the light-cone coordinate 2~ was kept
exact. The coordinate x~ is related to the worldsheet momentum through the Virasoro
constraint.

Computing anti-commutators of supercharges we have verified the presence of a cen-
tral extension when we are off-shell, i.e. when we relax the level-matching condition and
we consider states whose total worldsheet momentum is not zero. The hybrid expansion
allowed us to derive the exact momentum-dependence of the central charges.

The computation at the near-BMN order revealed that we have four bosonic and four
fermionic massive excitations, together with four bosonic and four fermionic massless
excitations. The massive excitations correspond to transverse directions in AdS;xS?,
and they are further divided into two irreducible representations—labelled by Left and
Right—of the off-shell symmetry algebra 4. Massless modes correspond to excitations
on T%.

We showed that it is possible to deform the near-BMN representations introducing
a dependence on the parameter h—related to the string tension—that reproduces the
exact non-linear momentum dependence of the central charges. We also obtained the
“all-loop dispersion relation” for the worldsheet excitations.

In the next chapter we will use compatibility with the charges constructed here to
bootstrap an all-loop S-matrix.
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Chapter 4

Exact S-matrix for AdS;xS>xT*

The Hamiltonian of the gauge-fixed model living on the worldsheet can, in principle,
be used to compute the S-matrix, responsible for the scattering of the excitations on the
string. To start, the quartic Hamiltonian provides the 2 — 2 scattering elements at tree-
level, and higher corrections may be computed.

In this chapter we want to take a different route. Rather than deriving the S-matrix in
perturbation theory, we use a bootstrap procedure to find it at all values of the coupling
h. This method relies on a crucial assumption, namely that the theory at hand is quantum
integrable. As anticipated in the introduction of Chapter 1, one can prove classical Inte-
grability for strings on AdS; xS3 x T4 [74], meaning that there exists an infinite number of
conserved quantities in involution with each other. The assumption is that this property
survives at the quantum level, where we find an infinite set of commuting conserved
charges labelled by n;

[Ty s Iny] = 0.

Two of these are the familiar charges that measure momentum and energy of the state.
The others are called higher charges, and in relativisitic integrable field theories their
eigenvalues typically depend on higher order polynomials in the momenta. In general,
given a state with momentum p, each charge acts simply as J,,; [p) = jn,(p) |p). We
should appreciate that the situation is very much constrained, as we have at our disposal
an infinite set of independent functions j,,, (p).

The consequences of this are important when we consider the scattering problem.
We focus on the in-states prepared at ¢ = —oo and on the out-states that remain after
the collision at ¢ = +o00. We do not try to describe the details of the scattering when the
particles are close to each other, as the interactions might be very complicated. We define
an object S that we call S-matrix and that relates the inital and final states

1A (pr) . XN (pv,)) = A0 (1PN PPy, ) XD (B) - AN ()
For a generic quantum field theory, the first requirement that we might want to impose
on this S-matrix is compatibility with symmetries. Additionally, we should also impose
the unitarity condition, to be sure that no state is missing in the description.

The generic problem is very complicated; in fact, creation and annihilation processes
may take place, meaning that interactions might modify the number of particles after

45
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@ (b) ©

Figure 4.1: Parallel lines with the same style correspond to particles having the same momentum.
The vertical axis parameterises time, while the horizontal axis space. The action of the higher
conserved charges allows us to independently move the wave-packets of the excitations that are
scattering. A three-body process like the one in the central figure becomes then equivalent to either
the process depicted in the left or the one in the right. In both cases we get a sequence of two-
body scatterings. Constistency imposes that these two factorisations should be equivalent. This
requirement results in the Yang-Baxter equation, a constraint that the two-body S-matrix should
satisfy.

the scattering. Following Alexander and Alexei Zamolodchikov [126], if in a quantum
integrable model we impose conservation for each of the charges J,,

Njn Nout

Zjn(pk) = Z]n(p;c)a Vn,
k=1 k=1

we conclude that the only way to satisfy all these constraints is to conserve under the
scattering

e the number of particles Vi, = Nout,
o the set of momenta {p1,...,pn,} = {P},.-- apg\fom}'

The momenta are allowed to be reshuffled under the scattering, but not to change their
values.

Already at this stage we find a problem that is much simpler than what is usually
considered in a generic quantum field theory. The fact that we have higher charges gives
even more powerful consequences than the ones already mentioned, as one can show
that any /N-particle scattering is factorisable into a sequence of two-body processes. The
idea is that the action of the higher charges allows us to move independently the wave
packets corresponding to each of the particles that scatter. Thanks to this property, a
three-body process like the one in Figure 4.1b becomes equivalent to either 4.1a or 4.1c.

It is clear that factorisability is possible only if we satisfy the consistency condition
stating that the order of factorisation is unimportant. We then find that the S-matrix has
to satisfy the Yang-Baxter equation

S23 S13 S12 = S12 S13 Sa3.
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When the above equation is satisfied, the consistency of factorisation of any N-body
scattering is automatically ensured. To derive any scattering process it is then enough to
know the two-body S-matrix, and this object is indeed the subject of this chapter.

In Section 4.1 we explain how to obtain the action of the charges on two-particle
states. Demanding compatibility with these charges, in Section 4.2 we bootstrap the all-
loop two-body S-matrix. The S-matrix is naturally divided into blocks corresponding
to the various sectors of scattering—massive, massless, mixed-mass. In each sector we
write the S-matrix as a tensor product of two smaller S-matrices, compatible with the ten-
sor product representations of the previous chapter. Taking into account the constraints
coming from unitarity and LR-symmetry, we show that the S-matrix is fixed completely
up to a total of four undetermined scalar function of the momenta, that we call “dressing
factors”. Further contraints on them are imposed by the crossing equations, that we de-
rive. Compatibility with the assumption of factorisation of scattering is confirmed by the
Yang-Baxter equation, that our S-matrix satisfies. Section 4.3 is devoted to the derivation
of the Bethe-Yang equations. We first present the procedure and then write explicitly the
Bethe-Yang equations that we obtain for AdS;xS3 xT%.

4.1 Two-particle representations

In this section we study the action of the charges on two-particle states. We will show
that not all the charges are defined via the standard co-product—for some of them this
has to be non-local. Given a charge J acting on a one-particle state |X') as J | X') = |)), the
corresponding charge on two-particle states that we get by using the standard co-product
is

J=Jll+1), = Jip|Xidh) = [Dids) +[X1)h). (4.1)

In case J is an odd charge one has to take care of the signs arising when commuting
with a fermionic state. It is easy to check that the standard co-product cannot be used to
define the action of the central charge C;2 on two-particle states [127, 34]. Another way
to phrase this is to say that we cannot set to zero the parameters £; and & entering the
definition (3.43). Indeed using C = + £ (e*P — 1) we find

ClxAy) = %(eﬂ(pﬁm) —1)|XA), (4.2)

while using the combined action on one-particle states we get
ih , , ,
C XA, = % (%1 (etPr — 1) 4 e¥2 (P2 — 1)) | A1 Xs) . (4.3)

In order to have compatibility of the two results, we cannot set ¢! = ez = 1. If we
require that these factors lie on the unit circle, then we get two possible solutions

{1 =1, ¢%%2 = ¢iP1}, {61 = ¢iP2 %82 — 1}, (4.4)

Both these solutions imply that C;, is defined by a non-local product, as the action on
one of the two states depends on the momentum of the other. In the rest of the chapter
we will choose the first of the above solutions, namely &; = 0, {&; = p;/2. This choice
agrees with the one of [106].
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It is obvious that also the action of supercharges on two-particle states is defined by
a non-local co-product, and the exact action is found by replacing the value of ¢; in the
definitions of the coefficients a,, @,, by, b, in (3.43). As an explicit example, when we
consider the action of Q,! on a two-particle state, we find

QLl (p17p2) = QLl (pl) ®1+ et?/2y ® QLl (pQ) . (4.5)

The matrix ¥ takes into account the even or odd grading of the states, and is +1 on
bosons and —1 on fermions. For this reason we can use the ordinary tensor product ®.
On the other hand, computing the action of the generators corresponding to the

Hamiltonian H and the angular momentum M, it is clear that the dependence on the
parameters ; cancels, and the action on two-particle states is just given by the standard
co-product!

H(py,p2) = H(p1) ® 1+ 1@ H(ps),

M(p1,p2) = M(p1) ® 1 +1® M(p2) .
The same is true for the su(2), @ su(2), generators, whose action does not depend on the
above coefficients.

We note that a generalisation of this discussion to multi-particle states is possible.
The requirement that C = +2(e™"F — 1) still holds is fullfilled by taking £&; = 0 and

gi = Z;;ﬁpj/2/ fori > 1.

(4.6)

4.2 The S-matrix

In this section we present the explicit form of the exact two-body S-matrix for the world-
sheet excitations of AdS;xS*xT*. This is found by fixing invariance of the S-matrix
under the symmetry algebra .A. Depending on convenience, we will use two objects de-
noted by S and S. They are related to each other by a simple permutation in the two
body space?

S=18S. 4.7)

After constructing the generators on two-particle states as explained in the previous sec-
tion, we impose compatibility as®

512(177 Q)Ju(p,‘I) - J12(q7p) 812(pa ‘J) =0,

4.8
S12(p,a) J12(p, 4) — a0, p) S1a(p. ) = 0. (8

Invariance under the action of the generators M and H allows us to identify three possi-
ble sectors, that we use to divide the S-matrix:

- the massive sector (ee),

- the massless sector (o),

- the mixed-mass sector (eo, ce).

1 Although we indicate the momentum dependence in both cases, we remind that the eigenvalue of M is
momentum-independent.

2The object that here is called S is denoted by S in [106].

3The difference between the two is how we apply the charge after the action of the proper S-matrix.
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In each of these sectors the set of masses is conserved under the scattering. In the mixed-
mass sector we have in addition that the mass is transmitted. In other words, the mass
can be thought as a label attached to the momentum of the excitation.

The next generators to consider are the ones of su(2), & su(2),. Their action is mo-
mentum independent, and compatibility of the S-matrix with them allows us to relate
or set to zero different scattering elements, in such a way that the su(2) structures are
respected.

Another powerful way to constrain the S-matrix is to consider the Z;-symmetry in-
troduced in Section 3.2.4, that we called LR-symmetry. We will then impose that scatter-
ing elements that are related by the rules (3.35) and (3.39) should be the same.

It is considering compatibility with the supercharges that we see the dependence of
the scattering elements on the momenta of the excitations. In particular, this fixes in-
variance under the psu(1|1)?, subalgebra of A. We will use the fact that fundamental
representations of psu(1|1)2, can be understood as bi-fundamental representations of
psu(1]1)2, to rewrite an S-matrix compatible with psu(1]1)2, -invariance as a proper ten-
sor product of two copies of psu(1|1)?, -invariant S-matrices. Let us first construct the
relevant S-matrices in this simpler case.

4.2.1 The su(1|1)?2_ -invariant S-matrices

In Section 3.2.3 we presented the possible fundamental representations of su(1|1)?2,, that
we called g, ¢, 01, 0x- They are related by exchanging the labels L and R on the states
and on the supercharges, or by exchanging the role of the boson ¢ and the fermion 1)
composing the short representation. Using the four possible fundamental representa-
tions one can construct sixteen different two-particle representations. In this section we
discuss only the ones that are relevant for the S-matrix of AdS3xS?x T4, in particular we
start by considering the case in which both particles that scatter belong to the represen-

tation o, . Invariance under the algebra yields an S-matrix " of the form [7, 4]

SUIB) = Al loieh),  SUIdu) = Blolvigh) + Cliwh), o
SUILUL) = Fls [Whuh),  S™[ghoh) = D 0hh) + Bl lukdh)

The coefficients appearing are determined up to an overall factor. As a convention we
decide to normalise A}, = 1 and we find

S 12 L
AL — 1 B — Ty Tp — g
pq ) pq oy oy —zp
BRI V2 aNl2 o
w_ (o % Te T w_ (T} T T (4.10)
Cpe =\ 7= — + Dy = — — + '
Tp Tq Tp — Xq Mg Zq Tp — Tq
- o+ -+ 1/2 + =
w_ Tp T Tp g o Tp Tq Tp — Xy
qu* — + ., qu** I — P
Tp — Xq Mp Tp Tq Tp — Tq

The result is written in terms of the Zhukovski variables introduced in Section 3.2.5. In
particular the result above holds for any value of the masses |m|—that appear in the
quadratic constraint of (3.42)—of the two particles, and are valid also for scattering of
particles of different masses.
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When considering scattering of two g, representations, we find that the result can be
rewritten using the above coefficients. Also in this case the overall normalisation is a
convention and we decide to write it as

S0, dg) = —Fpg |04, S|y = Dpy [05d},) — By |9505)
S |dpy) = —Apy 1Wdy) | ST Phdy) = Byq 19atp) — Cpy [0465) -

(4.11)

The last Left-Left case that we want to consider—as it will be used to construct the S-
matrix of AdS3xS?xT4—concerns the scattering of o, and g,. We write it as

Apy 10403,
_FLL|¢L L>

STI0L00) = Biyldioh) — Coldiut), ST ok

T ey (4.12)
S|ty = =Dy [hhw) + Bl |04 0%) | S [y dq)

In order to complete the discussion and present all the material that is needed to
construct the full S-matrix, we now turn to Left-Right scattering. For the case of two
particles with equal masses, requiring just invariance under the symmetry algebra one
obtains an S-matrix that is a combination of transmission and reflection, where this ter-
minology should be applied to the LR-flavors. Imposing LR-symmetry and unitarity one
finds that only two solutions are allowed, namely pure transmission or pure reflection [7].
Compatibility with perturbative results then forces to choose the pure-transmission S-
matrix, that is the one presented here. Moreover it is only this S-matrix that satisfies
the Yang-Baxter equation. A process involving the representations g, and g; yields an
S-matrix of the form [7, 4]

S epey) = Apg |930p) + Bpg Vg3 » S™|dpg) = Cpg [gPp) »

413
S ILu) = B [yiwh) + FElghoty,  SUbehy = DR Igtwt),
where the scattering elements can be parametrised explicitly by
/21 - 1L , 1/2
ALR _C II) x;rw; BWR — _% (zp xq ) "IpTq CINI
P P\ xp 1- = pa h \x} o o xglm; ’
/21 - 1L _
O™ — C DR — C ﬁﬁ ap g
pg — Spq> A AN - 1 >
/27 - 1 . 1/2
BX — ¢ “Tq Ty Ty PR 2 ﬁﬁ Mpq Cpq
Pa P\ xg 1- L7 PE b Ny g zpwg 1 — - 11, ’
(4.14)
and we have introduced a convenient factor
~1/4 ~1/4 __1 1/2
() ) (2
M=\ I 1_ z;}m;

Similarly, an S-matrix S* can be found by swapping the labels L and R in (4.13). Im-
posing LR-symmetry one has that the explicit parameterisation is the same as in the
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equations above A, = A%, et cetera. Changing the grading of the first of the two repre-

sentations, one ﬁnds for example an S-matrix

S™|Qhk) = + D |85 dh) | ST QL) = —EWX (S gh) — Fit |ghl) (4.16)

SiR |1/~);1/1§> — _OLR W)R L> SiR |1/~}IL}¢R> ALR M)Rw > BLR |wR > ’
To conclude we write down another result that we will need in the following

S* | @hdy) = +Cpi 19405) S* | gpty) = + A5, [0hh) — Bya |0505) @17

S* [epty) = =Dy [9aty) SU|Widy) = —Epe [D4U5) + Fp |04 5) -

The S-matrices presented here are also compatible with braiding and physical unitarity
SR SRL — 1’ (SLR)T ST —1

o ) ) (4.18)
SLR SRL _ 17 (SLR)T SRL -1

We refer to Section 4.2.3 for a discussion on this.

4.2.2 The S-matrix as a tensor product

The results of the previous section allow us to rewrite a psu(1]1)2, -invariant S-matrix as
a tensor product of two su(1]1)2, -invariant S-matrices.

Spsu(1)1)s = S0 - Ssu(1)1)2 ? Seu(1]1)2, (4.19)
Spsu(in)t = 50 Ssu(1j1)? ® Ssu(ij1y?

where S is a possible prefactor that is not fixed by symmetries. We introduced the
graded tensor products @ and &

KK'.LL' e entere KL pK'L
(A@B)yas N = (SL)sreNTeResr AN By s

(4.20)
(A®B)

J\K;]{V[”,L]\fN’ = (_1)€M/EN+EL/6K AJ\K4%\/ BI[\;,[I’\;/ ’
where the symbol ¢ is 1 for fermions and 0 for bosons. Depending on the representations
that we want to scatter we have to choose the proper su(1]|1)? S-matrices entering the
tensor product [4]. This construction is explained in the rest of this section, while the
explicit result for all the scattering elements may be found in Appendix B.3.

The massive sector (ee)

When considering the massive sector, we can scatter two different irreducible represen-
tations g, ® o and gx ® ox, identified by the eigenvalue m = =£1 of the generator M.
We see that this divides the massive sector into four different subsectors: Left-Left (LL),
Right-Right (RR), Left-Right (LR) and Right-Left (RL). In each of these subsectors the LR-
flavor is transmitted*. Scattering two Left excitations means that we need to consider the
tensor product

Left - Left: S§'-S"®S™, (4.21)

4As explained in the previous section, one needs to impose also LR-symmetry and unitarity to get pure
transmission for the scattering of different flavors [7].
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where the explicit form of S* is given in (4.9). We need to fix a proper normalisation and
we find convenient to do it as

1

+ o= = ot 1 — ——
(gt pF) — Ty Tg Tp — Xy oyzg 1 (4.22)
0 ($ ) L ) - - = 1 29 .
P Tp :c[}' 1:;," -2 1——== (a")
Tp Tq Prq

where 077 is called dressing factor. Since it cannot be fixed by the symmetries, it will
be constrained later by solving the crossing equations derived in Section 4.2.4. This

normalisation is chosen to get for example the following scattering element

1

at s ay —af Lo 1
sy =2 B sl 1 423)
Tp Tg Tp —xg 1— p (C’;};)
When we scatter two Right excitations we find an S-matrix
Right - Right:  S§* - S* @ §*, (4.24)

and imposing LR-symmetry allows us to relate this result to the previous one, S = S**
and S§* = S§". In particular one does not need to introduce a different dressing factor in
this subsector.

On the other hand, scattering a Left excitation with a Right one we get the S-matrix

Left - Right:  S3* - S" & S™, (4.25)
where S'* may be found in (4.13). The preferred normalisation in this case is
+ +\ V21— %
Tp T 1
Stz af) = (x”> (wq> i - (4.26)
Tp Tq 1= :E;ra:; (51.7;)

where a new dressing factor 6,7 is introduced. With this normalisation we get for exam-

ple the following scattering element

1/2

1 1— 1

—
|

xt - ¥ = — 1
(VRYp| S|y Yy = B o e e (4.27)
Tp Tq w;f'mq'*' Tp Ty (Jpq)

To conclude, in the massive sector we need to introduce two unconstrained factors
e ~— o0
o

pq’ UPQ'

The massless sector (0o)

Each one-particle massless representation transforms under two copies of g, ® g,, that
are further organised in an su(2), doublet. When scattering two massless modules, we
should then consider 16 copies of psu(1|1)2, -invariant S-matrices, relating each of the
4 possible in-states to each of the 4 possible out-states. Using the su(2), symmetry one
is able to relate all these S-matrices, finding an object that is su(2).-invariant. More ex-
plicitly, the S-matrix in the massless sector can be written as the tensor product of an
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su(2).-invariant S-matrix and the relevant tensor product realisation of the psu(1|1)2, -
invariant S-matrix

(00) 1 5% Ssuiz) ® (S™ & S . (4.28)
Fixing a preferred normalisation we have
1 0 0 0
(o= | o Tp T o
Sau(2) (P a) = 1+ poll) = Gpt 1 , (4.29)
5u L+ Gpq " 0 =5, 7. O
0 0 0 1

where II is the permutation matrix and ¢, is a function of the two momenta p, g that is
not fixed by the su(2), symmetry. In Sections 4.2.3 and 4.2.4 we will see that further con-
straints are imposed on that by unitarity, Yang-Baxter equation and crossing invariance.
We choose to fix the overall normalisation as

oo\ 2 et
s5° = (x “’;) L N (4:30)
Tp Zq Tp — Iq (052)

where we introduced the dressing factor o, for the massless sector. With this choice,
the scattering of two identical bosons coming from the torus is just

1

(T3 T3 ST Te) = ——. (4.31)

The mixed-mass sector (e0), (ce)

In the mixed-mass sector we may decide to scatter a massive particle with a massless
one (eo) or vice-versa (oe). Let us focus on the first case. We have also the possibility of
choosing the LR-flavor of the first excitation. When this is Left we find the S-matrix

N B2
Left (massive) - massless:  S;° - (SLL ®SLL) . (4.32)

The symbol &2 appears because massless excitations are organised in two psu(1|1)2, -
modules, identified by the two su(2), flavors. Imposing su(2),-invariance one finds that
the S-matrix is just the sum of two identical copies. In other words the su(2), flavor
stands as a spectator and it is transmitted under the scattering.

Similarly, for scattering involving Right-massive excitations

N\ B2
Right (massive) - massless: S§° - (SRL ®SRL) . (4.33)

This S-matrix is related by LR-symmetry to the previous one. Implementing LR-symmetry
as in Section 3.2.4 and using the fact that the second excitation satisfies a massless dis-
persion relation, one can check that the two S-matrices are mapped one into the other,
upon fixing the proper normalisations. This allows us to use just S5° - (S ® S') ®2 for
both cases. We also set the overall factor

—1/2 1— 1
§e° = SLO _ <(E;) x;x;
0o —~0 — —
Tp R

Tp Tq

1/2 1/2

1——— 1
“p Za o (4.34)
= —=— (J‘O)

pq
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where we have chosen a proper normalisation and introduced the dressing factor o, for
massive-massless scattering.

Similar considerations apply when considering massless-massive scattering. The sec-
ond excitation is allowed to take the two different flavors L or R, and in the two cases
we find the S-matrices

-\ b2
massless - Left (massive): Sg" - (SLL ®SLL) )

= (4.35)
massless - Right (massive): S§* - (SLR ® SLR) .
)@2

LR-symmetry allows us to use just Sg" - (S & S™) " in both cases. We then introduce

the common factor S3° that we decide to normalise as

N2 (11— L
SSQESOL:(Z> Tp Tq
Zq 1-

Tp Tq

1/2 —1/2

1= 5137117 1
<1_1> — (4.36)
Fof (o53)

The chosen normalisations allow us to write for example the following scattering ele-
ments

IS R 1/2 .
<T;a YpL|S|}/;.,T(;L(L> — (1 — Pl q 1 — 131 q ) ” 55
w;rx; Tp Tq ( Pq) (4 37)
1o 1 q__1_ 1/2
<YL T&a|S|Tda YL> _ ‘T;Iq_ $;$q+ 1
qtp p ‘4q 1 1 _1__1 0e)?’
;c;ra;; Tp Tq (qu)

Later we will discuss how massive-massless and massless-massive scatterings are re-
lated in a simple way by unitarity. In particular, this will give a relation between o7 and
0,9, motivating the statement that in the mixed-mass sector we have just one dressing
factor.

4.2.3 Unitarity and Yang-Baxter equation

After fixing the S-matrix based on symmetries, one finds that this is determined up to
five dressing factors. Two of them belong to the massive sector, describing scattering of
excitations with the same or with opposite LR flavors. Other two are responsible for the
mixed-mass sector, namely massive-massless and massless-massive scattering. The last
one belongs to the massless sector.

More constraints on those scalar factors come from unitarity. One notion of this is the
usual physical unitarity, that requires the S-matrix to be unitary as a matrix

SSpg=1. (4.38)

Another natural constraint for scattering of particles on a line is braiding unitarity

SypSpg =1. (4.39)
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Its interpretation is that scattering twice two excitations should just bring us back to
the initial situation®. We refer to [34] for a justification of this constraint from the point
of view of the formalism of the Zamolodchikov-Fadeev algebra applied to worldsheet
integrable scattering.

In our case we find the following equations

1 1
oo oo\ ¥ ~e0 _ (~e@\* oo __ oo\* __
Oqp = (qu) - og*’ Ogp = (apq) - 5o’ Ogp = (gpq) - oo’
rq pq prq
(4.40)
1 1
Y] ce\* oce o0\ *
oo = (08) = goe oo = (079) = preR

rq prq

The first line states that the dressing factors in the massive and massless sectors can
be written as exponentials of anti-symmetric functions of the two momenta, and for
physical momenta they take values on the unit circle. On the other hand, in the mixed-
mass sector unitarity relates massive-massless and massless-massive scattering. This
reduces to four the number of unconstrained dressing factors.

Unitarity imposes also the following constraint on the function ¢, appearing in the
su(2),-invariant S-matrix

*
Sap = (Spa) = ~Spa (4.41)
meaning that it is a purely imaginary anti-symmetric function of p and gq.

For the integrability of the model, it is necessary for the S-matrix to satisfy the Yang-
Baxter equation

S(g,r)®1-1@8(p,7)-S(p,q) ®1=10S8(p,q)-S(p,7)®1-128(q,7). (442)

This is a crucial requirement to make factorisability of multi-particle scatterings possible.
One may check the Yang-Baxter equation for the full S-matrix, or equivalently for each
factor of the tensor product appearing in each sector. Since the su(1]1)?, S-matrices
of Section 4.2.1 satisfy the Yang-Baxter equation, it follows that this is true also for the
psu(1]1)2. S-matrices of the various sectors of our model.

On the S-matrix for the su(2), factor, the Yang-Baxter equation yields a further con-
straint for ¢y,

(@) —<(p,r) +5(g,7) = 0. (4.43)
The above equation is linear thanks to a suitable choice of parameterisation for the su(2),

S-matrix. The solution is a function that is a difference of two rapidities, each depending
on just one momentum. Together with the constraints imposed by unitarity we can write

s(p,q) = i(wp —wy), (4.44)

where we have introduce a new real function of the momentum w,,.

5We define the S-matrix such that the momentum of the first particle is larger than the one of the second.
If the first scattering happens for p > ¢, to evaluate the second process we have to analytically continue the
S-matrix to the region where the momentum of the first particle is less than the one of the second excitation.
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4.2.4 Crossing invariance

The analytic properties of the dressing factors are revealed after imposing crossing in-
variance of the S-matrix [25]. A crossing transformation corresponds to an analytic con-
tinuation to an unphysical channel, where the energy and the momentum flip sign.

We start the discussion by first considering the massive excitations. Their dispersion
relation satisfies

E% =1+ 4h2 sin? g : (4.45)

and we can uniformise it in terms of a complex parameter z with the parameterisa-
tion [128]

p=2amz, sing =sn(z, k), E =dn(z,k), (4.46)
where the elliptic modulus is defined as k = —4h? < 0. The curve that we obtain is a

torus, and we call 2w; and 2wy the periods for real and imaginary shifts, respectively.
They are obtained by

2w =4K(k),  2ws =4iK(1—k) — 4K(k), (4.47)

with K(k) the complete elliptic integral of the first kind. Real values of z correspond to
real values of the momentum p. If we take periodicity into account and we define the
physical range of the momentum to be —7 < p < 7, then we may take —w; /2 < z < w1 /2.

A crossing transformation corresponds to an analytic continuation to a complex value
that we denote by z, where we flip the signs of the momentum and the energy. We see
that this is implemented by shifting z by half of the imaginary period

2 Z=24w, =— p—op=-p, E—-E=-FE. (4.48)

On the Zhukovski variables and the function 7, defined in (3.44), the crossing transfor-
mation implies

1
(2 +wy) = =) n(z +ws) = x+(2)n(z) (4.49)

We can easily check that for massless excitations the crossing transformation on the pa-
rameters 2* is implemented in the same way, since they are given by =z = ¢'?. It is
important to note that for the eigeinvalue of the central charge C, crossing does not
change just its sign

th i —ipﬂ

5 (e'?—1) , = C(z) = —€'PC(z). (4.50)

A crucial step is now to note that we may mimic these transformation laws on the
central charges also in a different way, namely by defining a proper charge conjugation
matrix ' (z). According to the previous discussion, on the central charges H and M we
should impose

H(z) = -%(:)H%(2) ', M= -%F(2)M%(z)"". (4.51)
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In order to reproduce also the transformation (4.50) on the charge C, we impose that on
supercharges we have

Q. (z +we)™ = —6_? € (2) Q4 (2) 6 (2),
Gl = Gl 710, s
Qua(z + w2)St = —et2? C(2) Qua(2) €™ 1(2),
Q. (z+wa)t = -2 F(2) Q(2) € (2).

Here t denotes supertransposition, that is implemented on supercharges as Q%' = Q'Z
The diagonal matrix ¥ is the fermion-sign matrix, taking values +1, —1 on bosons and
fermions respectively. Compatibility with the su(2), generators requires that we ex-
change the highest and the lowest weight in the doublet representation. We follow the
same rule also for su(2),

It =—%(2) 3" C(2)7, Tt = —F(2) o € (2) (453)

The form of the charge conjugation matrix is not unique, nevertheless all choices yield
the same crossing equations. In the basis

{YL777L1777L27 ZL} o) {}/R7,’7I{17,’7R27 ZR} @ {T117T21,T12,T22} D {%17X17%27X2}7 (454)

we take it to be

%, = o S| (4.55)

. b
ap

With the explicit form of the charge conjugation matrix we are able to impose crossing
invariance on the full S-matrix. They key is to consider the objects

S(zp,24)"" and  Gi(2,) - S (2p + wa,zy) - E M (2p) (4.56)

where we have used the notation ¢ (z,) = ¢(z,) ®1, and "' denotes transposition on the
first space. We can check that the compatibility condition with the charges for S(z,, z,) ~*

J12(2p, 2¢) S(zp, Zq)il — S(2p, Zq)il J21(2g,2p) =0, (4.57)

is satisfied also by % (2,) - S (2 + wa, 24) - €7 ' (2p). They might then differ just by some
factors, one for each of the sectors that we identified in Section 4.2.2. Crossing symmetry
fixes this freedom and states that these two objects are equal®

G1(2p) - S (2p + w2, 24) - € (2p) - S(2py 24) = 1. (4.58)

6 A similar statement can be made also for the object 5 (zq) - S'2 (2p, zq — wa) - 62(24), Where crossing is
implemented by shifting the second entry in the opposite direction. This second equation would be related by
unitarity to the previous one.
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It is an important fact that the whole set of equations reduces to equations just for the
dressing factors

(02)? (o2)> = (L (2, —@7) 5ol
i e ag ) (xp —ag)(ay —x5) 1~ $+1$— 7
p*q
4.59)
L2 1 _ 1 _ (
(0_00)2 (~oo)2 _ <xq) (1 m;xi) (1 I;x;) il?p B x;_
pq Pq x(—}s— (1_ L >2 x;fxq_’
Tp Tq
1— 1
(000)2 (000)2 ﬁxp _x;r $;rzq+
Pq pg) T =t ot _ 1
Tp Tp — Tq e
L o (4.60)
(Uo.)Q (0_0.)2 _Tq Tp T Ty Ty Tq
pq re) — — .+ _ +1_ _1
Tq Tp —xq 1 p
1- 41—
2 2 Gpg—1 PR Ty,
(05)" (o3a) = F— - 15 (4.61)
Pq :c:,rr; x;m;
and for the function g, of the su(2), S-matrix
Spg=Spg —1 = w(p) =w(p)+1i. (4.62)

In Section 5.2 we present solutions of the crossing equations for the dressing factors of
the massive sector.

4.3 Bethe-Yang equations

The Bethe-Yang equations are quantisation conditions that allow one to solve for the
momenta of the excitations of a multi-particle state. With this data one can find the
spectrum of the theory in the decompactification limit. In integrable models the Bethe-
Yang equations arise when imposing periodicity of the wave-function of an eigenstate
of the Hamiltonian. In our case periodicity is motivated by the fact that we are studying
closed strings, and we depict this in Figure 4.2. Instead of looking for eigenstates of the
exact quantum Hamiltonian—that is not known—we will construct eigenstates of the
exact S-matrix derived in Section 4.2.

4.3.1 Deriving the Bethe-Yang equations

Rather then introducing a toy model to explain how to derive the Bethe-Yang equations,
we prefer to guide the reader through the main steps in the case of AdS;xS3xT%. In-
deed, deciding to turning on only certain flavors of the excitations reduces the problem
remarkably, and from the operational point of view it makes it conceptually equivalent
to other simpler integrable models, such as the Heisenberg spin-chain—see [129, 130, 86]
for nice reviews. The various complications are added gradually, until all the material to
construct the full set of Bethe-Yang equations is presented.
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Figure 4.2: The periodicity condition of the wave-function yields the Bethe-Yang equations. A
configuration with excitations localised at given points of the string is equivalent to another one
where the excitations are cyclically permuted.

Bethe Ansatz with one flavor. Let us start for simplicity with the case in which only
excitations of the type Y are present. We make this choice because the scattering of two
Y'" excitations is very simple

SIVIYE) = Apg |YEY)) . (4.63)

Here A,, denotes the corresponding scattering element. What is important is that this
two-particle state does not mix with others under scattering. The simplest multiparticle
state that we might want to consider is a collection of plane-waves

VEyE yh) = > e Xi=aPi% [yl Yyl YE Y, (4.64)

P17 P2 Pn g17 02 On
01K02K...L0op,

Here and in the following we always assume that we deal with asymptotic states, mean-
ing that excitations with different momenta are ordered p; > ... > p, and well sep-
arated. As it is known from the simplest integrable models (e.g. the Heisenberg spin-
chain), the eigenstates of the Hamiltonian are specific superpositions of plane waves.
Let us focus on the case of just two excitations. We consider a generic state

S G100 [V V)
01<kK0o2 (465)

=Y, Y )+S(p1,p2) Yo Y ).

P17 P2 P27 P1

W)

where by definition we restrict ourselves to the region 0y < 02 and we have defined the
generic wave-function

(o1, 09) = eiPro1t+p2o2) | S(pl,pQ)ei(mUlerlgz). (4.66)

The choice S(p1,p2) = 1 would correspond to just the sum of the original plane-waves
with the reflected ones. We choose instead to identify S(p1,p2) = Ap,p,, namely the
scattering element of the two excitations. Thanks to this choice |¥) becomes an eigenstate
of the S-matrix

SU) = Apyp, (Y5, Yp,) + Apipo Apop [V5,Y,) = V) (4.67)

P27 P1 P17 P2
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that is proved using braiding unitarity, i.e. Ay, p,Ap,p, = 1. This justifies the choice for
the function S(p1, p2)-

The important requirement that we want to impose now is the periodicity of the
wave-function, as depicted in Figure 4.2. An explicit computation gives

¢(02 o1+ L) — ¢HP1o2+p2oi+p2L) +.Ap » et (P2oatpioi+pil)
K 1P2

= eiplL.Aplpz ((Aplpz)_l et(P1o2+p2o1+(p2—p1)L) + ei(P202+;D101)) ) (4.68)

If we require ¢ (02,01 + L) = ¢ (01, 02) we find the two equations
el = (Aplpz)_l ) et = (Apzpl)_l . (4.69)

These are the Bethe-Yang equations for the particular case at hand. The generalisation to
N-particle states is straightforward. We define the wave-function

Y(01,09,...,0n) = € T P37 1 NS (pr, L p)el Zim PR, (4.70)

where we sum over all possible permutations 7. Once we rewrite a given permutation
7 as a sequence of two-body permutations, we define the function S;(p1, ... pn) as the
product of the two-body scattering elements produced by the chosen factorisation.” In-
tegrability ensures that different factorisations are equivalent. Similarly as before, it is
possible to check that the state

W= > w(on,0m. . on) [YEYE LYE) (472)
01K02K...0N

is an eigenstate of the S-matrix S |¥) = |¥). Periodicity of the wave-function written as

Y(o2,...,0N,01 + L) =1(01,09,...,0N) NOW imposes
. N
el =TT (Appy) ™. k=1,...,N, (4.73)
=1
ik

for each of the momenta p;, of the excitations on the worldsheet. The above result is
compatible with the level matching condition. Indeed multiplying all the Bethe equa-
tions together we get

N N
el hoi Pl H H (Apkpj)il =1, (4.74)

k=1j=1
J#k
where we have used that A, ,, A, ,, = 1, as a consequence of unitarity. We then recover
the quantisation condition on the sum of momenta

N
> pr=2mm, nez, (4.75)
k=1

that characterises on-shell multi-particle states.

7For example, given the permutation 1234|3214 we define
51234\3214 = AplpzAp1p3-’4pzp3~ 4.71)
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Bethe Ansatz with more flavors. It is clear that for the previous construction it was not
essential to have only excitations of the same flavor, and we can extend it also to the case
in which other types of excitations are present. The only characterising requirement is
that the scattering of any of the excitations involved is diagonal®. ITn AdS3xS3xT* this
situation is realised if for example we allow also for the presence of excitations Z*. We
denote the relevant scattering elements by

S|ZEZY) = Cp | 2828, S|ZEYE) = Byg |YEZE) (4.76)

It is clear that unitarity implies that scattering Y* and Z* in the opposite order yields
S|YyZ5) = (Byp)™'|Z5Y,). The situation to consider—that is new with respect to the
case of just one flavor—is when both |Z*) and |Y") are present. In the example of a
two-particle state we would define

) = 1¥;,25,) + Bpap ) 125,Y,) (4.77)

P27 p1

to get an eigenstate of the S-matrix. The Bethe-Yang equations that we get now after
imposing periodicity of the wave-function are

. ~ . ~ -1
eml =B, ePel = (Bpm) . (4.78)

Multiplying these equations we recover again the level-matching condition. If we had
a total number of NV, excitations of type Y" and N, excitations of type Z* we would
generalise the previous construction and find the Bethe-Yang equations

N Nr
) 1 ~
ipp L __ o
€ _H('Apkpj) Bpjpk7 k=1,...,Ny,
j=1
j#k
Nr Ny,

et = [ (Cpn) ™" (Bpkpj)_l , k=1,...,Ny.

j=1 j=1
J#k

(4.79)

The first are equations for p;, being the momenta the excitations Y*, while the second for
the excitations Z*.

In AdS; xS?*xT* we may add another type of excitations that scatter diagonally with
both Y* and Z*. They belong to the massless module, and they can be chosen to be of
type x'. The excitations Y*, Z* and x' that we have chosen here are the highest-weight
states in each of the irreducible one-particle representations at our disposal, as it can be
checked in Section 3.2.2, see also Figure 3.1 and 3.2.

Non-diagonal scattering: nesting procedure. To describe the most generic state we
have to allow also for excitations that do not scatter diagonally. We then have to appeal
to the nesting procedure to write the corresponding Bethe-Yang equations. The idea is to
organise the excitations at our disposal into different levels. Level-I corresponds to the

8When we write diagonal scattering we mean that other different flavors are not created after the scattering,
and that the flavors of the two in-states are transmitted to the out-states.
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set of excitations that scatter diagonally among each other, as considered in the previous
paragraphs. Level-II contains all the excitations that can be created from level-I by the
action of lowering operators. Depending on the algebra and representations considered,
one might need to go further than level-II, but this will not be our case.

In the following we explain how the nesting procedure works when we choose the
lowering operator Q"' acting on level-I excitations Y. According to the exact repre-
sentation in Eq. (3.24) this creates a fermionic excitation 7'. The S-matrix acts on a
two-particle state containing both of them as

SIVint) = S5 (p, ) (At B Lk YV3) + A% Cit (Vi) (4.80)

where the su(1]1)?, scattering elements may be found in (4.10), and the normalisation
St (p, q) was fixed in (4.22). The S-matrix does not act as simple permutation on the
above two-particle scattering elements. The idea is to find a state containing both Y™*
and 7! where this is the case. A way to do it is to consider the linear combination

defined by
1Vy) = Fy.p1) M5 Y ) + £y, p2) S™ (y, p1) [V L) (4.81)

In order to parameterise the state we have introduced a variable y. It goes under the
name of auxiliary root and it is associated to the level-II excitation. Here f(y,p;) is in-
terpreted as a normalisation parameter and S™(y, p;) as the scattering element between
the level-II and the level-I excitation. The diagonal scattering is achieved by imposing
the equation

N |yy> = APIPQ |yy>7r ’ (4.82)

where |)),) _is the permuted state that is found from |),) after exchanging the momenta
p1 and po. This equation is motivated by the fact that we want to interpret level-II excita-
tions as created on top of the ones of level-I. Thanks to the compatibility condition (4.82),
it is enough to define

|‘I/> = Iyy> + -Ap1p2 ‘yy>ﬂv (4.83)

to get an eigenstate of the S-matrix. Because of the above definitions the wave-function
looks more involved

U(o1,02) = [f(y,p1) + f(y,p2) ™ (y, pr)] €171 F7272)

- (4.84)
+ Apips [y, p2) + f(y,pl)SH/I(y,pQ)} pi(p201+p1o2)

Imposing the periodicity condition (02,01 + L) = (01, 02) and matching the coeffi-
cients for f(y,p1) and f(y, p2) we find the Bethe equations

L = ()™ SMp), 1= Sy, p1) SM ),

) _ (4.85)
eZPQL = (APQPI) ! SILI(?JvPQ) .

The introduction of level-II excitations then has the consequence of producing factors of
S (y, p;) in the Bethe-Yang equations, confirming the interpretation of these terms as
scattering elements between excitations of different levels. We also find a new equation
for the auxiliary root y, conceptually similar to the equations for p; and p». The variable
y carries no momentum, and the left-hand-side of its equation is just 1.
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In the particular case we considered, when we impose (4.82) we find

1/2 B
9(Y)ny, Ty \ YTy,

fly,pj) = 2 S"y,p) = ( = ) ) (4.86)
Y — Tp, Tp, Y — Tp,

To derive the Bethe-Yang equations for a state with a number of N! excitations Y* and
N excitations 7! we repeat the above procedure, generalising it to multiparticle states.
One should also take into account the possibility of a non-trivial scattering of level-II
excitations among each other. To check whether such a scattering element ST (y;, ys)
exists, for two such excitations parameterised by the auxiliary roots y; and y2, we con-
sider the state

Yy Vi) = 1, 00) f (Y2, 02)S™ (2, p1) |15t m)s)

(4.87)

+ (2 p0) f (Y1, 02)S™ (w1, p0) S" (1, w2) It )
where the functions f(y;, px) and S™!(y;, px) are the ones calculated previously. Impos-
ing the compatibility condition S |V, Vy,) = Ap, p, |Vy, Yy, ) ,—Where the permuted state
is found by exchanging the momenta p; and p,—we find

S (Y1, y0) = —1. (4.88)

The scattering element is trivial and there is no contribution to the Bethe-Yang equations.
The minus sign is present here because we are permuting two fermionic states. The
periodicity condition is then written as

N N

i —1
epkL = H (‘Apkij) HSILI(ijpk)v kzl""’NL’
j=1 j=1
J#k (4.89)
Np
1:HSILI(yk7pj)’ k:17"'7NI}Ia

j=1

where we have defined the total number of excitations N, = NI + NI

Similar computations may be done to consider scattering of different level-II excita-
tions with other level-I states. It is clear that we need to associate one auxiliary root to
each lowering operator of the algebra 4, creating the corresponding level-II excitation.

4.3.2 Bethe-Yang equations for AdS; x S3 x T*

Using the procedure explained in the previous section, we can derive the whole set of
Bethe-Yang equations for AdS3; xS*xT*, when we allow for a generic number of excita-
tions of each type. We write them explicitly in Equations (4.90)-(4.97). In the following
we use the shorthand notation v, = e”*. When restricting to the massive sector, the
factors of v have also the meaning of frame-factors, and they allow us to relate the string
frame to the spin-chain frame, see Section 5.1.4.
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1
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T T kj Eoq_ k _ 1 ’
j N ] j= wky17 j=1 ol ys
0 +
Y3,k — 2] 1
S (4.92)
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. 1
Kz yip — T, 1% 1 LI
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j=1 R z af j=1 Ty y1,; J=1 Ty ys,j
Ko 1— 71 _ 2 1— +1 _ 2
% —1 ik Zj _k Zj 00\2
XHVk l/j 1— +1+ 1— 1+ (Jk])’
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= 2y : z .
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Dynkin links

---------- Fermionic inversion symmetry links

H o0
Dressing phase opg

: ~e0
Dressing phase opg

H LJe] oce
Dressing phases o5, 0pq

: [e]e)
Dressing phase o,

Figure 4.3: The Dynkin diagram for psu(1, 12)? plus the root for massless modes, with the various
interaction terms appearing in the Bethe ansatz indicated.
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(4.96)

Hy4k Y45 +2Hy4k—wj—i/2
L Yak — Yag — o Yagk — w5+ /2 (4.97)
J#k

A nice way to visualise the equations is done by considering Figure 4.3. We recognise
two copies of the Dynkin diagram of psu(1, 1/2), corresponding to L and R. The crossed
nodes denote fermionic roots, the other bosonic ones. The diagrams are in the su(2)
grading for the Left copy and in the s[(2) grading for the Right copy. We refer to Sec-
tion 5.1.1 for a discussion on the possible different gradings of psu(1, 1|2). Between these
two Dynkin diagrams we find two additional nodes, one fermionic and one bosonic.
The latter corresponds to the su(2), lowering operator, and we associate to it the auxil-
iary root y4, whose Bethe-Yang equation is (4.97). The external fermionic nodes in the
diagram correspond to the four lowering fermionic operators of .A. We associate to them
the auxiliary roots y1,ys for the Left part of the diagram, and ys, y3 for the Right part
of the diagram. The corresponding Bethe-Yang equations may be found in (4.90),(4.92)
and (4.93),(4.95). The three nodes aligned horizontally in Figure 4.3 are the momentum
carrying nodes. The one on the left corresponds to Left massive excitations, for which
we use parameters x*. To distinguish the Right massive excitations that correspond to
the node on the right, we use the notation z* for the spectral parameters. The two equa-
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tions for L and R are found in (4.91) and (4.94). The node in the middle of the diagram is
associated to massless excitations. For them we use the notation z*, and their equation
is (4.96). The table below recaps our notation for the spectral parameters and the number
of excitations in each case. We also write our choice of level I excitations.

Left massive Right massive Massless
spectral parameters z* T+ P
number of excitations Ky K5 Ky
level I excitations Y* A X!

These level I excitations have been chosen because they scatter diagonally among each
other. They are highest weight states for the raising operators Qi1,Qi2, Qri, Qroand J .

The table below shows the notation for the auxiliary root and number of excitations
associated to each lowering operator

QLI QL2 QRl QR2 J 12
[¢]

auxiliary root Y1 Y3 Yi Y3 Y4

number of excitations K K3 K3 K3 Ky

Solving the Bethe-Yang equations, one can find the spectrum of the theory in the de-
compactification limit. To do that, the knowledge of the dressing factors is needed. In
the next chapter we will actually determine the dressing factors of the massive sector by
solving the corresponding crossing equations.

As explained in Chapter 1, to compute the exact spectrum one should also account
for the wrapping corrections, which are suppressed in the decompactification limit and
have not been considered here.

4.4 Summary

In this chapter we have constructed the action of the charges on multi-particle states, us-
ing the results of the previous chapter. In particular, we have used a non-local co-product
to write supercharges acting on two-particle representations. This was needed in order
to reproduce the exact eigenvalues of the charges appearing in the central extension.

Compeatibility with the bosonic and fermionic generators allowed us to fix the all-
loop S-matrix almost completely. We found a total of four “dressing factors” that are
not fixed by symmetries, and that are further constrained by unitarity, LR-symmetry
and crossing invariance. We have also checked that the S-matrix that we have derived
satisfies the Yang-Baxter equation, confirming compatibility with the assumption of fac-
torisation of scattering.

We have imposed periodicity of the wave-function, motivated by the fact that we
are describing closed strings. Using the “nesting procedure” we have derived the com-
plete set of Bethe-Yang equations, which should encode the spectrum of strings on the
background AdS; xS*xT* in the limit of decompactification of the worldsheet.



Chapter 5

The massive sector of
AdS;xS3xT*

In this chapter we concentrate on the massive sector’ of AdS;xS3xT. The massive
sector corresponds to strings moving only in the AdS; xS? subspace of the background.
From the point of view of worldsheet scattering, the results of the previous chapter show
that we indeed identify a sector if we consider only massive excitations for the incom-
ing states. In fact, Integrability ensures that if we scatter two massive excitations, then
massless particles never appear in the asymptotic out-states.

Focusing on smaller sectors of the theory is a good method to better understand the
results obtained. Moreover, the study of the massive sector allows us to compare to the
case of AdS;xS®, where only massive excitations are present.

We start by explaining how we can encode the integrable model found from the
point of view of the string into a spin-chain description. As reviewed in Chapter 1,
in AdS;/CFT, integrable spin-chains emerge when considering the spectrum of the di-
latation operator in the gauge theory [16]. The idea here is to construct a spin-chain from
which we can derive essentially the same all-loop S-matrix and Bethe-Yang equations
valid for the massive sector of the string.

We will also consider the crossing equations of Section 4.2.4 for the dressing factors
governing massive scattering, and derive solutions for them. The solution of these equa-
tions is not unique, and we will motivate our choice by commenting on the analytical
structure of these functions. We will also take a proper limit of the Bethe-Yang equations,
to obtain the “finite-gap equations”. We conclude with a discussion and with a collection
of the references to the perturbative calculations that succesfully tested our findings.

5.1 Spin-chain description

The spin-chain that we construct in this section shares the psu(1,1]2)? symmetry of the
massive sector of strings in AdSz xS3xT* [74]. We start by presenting this superalgebra.

1The massive sector of AdS3xS3 xT* has been discussed in detail also in the thesis of A. Sfondrini [107], to
which we refer for an alternative presentation.

67
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5.1.1 psu(l,1]2)? algebra

The bosonic subalgrebra of psu(1,1|2) is su(1, 1) & su(2). In what follows it is more con-
venient to change the real form of the non-compact subalgebra and consider instead
5[(2) @ su(2). We denote the corresponding generators by Sp, S+ and Ls, Ly respec-
tively. In addition to those we have also eight supercharges, that we denote with the
help of three indices Q4. each of them taking values . The commutation relations of
psu(1,1|2) then read as

[S()) Si] = isi, [S+, S_] = 280,

5.1
[Ls,Ly] = £Ly, [Ly,L_] = 2Ls, G-D
1
[S()v Qiﬁﬁ] = iiQiﬁﬁa [S:I:a Q:Fﬁﬁ] = Qi557 (5 2)
1 .
[L57 Qbig] = iiniB, [L:i:a qu:ﬁ'] = Qb:l:B?
{Qey+, Qe } =484, {Qiy—, Qs 4} =FS4,
{Qi+4+,Q 1} = FLy, {Qi+-,Q 14} ==+Ly, (5.3)
{Q+:|::|:7 Q*ZFZF} = _SU + L57 {Q+:|::F7 Q*:Fi} = +SU + L5'

As it is clear from the equations above, the first index of a supercharge spans an s((2)
doublet, while the second index an su(2) one. The last index is not associated to an su(2)
doublet®. The superalgebra admits a u(1) automorphism generated by the charge Rs,
that acts on the supercharges as

Rs, Qpp+] = i%QbBiv (5.4)

and that commutes with all bosonic generators.

Let us present the possible choices of Serre-Chevalley basis. For superalgebras the
inequivalent possibilities are associated to different Dynkin diagrams. Each of them
corresponds to the choice of Cartan generators h; and the corresponding raising and
lowering operators e;, f;. The index i runs from 1 to the rank of the superalgebra, that is
3 in the case of psu(1,1]2). In this basis the commutation relations acquire the form®

[hi7hj] =0, [ei, fJ] = (5ijhj, [hi7ej] = —|—Aijej, [h“fj] = —Aijfj, (55)

where A;; is the Cartan matrix.

The superalgebra psu(1,1|2) admits three inequivalent gradings, see Figure 5.1 for
the corresponding Dynkin diagrams. The Dynkin diagram in Figure 5.1 (a) corresponds
to the su(2) grading. The choice for the Cartan generators and the simple roots is

h; = —S¢ — L, er =+Q4——, fi=+Q_ 1+,
h2 = +2L57 €y = +L+a f2 = +L—7 (56)
h; = —Sg — Ls, e3=+Q4—4, f5=-Q_4+_.

2The third index on a supercharge spans an su(2) doublet in the case of the 9(2, 1, ) superalgebra, of which
psu(1, 1|2) can be seen as a particular contraction—a proper o — 1 or a« — 0 limit. For generic « the generator
Ry is the Cartan element of the additional su(2).

3If both e; and f; are fermionic, then the commmutator [, ] should be replaced by the anti-commutator {, }.
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+1 -1 +1

(@ (b) (c)

Figure 5.1: Three Dynkin diagrams for psu(1, 1|2). A cross denotes a fermionic root.

This leads to the Cartan matrix

0 -1 0
-1 42 -1]. (5.7)
0 -1 0

In Figure 5.1 (b) we find the Dynkin diagram in the sl(2) grading. For Cartan generators
and simple roots we take

h; = +8; + Ls, € =-Q 44, f=4Q4-,
flg = —28,, € =+S,4, Af2 =-S_, (5.8)
hs = +Sg + Ls, e3=-Q 4, B=-Q 4,
with the Cartan matrix
0 +1 0
+1 -2 +1]. (5.9)
0 +1 O

The two above are the gradings that will be more relevant for us. For completeness we
write down also the choice corresponding to Figure 5.1 (c), where all simple roots are
fermionic. The choice for the raising operators e; can be either

Qi+, Qii—y Qi or Q-4, Q 4, Q4. (5.10)

This leads to the Cartan matrices

0 +1 0 0 -1 0
+1 0 -1}, and -1 0 +1]. (5.11)
0 -1 0 0 +1 0

5.1.2 Spin-chain representation

To construct a spin-chain that transforms under one copy of psu(1,1|2), we put at each
site an infinite dimensional representation denoted by (—%; %) [131, 1]. This consists of
the bosonic su(2) doublet (bi” ), where the indices + label the two su(2) states, and two

(n)
+

su(2) singlets ¢} . The index n indicates the s[(2) quantum number. Explicitly, the action
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of the bosonic generators is

n 1 n n n n n
Ls [60) = = [60),  Lyfo™) =167),  L_|g{) = g™y,

2
Solof)) = — (3 +m)1657),  Solv§”) = —(1+n)[6{"), 512
St 105y = +nlof "), S lug”) =+Vin+ Dn ™).
105y = ~(n+ D leg ), S_lY) = -V 2)(n+ 1) ).
The supercharges relate the bosons and the fermions as
Q_sl0f) ==V FT0l),  Quugled”) = valel ), 513)

Q ps [0) = FVa T 1165™Y), Qups [08) = TV 11657).

In the su(2) grading the highest weight state is QSS?), since it is annihilated by the rais-
ing operators L, Q1 __Q4__. Nevertheless one can check that also the positive roots
Q_++ annihilate this state. For this reason the representation is short, and one has the
identity

{Qr—5.Q-12}161) = F(So +Ls) [67) = (5.14)

When constructing a spin-chain of length L, we need to consider the L-fold tensor prod-
uct of the representation presented above. Since the symmetry algebra consists of two
copies of psu(1,1|2) labelled by L and R, we actually need to take the tensor product
of two such spin-chains. In particular, we define the ground state of the psu(1,1/2), &
psu(l, 1|2)g spin-chain as

0), = |(6)F) @ ()" (5.15)
This is the heighest weight state of the representation (—%; £) ® (—%; £), where by def-

inition charges with label L act on the first L-fold product, while charges with label R
on the second one. The shortening condition is also inherited, giving a total of eight
supercharges preserving the ground state. We denote them as

QLI = +QL7++» QL2 = _QLerfa QLl = +Q5r,,, QLQ = ""QBF )
—1
QRI = +Q]i++7 QR2 = _QR7+77 QR = +Q§»777 QR - +Q+ +

where we use the same notation as for the charges derived from the string theory. The
ground state is preserved also by the central charges H,, H; defined as

H,, = —S;* — Lt~ (5.17)

(5.16)

Using the psu(1,1]2) commutation relations one can check that these generators close
into four copies of su(1]1)?

(Q"Q;} = 6%5,H,, rp— (5.18)

It is clear that this algebra coincides with the one found from the string theory (3.1), once
the central extension is turned off C = C = 0 and we identify

H=H +H, M=H —H,. (5.19)
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To introduce excited states of the spin-chain we just need to replace the highest weight
¢SS) with another state of the same module. A nice way to organise excited states is to

look at the eigenvalues of the charges H, ;. Considering the states ¢T) or ¢ sitting
on a site of one of the two copies of the spin-chain increases the eigenvalue of the corre-

sponding Hamiltonian by n and n + 1 respectively. For the states w(i") this is increased
by n + 1. The lightest states—the ones increasing the Hamiltonian just by 1—are then

o9 0 @0 and gl (5.20)

They transform in the familiar fundamental representation of psu(1|1)*—equivalently in
the bi-fundamental representation of su(1/1)?, see e.. Figure 3.1. We decide to introduce
a notation for the excited states of the spin-chain that makes clear the bi-fundamental
nature of the representation. We write

N =+ et =@ (521

where we introduced a label I=L,R to distinguish the two types of excitations on the
spin-chain. It is easy to check that these states transform under the two irreducible rep-
resentations o, ® ¢, and gz ® gx of Section 3.2.3, once the supercharges are rewritten in
terms of su(1[1)2 supercharges as in Section 3.1.1. To match with Equations (5.13) one
should seta = @ = 1 and b = b = 0 in the exact short representations of psu(1,1)?,. We
conclude that the lightest excitations in (5.13) correspond to an on-shell representation at
zero coupling. In the next section we discuss how the central extension and the coupling
dependence are implemented in the spin-chain description.

5.1.3 Central extension

In order to make the Hamiltonian H dependent on the coupling constant and the mo-
menta of the excitations, we need to deform the above representation. We give a mo-
mentum to a one-particle excitation by writing the plane-wave

L
)= errjonixot ) (5.22)

n=1

where 0 denotes a vacuum site and L is the length of the spin-chain. When we consider
multi-particle states we write a similar expression, where we always assume that the
spin-chain length is very large L > 1 and the excitations are well separated. In other
words we consider only asymptotic states, and we make use of the S-matrix to relate in-
and out-states.

In order to get the central extension and find non-vanishing eigenvalues for the cen-
tral charges C, C like in Equation (3.1), we have to allow for a non-trivial action of the
Right supercharges on Left excitations and vice versa. We impose that this action pro-
duces length-changing effects on the spin-chain, by removing or adding vacuum sites.
The addition and the removal of vacuum sites is denoted by 0% and it produces new
momentum-dependent phase factors once these symbols are commuted to the far left of
the excitations

|X, 0F) = eFiP |0t &), (5.23)
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as it can be checked from the plane-wave Ansatz.
Once we consider a spin-chain invariant under su(1/1)?, a way to centrally-extend it
is to take [7]

QL \qb ) =ap Yy, Q. |1/JL> =
QR‘¢L>:0 QR|7/}L>:b |0+¢;>7
QR ‘¢p> = bl) ‘0_ w;>7 QR Wp) =

and similarly for the Right module, after we exchange the labels L and R. For the bi-
fundamental representations of the spin-chain excitations that we want to consider we
then get

Q' |71) = +a, |2, 1), Q' |®,77) = +a, [®,77),
QLl |<I)L7 > = +b ‘(I)L++> ) QLI ‘(I)L77> +bp |(I);7+7> ,
2 |HL++ L+— L—+ L—— (525)
QL ‘(I) >:+a’p‘q) >7 QL |¢) > _ap‘q)p >a
Qo2 |[®77) =+, [®7T), Q.2 [®,77) = —by [®)77),
Qr: “I’L _> =+cp ‘0+¢)L+ > ) Qr |‘1);_+> = +¢p |0+¢);++> ’
Q. [97) = +d, [0~ @, ), Q. [®5"7) = +d, [0o~@, ),
L—— +HL—+ L+— +HL++ (5.26)
QRQ‘(I) > :_CP‘O ¢ >7 QR2|<I)p >:+Cp |0 (Dp >7
—2 i =2 _—
Qq [®,77) = +dp 0725 7), Q[0 ") = —dp |07 P, 7).
Using the commutation relations we find the actions of the central charges
H9) =0, 05), CIOpE) sapl0tep),
H, [BU55) = b5, [02%), T|0E%) = g5, [0~ 0LEE)

We stress that the length-changing effects are crucial if we want the central charges C, C
to have the correct eigenvalues also on multi-particle states. On two-particle states we
find*
Tttt tE it £+ ++
C P, L) = apby [0TB,FFOLT) + aghy |07 D)

, 5.28
= (apby + €T Pagb,) |07 PLEEPLEE) | (5.28)
Setting
ih, ;
apb, = 5(6 P—1), (5.29)
we find the eigenvalue
apby + et Pagb, = % (ei(””) - 1) . (5.30)

One can repeat the discussion in Section 3.2.5 to find the expressions of the representa-
tion coefficients that reproduce the exact eigenvalues of the central charges. Even though

4Differen’cly from the original paper [7, 1], we modify the construction by moving the added or removed
vacuum sites 0% to the left of the excitations. This allows us to get the central charge C = % (P — 1) that
matches the one derived from the worldsheet computation, rather than C = £ (e=*P — 1). Moreover, the
relation between the S-matrix for excitations on the string discussed in Section 4.2 and the one for excitations
on the spin-chain can be related in a simple way, see (5.32).
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other choices are allowed, we prefer to keep the same parameterisation (3.43) used for
the description of the string.

In the spin-chain description one does not need to introduce the parameter ¢ for
the coefficients in (3.43). This was introduced in the string picture to get a non-local
action of the supercharges and reproduce the correct eigenvalue of the central charges on
multiparticle states. In the context of the dynamical spin-chain, the same role is played
by the length-changing effects, allowing us to set £ = 0 also for multiparticle states.

When considering one-particle states we can identify the representation of the string
with the one presented here for the spin-chain as follow

@) =YY, @) =), @) =), jettT) =|2Y),

R R R— R R+— R R—— R (531)
@) =Y, [T =), [T =WY), [e0T) =125).

This identification is possible by comparing the action of the supercharges on one-particle
states.

5.1.4 The S-matrix for the spin-chain

Repeating the derivation of Section 4.2 one may find the exact S-matrix governing the
scattering of the spin-chain excitations. This is essentially the same object as the one
found from the string description, with the only exception that it is written in a different
basis. Indeed, although the action of the charges on one-particle representations agrees
on the two side—yielding the identification (5.31)—one can check that it is different on
two-particle states. This is just a consequence of the fact that the basis for the two-particle
representations on the two sides are related by a matrix that acts non-locally on the states.

To be precise, the S-matrix SP! of the spin-chain picture is related to the one found
from the string theory S as®

SPh=(1eU,) S (1U)). (5.32)
In the basis
(<I>L++, O P QT PR PRTT PR <I>R__,) , (5.33)
the matrix that we need is
U, = diag (e”’, e'P/2 eiP/2 1 P (iP/2 ¢ip/2 1) . (5.34)

While the string-frame S-matrix satisfies the standard Yang-Baxter equation (4.42), it is
easy to check that the above redefinition implies that for the S-matrix of the spin-chain
we must have a twisted Yang-Baxter equation

(F, 84 F, ) ®1-10S,, - (F,.SpF, ) ®1 =108, - (F,SpF, ') @1 - 108, (5.35)

where F, = U, ® U,,. The same result is actually found after carefully considering the
length changing effects on the three-particle states on which we want to check Yang-
Baxter.

5Thi ; isi i —
This relation may be found by realising that we can map the supercharges on the two sides by Q37 =

1eU}) - QE" - 1eU,).
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It is possible to repeat the derivation of the previous chapter and write down the
Bethe-Yang equations for the spin-chain. Doing so one finds the same six equations for
the massive excitations (4.90)-(4.95), where the interaction terms with massless excita-
tions are obviously missing. Moreover, because of the change of basis (5.32), the factors
v; are absent in the Bethe-Yang equations for the spin-chain. These factors can actually
be reabsorbed in the definition of the length, allowing us to relate the length of the string
to the length of the spin-chain.

It would be very interesting to construct a long-range spin-chain that describes the
CFT, dual to AdS;3 xS3 x T* in the spirit of the succesful program carried on in AdS; /CFTy,
and compare it to our construction. We refer to [69, 70] for papers taking some prelimi-
nary steps in this direction.

5.2 Dressing factors

In Section 4.2.2 we determined the S-matrix up to a total of four unconstrained dressing
factors. In this section we present a solution to the crossing equations (4.59) for the
dressing factors in the massive sector [2].

5.2.1 Solution of the crossing equations

As explained in Section 4.2.3, thanks to the unitarity conditions the dressing factors are
written as

ope = exp(ifp0), Gpg = exp(i 9;);), (5.36)
where 679, é;; are real anti-symmetric functions of the physical momenta. In both cases
we will assume that it is possible to rewrite them as [26]

0(p, @) = x(z ,2g) + x(x ,25) — x(@,2,) — x(z,,27) , (5.37)

with x anti-symmetric, to respect braiding unitarity. Instead of solving the crossing
equations

2

x, x, —xf)? 1= ——=
o50)* o) = = (1) s
Zq (xp —xq )(2p —mg) 1 - s
5.38)
2 (1 _ 1 ) (1 _ 1 ) _ n (
x P 2oos ) T — X
(0f2)" (053)" = = (1) Sl
Zq (1 — x+1f> Tp — Tq

we prefer to study the ones obtained by taking the product and the ratio of these two
2 0 ~ o0 2 LL B 1 J 2 ~
(794950) " = (9540724)" (0535754)" = CoaCoa;
(73)° <> <> oo (5:39)
32\ Gee oo ="
(754) “

rq Tpq
where the symbols + and — are introduced to remind that the corresponding phases are
the sum and the difference of the original ones

0F =050+ 02, 0, —0ns — 0% (5.40)

pq’

Cpq
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This rewriting turns out to be very convenient, one reason being that the solution for 6/,
can be found by using the results valid for describing the integrable model of AdSsxS®.

Solution for the sum of the phases The right-hand-side of the crossing equation for
o}, can be rewritten as
()
CpaCpg = —2L_—_ (5.41)
Prq-prq ( ngs)
where % denotes complex conjugation and b5 is the right-hand-side of the crossing

equation of AdS;xS° satisfied by the Beisert-Eden-Staudacher (BES) dressing factor [24]

N + 1— ——

T, x o~

BES _BES _ BES _ %q Tp —%q oy ﬂﬂq
Opg Opg = Cpg = —F —= = . (5.42)

Lg Tp — Xq e

p*q

A useful representation of this solution in the physical region was given by Dorey, Hof-
man and Maldacena (DHM) [132] in terms of a double integral on unit circles

1 " L1+ (w+1/w—w' —1/w)]

\(BE
i 2mx—wy w’ gF[l—z (w+1/w—w —1/w")]

Sxy ) =1 . (543)

For later convenience, we note that taking the strong coupling limit » — oo of this solu-
tion one recovers the Arutyunov-Frolov-Staudacher (AFS) phase [23], whose factor may
be written in terms of the spectral parameters as

1— 1 1— 1 1— 1 i%(wp'i’l/xpqu*l/xq)
GAFS _ Ty IS’ w?:’ler mﬂlﬁ . (5.44)
iz 1— 1 J\1—- 11— 1
wp Tq Tp Tq Tp Tq

Pushing the expansion at strong coupling to the next-to-leading order one finds the
Hernandez-Lépez (HL) factor [133], that solves the crossing equation

HL _HL ngs
_ BES ( .BES
Tpq Tpg = \| BES = \/© (cBES)* . (5.45)

A possible representation of this phase may be obtained by expanding the one for BES,
giving

sign(u/ +1/w' —w—1/w). (5.46)

2m 2m rT—wy—

The BES and HL phases can then be used as building blocks to construct the solution for
the sum of our phases Using the identity (5.41) we see that we can solve the crossing
equation for o}, if we define it as

(UBES)2 S
+ _ Upg + _ opBE HL
¢ = T HL Opg = 20pq” — Upq - (5:47)

We now present the solution for the factor o,
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Solution for the difference of the phases The crossing equation for o, is

0 (z,y) = (z —y) (1 - 1) . (5.48)

Ly
A solution of this equation is given by

X (@y) = ﬁ dw sign((w — 1/w)/i)

8T r—w
dw 1
— log ¢~ —
(% )L)éhzw()gg (y,w) —x <y,

where in the second line we have split the integration along the upper and the lower
semicircles. The proof that x~ satisfies the crossing equation may be found in Ap-
pendix B.4.

logl (y,w) —xz <y
(5.49)

Recap of the solutions The above results allow us to write the following solution for
the dressing phases of the massive sector

X (2, y) = X" (2,y) + 5 (=X (@,y) + x (2,)

(5.50)

DN = N =

X..(Ivy) = XBES(Ivy) + (7XHL(I7y) 7X7(1:7y)) .

A consequence of this result is that both factors o*® and 5°*® reduce to the AFS dressing
factor at strong coupling. At the next order they are not just the HL dressing factor: its
contribution to the phases is just half® of what one has in the case of AdS;xS®, and we

discover a novel piece produced by x~.

5.2.2 Bound states

In this section we discuss the possibility of bound states arising in the scattering pro-
cesses. This proves to be a good way to validate the proposed solutions of the crossing
equations.
Let us consider a two-particle state with excitations of momenta p, ¢ described by the
wave-function”
(o1, 00) = €' P71H992) L G(p q)etPo2tao), (5.51)

Here we are considering just the region 01 < 3. The first and second terms correspond
to the in-coming and out-going waves, respectively. After the scattering one picks up a
phase-shift S(p, ¢). A bound state may arise when the S-matrix exibits a pole, and this
can happen for complex values of the two momenta

p/ p/

P=73 + v, =3 - w. (5.52)

6Remember that BES contains one power of HL in the expansion.
7Here o1 and o5 denote the worldsheet spatial coordinate. We trust it does not create confusion with the
notation for the dressing factors.
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The relevant behaviour of the wave-function is then ¥ (o1, 02) ~ e v(@2-01) and the
normalisability condition implies that we should impose v > 0.

This condition must be checked when studying the possible bound states that are
allowed by representation theory. These are found by studying when a generic multi-
particle representation becomes short. A feauture of psu(1|1)2, is that all short repre-
sentations® have dimension 4, while all long representations have dimension 8. When
considering a two-particle representation obtained as the tensor product of two Left
massive modules, we find that in general it is a long representation. However, there
exist particular values for the momenta p, ¢ of the excitations such that the representa-
tion becomes short. This happens for =t =z or for 2, = z}. In the first case we find
that the bosonic state |Y, V) survives in the module, while in the second case |Z,Z;).
We will refer to the two cases as su(2) and sl(2) bound states respectively. We see that
in these situations the momenta of the excitations develop a non-zero imaginary part, as
in (5.52). Nevertheless, only the su(2) bound state satisfies the condition v > 0, while for
the sl(2) case the imaginary part of p is negative. The former is considered to be a bound
state in the spectrum, while the latter should not appear. Later we will check that indeed
the S-matrix exibits a pole when scattering two Y™ excitations, while it is regular when
scattering two Z" excitations. The case of two Right massive excitations is equivalent,
thanks to LR symmetry.

The situation is different when we consider two massive excitations with different
LR flavor. In that case the representation becomes short for =} = 1/z} or z,; = 1/x .
Neither of these cases satisfy |x?f| > 1and |mfzt| > 1, necessary to remain in the physical
region. For this reason there are no supersymmetric bound states in the LR-sector.

As anticipated, the above results must be checked at the level of the S-matrix of Sec-
tion 4.2.2 derived from symmetries, including the solutions (5.50) for the dressing factors
that satisfy the crossing equations. This provides a non-trivial check of the validity of
the solutions. The first process to consider is

1
ot ar ay —al Lo oo 1
qu:<}/qLY1§|S|Y;Y;>:%% i q,li = 5- (5.53)
Tp Zq Tp — g s (01',;)

pq)2 is regular at ;7 = x_, as it is shown in B.4.2. The element
A,q has then a single pole at this point, confirming the presence of the expected su(2)
bound state.

Similarly we can check that in the LR sector there is no pole in the physical region.
We consider the scattering element

The dressing factor 1/ (o5

~ xf 1- ac71’r+ 1- ﬁ 1
Buy = (Vi Z3) 8 |Z3¥p) = L o o (5.54)
p z;z; Tp Tyq ( pq)

and we see that both the rational factors and 7,7 are regular in the physical region, in
particular at the point z;7 = .

It is interesting to see how these processes in the s-channel automatically give con-
straints for processes in the ¢-channel, as a consequence of crossing symmetry. The cross-

8Similarly, for su(1]|1)2,, short representations have dimension 2, and long ones dimension 4.
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ing equations (4.59) can be written in the simple form

ApgAsg =1,  where A, = (YIVN|S|VEYY) 5:55)

BpoBpg =1,  where By, = (Y:Z5S|ZLY}) '
involving explicit scattering elements. It is clear that the presence of a single pole for
Apq at 2} = x implies a zero for Ap, at the point 1/2;7 = x . This is then responsible
for a process in the t-channel. Similarly, regularity of qu implies regularity of Bj,, and
consequently no corresponding process in the ¢-channel’.

The discussion on the pole structure of the S-matrix is important to justify the validity
of the solution to the crossing equations. It is indeed always possible to multiply the
solutions that we proposed by the so-called CDD factors, that solve the homogeneous
crossing equations

CDD ~CDD __ CDD =CDD __
Opg Opg =1, Opq Opg = 1. (5.56)

Usually these are meromorphic functions of the spectral parameters, obtained by taking

CDD i (l’ — y)CI ~CDpD i (m — y)02

=_—log ~——~— =_log ~——. 5.57

Xog =3lo8 T vn s Y T gle T (5.57)

It is clear that such solutions introduce new zeros and poles that modify the analytical

structure of the S-matrix elements, spoiling the bound state interpretation. These con-
siderations allow us to rule out the possibility of CDD factors of this form

Opy =1, Opy = 1. (5.58)
A possibility that might still be valid is to introduce factors that satisfy the homogeneous
crossing equation and that have no poles or zeros in the physical region. Nevertheless,
further independent validations of the phases proposed here appeared in the literature,

and we refer to Section 5.4 for a collection of them.

5.3 Finite-gap equations

Taking the limit of large string tension, one can make contact with solutions of rigid
strings that are constructed explicitly by solving the classical equations of motion. On
the other hand, the formulation in terms of a Lax connection allows one to write down
the so-called finite-gap equations, from which one can find the spectrum of the classical
integrable model. We refer to [134] for a review on this in the context of AdS/CFT. Here
we take a proper thermodynamic limit of the Bethe-Yang equations of Section 4.3.2 in
the limit of large tension, to recover the finite-gap equations for the massive sector of
AdSsxS®xT4.

To start, we expand z* for large values of the string tension. We consider the Zhukovski
parameters ;- expressed in terms of the momentum p as in Eq. (3.45), that solves the con-
straints (3.42). The large-tension limit of these parameters is obtained by first rescaling

“When checking regularity of Bpq one has to carefully analytically continue the dressing factor for crossed

values of the momentum p. Doing that one discovers that (o;;) ~? hasa zero at 1 / m%‘ = x4 that cancels the
apparent pole coming from the rational terms.
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the momentum p = p/h and then expanding the expressions at large h, obtaining!®

N m? + p2 + |m| i<\/m2+p2+|m|)
= + o +

p

O(1/h?). (5.59)

We parameterise the leading contribution in the expansion with a spectral parameter z,
obtaining

2 2 2
R L - (5:60)
P x4 —1
_ i|m| 2 2
Ty =k g oy HO(/R), (5.61)

Notice that it was important to assume that m # 0 when solving for p in terms of x. For
a single excitation, momentum and energy (difference) are given by

2|m|

C+O(1/h),

1 1 2
AE, = —|m| + m? +4h2sin2 2 = —ip — - = ‘m‘ +0(1/h)
2 Tp  Tp z?

To take the finite-gap limit we consider a large number K; of excitations, where the index
i denotes the possible types of massive excitations and it takes values i = 1,2,3,1,2, 3.
More precisely, we take the number of excitations to scale like the string tension K; ~ h,
and we define densities as

T
p=hp= —zhlog—li =
i (5.62)

0z —mig) - (5.63)

2K
= s

Momentum and energy (difference) for the collection of the excitations are then ex-
pressed as the integrals

P = /dx @, € = /dx % (5.64)

The finite-gap limit of the Bethe-Yang equations is taken by considering each fac-
or'! S,, and by computing —i log S,, in the large h limit, using the formulas above for
the expansion of z* and keeping the auxiliary roots finite. For the massive sector of

10Since we are considering massive excitations, we obtain the same result for left or right movers on the
worldsheet. One should instead distinguish between these two cases when considering massless excitations.

'Here Sjq stands for any product of rational expressions of z* and dressing phases that appear in our
Bethe-Yang equations.
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AdS;3;xS?xT* this yields the following equations'?

2mn :—/L(y)dy—/ p2(¥) @—1(772—1-735),

T—y x—1/yy? 2
Yy = — 233 27r5—/pl(y)dy+2][pQ(y)dy—/p?’(y)dy
4 —1 T —y T —y T —y
pily) dy p3(y) dy 1 .
+/J;—1/yy2+/m—1/yy2+x2—1M+(P2+P2)’
2 :_/L@dy_/L@@_l(P +P5)
3 z—y I*l/y’yQ 2 2 2)
W) d W) 1 (5.65)
[ P2y 4y P2\Y) 2 _
27ml_/x—1/yy2+/x—ydy+2(7)2+7)2)’
____ T _ p1(y) @7 p3(y) @
S /x—l/yy2 /ﬂc—l/yy2
piy) . o [ paly) / p3(y) 1
+/I7ydy 2][7x—ydy+ x—ydy+x2—1M’
[ p2y) dy paly) 1 g
27m3/x—l/yzﬁ+/x—ydy+2(7)2+7)2)'

The explicit factors containing P, + P are frame-dependent, and would not be present if
we took the finite-gap limit of the Bethe-Yang equations written in the spin-chain frame.
The limit allows us also to read off the residue of the quasi-momentum &, that is the
same for the node 2 and 2.

1 (2 2 (1 1 1 1
5:%(hL_61+262_€3+61+63—h (2K1—K2+2K3—2K1—2K3>),
(5.66)

The factor 1/h is consistent with the fact that we have taken the length L and the excita-
tion numbers to be large, and only the ratios L/h, K;/h remain finite. The quantity M
reads as

M =Py +P3 — P+ 2P; — Ps. (5.67)

The finite-gap equations that we have obtained here are equivalent to the ones con-
structed in [74] with the help of the Lax connection.

5.4 Concluding remarks

In this chapter we have focused on the massive sector of AdS;xS? x T4. First we showed
that it is possible to construct a dynamic spin-chain with psu(1, 1/2), & psu(1,1|2); sym-
metry. We have then derived the S-matrix governing the scattering of the spin-chain
excitations, showing that it is related to the worldsheet S-matrix of the previous chapter
by a change of basis for the two-particle states.

12To avoid confusion we remind that when writing the finite-gap equations one uses a convention in notation
that is a bit different from the one of the Bethe-Yang equations. For finite-gap we use the letter « for the variable
that solves the given equation, while y is used for any variable on which we integrate. There is no distinction
anymore in the notation for momentum carrying nodes and auxiliary roots.
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We have also solved the crossing equations for the two “dressing factors” of the mas-
sive sector that are not fixed by compatibility of symmetries. Commenting on the an-
alytical properties of our factors, we have motivated the choice of the solutions of the
crossing equations.

We have also made contact with the “finite-gap equations”—that are obtained from
the Lax formulation of the classical integrable model—by taking a proper limit of the
Bethe-Yang equations derived in the previous chapter.

It would be very interesting to construct solutions to the crossing equations for the
dressing factors of the mixed and of the massless sectors, and to do that it would be
useful to have more insights about the analytical properties of these factors. When trying
to go beyond the decompactification limit, that was used here to define an S-matrix,
a first question to be answered will be how to reinstate the possibility of winding for
the coordinates of the torus. Let us emphasize that the final solution to the spectral
problem will be achieved only by writing down equations—using the technique of the
Thermodynamic Bethe Ansatz or the Quantum Spectral Curve, as done for AdS; xS*—
that take into account also the wrapping corrections.

Let us conclude the chapters devoted to AdS;/CFT; by referring to the independent
perturbative tests of the all-loop results presented here.

Tree-level scattering elements involving excitations of the massive sector of the back-
ground AdS;xS?xT* were computed in [135]. There the more general case in which a
B-field is present was actually considered. For the pure R-R case, the same tree-level
results had appeared in [136], where also certain one-loop processes in the “near-flat-
space” limit'® and interactions involving massless excitations were produced. Agree-
ment with these perturbative results was shown in [1].

The “Herndndez-Lépez order” of the dressing phases in the massive sector was first
computed in [139], by considering the leading quantum corrections to the finite-gap
equations. The mismatch between this result and the semiclassical expansion of the
all-loop dressing phases was highlighted in [2]. The resolution of this problem was ex-
plained in [140], where it was shown how to get agreement with the all-loop result by
reintroducing some dropped surface terms in the calculation of [139].

The S-matrix including the proposed all-loop dressing phases was shown to agree
with two-loop worldsheet calculations obtained with unitarity techniques in [141]. These
are actually able to probe just the log-dependence of the scattering processes. Different
unitarity techniques that are able to account also for the rational terms were performed
in [142], where it was shown that the full momentum-dependence of the scattering ele-
ments in the massive sector matches at one loop.

Certain one-loop processes obtained with standard near-BMN computations con-
firmed again agreement with the large-tension expansion of the all-loop scattering el-
ements [143].

13The near-flat-space limit is achieved by having a momentum that scales like p ~ A~1/4 [137] and at leading
order it can be seen as a further expansion on top of the near-BMN limit. It was used also to eliminate apparent
ultra-violet divergences arising in near-BMN worldsheet computations, that were finally resolved in [138].
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Chapter 6

Bosonic (AdSs % 55)77

This is the first of two chapters devoted to the investigation of another integrable o-
model motivated by the AdS/CFT correspondence. It corresponds to a particular defor-
mation of the o-model for strings on AdS;xS°.

Beisert and Koroteev were the first to construct an R-matrix invariant under a ¢-
deformation of the su(2|2)... superalgebra [87]. After solving the crossing equation for
the factor that was not fixed by the symmetries, Hoare, Hollowood and Miramontes [90]
proposed an S-matrix that was conjectured to correspond to a quantum integrable model
realising the ¢g-deformation of the model for the AdSs/CFT4 dual pair. Up to now, no
explicit realisation of a g-deformation of N’ = 4 Super Yang-Mills has been constructed.

A deformation of the string o-model on AdS;xS°® was proposed by Delduc, Magro
and Vicedo in [94], building on previous results for bosonic cosets [96]. It preserves the
classical integrability of the original model, and replaces the original psu(2, 2|4) symme-
try with the quantum group U, (psu(2,2[4)) [95]. The parameter that is used to deform
the theory was called 7, and the procedure is often referred to as “n-deformation”. We
adopt this terminology here. The deformation is of the type of the Yang-Baxter o-model
constructed by Klimcik [97, 98], that generalises the work of Cherednik [144].

In this chapter we focus on the bosonic sector of the deformed model. For conve-
nience, we start by reviewing the undeformed case, then we study the effects of the
deformation and explain how to match with the large-tension limit of the proposed S-
matrix invariant under the ¢g-deformed algebra.

6.1 Undeformed model

The AdSs5xS® space is the product of the five-dimensional Anti-de Sitter and the five-
dimensional sphere. Let us start with the compact space. We use six coordinates Y4, A =
1,...,6 to parameterise the Euclidean space R°®. The five-dimensional sphere is identi-
fied by the constraint Y4 Y5647 = 1. A convenient parameterisation of these coordinates
is

Y: +iYs =rcosfe® | Yz+iYy =rsinfe??, Vs +iYy=+/1—r2e,  (6.1)

83
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where 0 < r < 1is the radius of the three-sphere, and for the angles we have the ranges
0 < ¢ <m/2 0< ¢ < 2m. From now on we rename ¢3 = ¢, as this will be the
angle that we will use to fix light-cone gauge, see Section 2.1 for a generic treatment and
Section 6.3.1 for the case at hand. The metric on R dsﬂi6 = dY4dY564E then induces the
metric on the sphere
dr® 2 (3e2 2 2 in2 2

a— + r? (d€* + cos® £ g7 + sin® £de3) . (6.2)
Let us comment also on another convenient parameterisation, that will be useful in Sec-
tion 6.3 for implementing perturbation theory on the worldsheet. The above constraint
may be satisfied also by

dsZs = (1 — %) de® +

. . ly|?
. +i _ +i . — L
Yibivea =AWy iy, = BTy Ly = i (6.3)

1 |y4| 1 ‘?!4| 1 \y\

4

where we have defined |y|? = y,7; and we have —2 < y; < 2. The metric of the sphere in
these coordinates reads as

2

1l dy:dy,

dsgs = [ —4 | de? + (6.4)
1+ (1+22)

4

The discussion for five-dimensional Anti-de Sitter follows a similar route. We embed it
into R>* spanned by Z4, A = 0, ..., 5, and we identify it with the constraint Z4Z5n,p =
—1, where nap = diag(—1,1,1,1,1, —1). A parameterisation—reminiscent of the one for
the sphere—for which the AdS constraint is satisfied is

Z1+iZy = pcosCe™ | Zs+iZy=psinCeV?, Zy+iZs =+/1+p2e, (6.5

where 0 < p < oo, and for the angles we have the ranges 0 < ( < 7/2, 0 < ¢; < 27.
We take the universal cover of AdSs, where ¢ is the non-compact time coordinate. Using
these local coordinates the metric for Anti-de Sitter is
d 2
dsigs, = — (14 p%) dt* + (1+7pp2) + p? (d¢? + cos? ¢ dyf + sin® Cdep3) . (6.6)
Also in this case we mention an alternative parameterisation that will be useful for per-
turbation theory

£l

ThiZy= A g B iz =t i (67)
1_\2\ 1_|Z| 1_\2\
2 1 2
where |z]? = z;2; and the space is covered by —2 < z; < 2. The metric in these coordi-
nates is
|Z|2 2 dz.d
1+ = z;dz;
2 1 2 idZ;

1For y; and also for the coordinates z; introduced later, we do not distinguish between upper or lower
indices y* = y;, z* = z;.
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These two spaces are also realised as the following cosets

- SU(2,2) 5 SU4)

AdSs : S0(4,1)’ S 50(5) (6.9)
Then the action of the string may be written in the form of a non-linear o-model, where
the base space is the worldsheet and the target space is AdS;xS®. We do that by con-
sidering coset elements g, and g, that depend on the local coordinates parameterising
Anti-de Sitter and the sphere. It is natural to represent these elements in terms of 4 x 4
matrices that satisfy a reality condition compatible with SU(2,2) and SU (4). We refer to
Appendix C.1 for possible parameterisations. The two group elements may be consid-
ered at the same time by defining the 8 x 8 matrix

g = ( & 905 ) . (6.10)

In Section 7.1 we will realise the su(2, 2[4) D su(2, 2) @ su(4) algebra in terms of 8 x 8 ma-
trices, making the above definition naturally motivated. After constructing the current
A = —gp'dgp that is an element of the algebra su(2,2) @ su(4), we have to decompose
itinto A = AT + A—, where A* belongs to the denominator of the coset, while A~ to its
complement?. In particular

AT € 50(4,1), A% € 5u(2,2) \ s0(4,1), 6.11)
At € 50(5), A" € su(4) \ s0(5). '
Then the action for the bosonic string may be written as
o__9 af _ cof ~ A=
§o=—7 /dea (78 — 2P Str (Aa A[,) : (6.12)

where we need to define a graded trace that we call supertrace’® Str = tr, — trs. It is easy
to check that the contribution with €*? vanishes. Therefore, after choosing an explicit
coset representative and rewriting the action in the Polyakov form (2.2) of Section 2.1,
we find that the B-field is zero

Sb — _g / dodr v*P0, XM s XN Gy - (6.13)
If we use coordinates XY, ..., X* to parameterise AdS; and X°, ..., X? for S°, the metric

Gy is in block form, with the upper-left block containing the AdSs metric and the
lower-right block the S° metric. If we use the coset representatives of Eq. (C.1) we find
the metrics in the form (6.2) and (6.6), while (C.6) yields the metrics (6.4) and (6.8).

6.2 Deformed model

The deformed model is obtained by inserting a linear operator acting on one of the two
currents in the action of the non-linear o-model [96, 94]. For the deformation of the full

2The subspaces with labels + and — appearing in this chapter correspond to the subspaces of grading 0
and 2 respectively of Section 7.1

3The minus sign in front of the trace for the sphere contribution is motivated by the fact that we want the
correct signature for this space. It becomes natural when we think of the full psu(2, 2|4) algebra, see Section 7.1.
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supercoset o-model we refer to Section 7.4.2. Here it will be enough to notice that when
restricted to the bosonic model, the deformed action may be written as

St = —g/dadT (728 — €B) Str (A; -O;l(AE)) , (6.14)
where O, ! is the inverse of the linear operator
2n _
Ob =1- 1_7,]72Rgh OP( ) 5 (615)

mapping the algebra su(2,2) @ su(4) to itself.

The deformation parameter is ) €] — 1, 1], where the range is chosen to have invert-
ibility for Op. Setting n = 0 we recover the undeformed model. The definition of O,
depends on the composition of the operators P(~) and Ry, . The former is the projector
onto the component “—" of the algebra, while the latter is defined as

Ry, = Adj,, . o Ro Adj,, , (6.16)

meaning that its action on a matrix M is Ry, (M) = go 'R(geMgs ')gp. The linear
operator R satisfies the modified classical Yang-Baxter equation

[R(M), R(N)] = R([R(M), N] + [M, R(N)]) = [M, N]. (6.17)

According to the definition given in [96, 94], it multiplies by —¢ and +: generators asso-
ciated with positive and negative roots respectively, and by 0 Cartan generators. Strictly
speaking it is defined on the complexified algebra, and what we will use is its restriction
to su(2,2) @ su(4). On elements of the algebra written as 8 x 8 matrices, we may write its
action as

1 if i<j
R(M);j = —iejM;;, €= 0 if i=j5 . (6.18)
1 i

The action for the deformed model is multiplied by g that plays the role of the effective
string tension, related to the one of the undeformed theory g by*

(6.19)

g:

To obtain better expressions we also introduce a new deformation parameter related to
7 as

n = 211 , 0<»x<o0, (6.20)

1—n2
which as we will see is a convenient choice. In order to compute the action for the
deformed theory one has to first study the operator Op and invert it. From its definition
it is clear that Oy acts as the identity operator on the 10 + 10 generators of so(4,1) &
50(5) C su(2,2) @ su(4). When acting on the 5+ 5 generators of the coset su(2,2) ®su(4) \

4Our n-dependent prefactor differs from the one in [94]. Our choice is necessary to match the perturbative
worldsheet scattering matrix with the g-deformed one.
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P ——— ==

N

Figure 6.1: The left figure represents the hemisphere parameterised by the coordinates r € [0, 1]
and ¢ € [0, 27]. On the right we draw the squashed hemisphere that we find when we turn on the
deformation. The figure was generated with deformation parameter » = 1.

50(4,1) @ s0(5) we see that we never mix generators of Anti-de Sitter and of the sphere.
In Appendix C.1.2 we provide the explicit results for the inverse operator O; .
When we put the action of the deformed model in the form presented in (2.2)

R —g/ dodr (’}/aﬁaaXMaBXNéMN - EaﬁaaXMaﬁXNEMN) ) (6.21)

we find that the metric is deformed and that a B-field is generated. The result is partic-
ularly simple when expressed in terms of the coordinates (6.2) and (6.6), related to the
coset representative (C.1). In particular, we find that the metrics for the deformed AdSs
and the deformed S° are [3]

1+ p? 2 dp?
ds? =
S(AdSs),, 1 — »2p2 + (14 p2) (1 — 2p?)

2

1+ »2ptsin® ¢

(dC? + cos? Cd?) + p? sin? C du3

6.22)
1—r2 9 dr?
W Ty e

2

2 —
ds(ss), T1 4 22

2 2 2 2 .2 2
m(dg -+ cos £d¢1)+r Sin fdd)Q

Figure 6.1 and 6.2 represent the effect of the deformation on the sphere and on AdS. We
find the B-field B = $ By y dXM A dX Y [3]

. * ( psin(20)

B T LV
(AdSs), + 2 1 + %2/)4 Sin2 g

»x ( 4 sin(2€)

Bre,y = % (risin(2)
(Ss) 1+ »2rtsin’ €

2
Ay AdC+ —L —dt adp),
1— 522
(6.23)

2r

It is easy to see that the contributions of the components B,, and B, to the Lagrangian
are total derivatives, meaning that they can be ignored.
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Figure 6.2: In the left figure we draw the space parameterised by the coordinates p € [0, co[—here
we stop the range of p at the value 1—and ¢ € [0,27]. On the right we draw its deformation,
generated with s = 1. The right figure has actually been rescaled to fit the page: the circles at
p = 0 have the same radius in the two cases.

We refer to Appendix C.1.3 for the Lagrangian written in the coordinates (¢, z;) and
(¢,y:). Let us note that in the undeformed case the action is invariant with respect to
two copies of SO(4), one of them corresponding to rotations of z; and the other copy
of y;. In the above action this symmetry is broken down to four copies of SO(2) ~
U(1), corresponding to shifts of the angles ; and ¢;. Thus, together with the two U(1)
isometries acting on ¢ and ¢, the deformed action is invariant under U(1)? x U(1)3. We
also find that the range of p is reduced under the deformation 0 < p < 1/, to preserve
the time-like nature of ¢. The (string frame) metric of the deformed AdS is singular at
p = 1/ This is not just a coordinate singularity, as the Ricci scalar has a pole there.
Without knowing the dilaton it is unclear whether the Einstein-frame metric exhibits the
same singularity.

6.3 Perturbative bosonic worldsheet S-matrix

In this Section we want to compute the perturbative S-matrix governing worldsheet scat-
tering between two bosonic excitations. We will then compare it with the large-tension
limit of the g-deformed S-matrix proposed in [90] and find agreement.
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6.3.1 Quartic action in light-cone gauge

Since we are interested in the perturbative expansion in powers of fields around p =
0, » = 0, we first expand the full bosonic Lagrangian up to quartic order in p, r and
their derivatives. To simplify the result we also make the shifts of p and r as described
in Appendix C.1.3, c.f. (C.25). We then change the spherical coordinates to the Euclidean
coordinates (z;,y;)i=1,....4 introduced in (6.3) and (6.7)—as they are the preferred ones
for perturbation theory—and we further expand the resulting action up to the quartic
order in z and y fields. In this way we find the Lagrangian up to quartic order .¥ =
LG4 pBay @Gs 4 ¥Bs where we have separated the contributions of AdS; from
the ones of S°, and the contributions of the metric Gj;x from the ones of the B-field

gG,a _ _g,yaﬁ

1
5 - (1+(1+%2)|z|2+2(1+%2)2|z4) Datdpt

ks

)

LB — 195 30(22 + 22)e*P 021052,
g (23 1) 10522 (6.24)

G _ _ 9 OB

(1= sl + 50+ 2Pl ) 2,0050

1
+ (1 - 5(1 - %2)|y|2> aayiaﬁyi‘| )

LB = 95 %(y§ + yi)e“ﬁaaylaﬁyg.

Here we use the notation |z| = (2;2:)"/?, |y| = (viy:)'/?. The “metric part” of this La-
grangian has a manifest SO(4) x SO(4) symmetry at quartic order, which is however
broken by the Wess-Zumino terms.

We first need to impose the uniform light-cone gauge, as explained more generally
in Section 2.1. We follow exactly the same notation and conventions. After that we
take the decompactification limit and perform the large-tension expansion presented in
Section 2.3 The gauge-fixed action is organised in the form

S = / drdo <p,pc“ My — 1, — ) , (6.25)
g

where we find the quadratic Hamiltonian

1 1 1
Ha = opj, + 5 (145 (XM + S (147 (X)2. (6.26)



90 Chapter 6. Bosonic (AdS;xS%),

The quartic Hamiltonian in a general a-gauge is
1
Ha=3 <<2z2|z|2 = (L4 lps[? = 22y = (14 )]y

F (1 452) (2022 = (1+52) W) 122 + (14 52) 12 = 21y)?) v/ ?) )

=

— 2% (1 + %2)

(2a —1)
8

((23 + 27) (P2 25 — D2021) — (U3 + 43) (Pya b — Pyu1))

+ ((Ipyl2+lpz2)2— (1+ )2 (lyl* + [2*)?

+2(1+52)(Ipy P + I P) (51 + 1217) + (1452 (ly 1 + [2]7)? = 401 + %) (o )?

(6.27)

1/2 1/2.

Here we use the notation |p.| = (p.,p-,)"*, [Pyl = (Py.Py:)
To simplify the quartic piece, we can remove the terms of the form |p,|?|y|*> and
Ipy|?|2|? by performing a canonical transformation generated by

1+ 2
V= % /do(pyiinZ\Q —pmzi\ylz)- (6.28)

After this is done, the quartic Hamiltonian reads as

(14 ?)
Ha= ("1 = wl’ly'I") +

(14 5%)?
A ey 2 — i)
2
4
+ 7(\Z|2|pz|2 — ylPIpy|*)
1
— 250(1+ 5°)2 [(25 + 27) (Pr b — P221) — (V3 + 1) (Pyu¥h — Py ¥lh)]

(2%7_1) <(|py|2 + %)% = (14 2)2(Jy? + |2)?

+2(1 432 (Ipy|* + p= ) Iy + 1217) + (L + )2 (Y1 + [2])7 — 401 + 5*) ()2

(6.29)

We recall that in the undeformed case the full theory—containing both bosons and

fermions—is invariant with respect to the two copies of the centrally extended super-

algebra psu(2]2), each containing two su(2) subalgebras. To render invariance under

su(2) subalgebras manifest, one can introduce the two-index notation for the worldsheet
fields. It is convenient to adopt the same notation also for the deformed case®

73 = (23 — i24), 73 =

Z43 = —%(2’3 +iZ4), Z44 =

(Zl — iZQ),

(21 +iz2),

(6.30)

NI= M=

5This parameterisation is different from the one used in [106], as we exchange the definitions for v and

Y22 and the definitions for Y12 and Y21, This does not matter in the undeformed case but is needed here in
order to correctly match the perturbative S-matrix with the g-deformed one computed from symmetries.
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Y% = —3(ys + iya), YU = 1(y1 +iya),
V2 = L(ys —iya), Y = Ly —iya) .

In terms of two-index fields the quartic Hamiltonian becomes #, = ’Hf + HB, where
HS is the contribution coming from the spacetime metric and H from the B-field

(6.31)

HE = 20+ 50) (2aa 20 232" = YaaV YY)

£ 21+ 52)? (Zadzaayljby"’b - YadY“"‘ZQ,BZ’W)

2

+ 5 (ZaaZ* PP — YoV Py PY) (6.32)
(2a — 1)

5 <i(Pa(zPad + Padpad)2 _ 4(1 + %2)2(Yadyad 4 ZadZad)Z

+ 2(1+%2)(Padpad_’_Padpad)(yafdylad_’_Z&dzlad)+4(1+%2)2(Yaldylad+Z(/de/ad)2

o 4(1 + %2)(Padyla(z + Padzlad)2> ,

HE = 8ise(1 + %2)% (Z34Z43(P33Z'33 _ P44Z'44) + YleQi(PliY/H _ PZQY/QQ)) .
Here indices are raised and lowered with the e-tensors, where ¢!2 = —¢0 = €34 =
—e3* = +1, and similarly for dotted indices. Note that we have used the Virasoro con-

straint C; = 0 given in (2.8) in order to express z’_ in terms of the two index fields.
The gauge dependent terms multiplying (2a — 1) are invariant under SO(8) as in the
underformed case.

6.3.2 Tree-level bosonic S-matrix

The computation of the tree level bosonic S-matrix follows the route reviewed in Sec-
tion 2.3.1, see [106] for more details. We first quantise the theory by introducing creation
and annihilation operators as

; 1
Z% o, 1) = —/d
(0,7) \ﬁ
Y% (a0, T) /
( «/ 2‘/wp
—ipo i et . BB
Poa(o,7) r/dpz wp( ab,(p,T) — €aB€asd (p,T)) ,

Paale) = = [ awi v (777l 0.7) = P eweyyal 7))

( Lpo’ aa +€ 11)06(16 aB T (p7 )) ,

( ipo , aa +€ zpcrgzl)ea,bazb(p7 )) 7

(6.33)

where the frequency w,, is related to the momentum p as

1+ p?
wp = (14 52)% 1+p2=\/17i2, (6.34)

and we have introduced a new convenient parameterisation of the deformation as

p= XA (6.35)
(14222 1412
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We compute the T-matrix defined by (2.58) using Equation (2.59). The free Hamilto-
nian governing the dynamics of in- and out-states is found by rewriting the quadratic
Hamiltonian (6.26) in terms of the oscillators a', a. At leading order in the large-tension
expansion the potential V is essentially the quartic Hamiltonian (6.32) written for a', a

V= ; H, +0(1/¢%). (6.36)

The additional power of 1/g comes from the expansion in powers of fields (2.38), as it is
seen also in (6.25).

It is convenient to rewrite the tree-level S-matrix as a sum of two terms T = T + T5,
coming from H$ and HZ respectevely. The reason is that T“ preserves the s0(4) @ so0(4)
symmetry, while T? breaks it. To write the results we consider states with momenta
p, p'—and corresponding frequencies w,w'—and we always assume that p > p’. To have
a nicer notation, we denote the states found by acting with the creation operators on the
vacuum by |Z,4) = al & 10), |You) = al 4 10). The action of T¢ on the two-particle states
is given by®

1—2a Lp—p)2+1v2(w—w)?
G I\ / / !
T |Yaéde'> - |: 2 (pOJ - P W) + 5 pw, — p,w YacY;)d'>
pp/ + 2w’
o P (IY,aYoe) + 1YY, 5)) s
1—2a Lp—p)2+12(w—w)?
G ! _ / / Ll
T | Zay Z55) = {Q(PW —rw) -5 o — plw ZoyZgy)
pp’ + V2ww’ (6.37)
P (12,528 + 24 2.,)).
1—2a 1 w? —w'?
G Lol N /A - N
T Va0 = | ) - 5 0 W),
1—2a 1 w? —w?
G I\ / / v
T |Za,3Yaz,> = { 5 (pw" —p'w) + 2pw,p,w] ‘ZaBYai)v
and the action of T on the two-particle states is
TP [YaeY)) = iv (eab [Yoe Y 3) + €:4 1Y, iYos)) »
(6.38)

T8 | Zas Zs) = iv (€op |23 205) + €451 Z0525))
where on the r.h.s. we obviously do not sum over the repeated indices.

In the undeformed case, the S-matrix S computed in perturbation theory is factorised
into the product of two S-matrices, each of them invariant under one copy of the centrally
extended superalgebra psu(2|2) [21, 34]

Spsu(22)2, = Spsu(2/2)ce. © Spsu(2/2)ce. - (6.39)

6Here a’ on a state is used when the corresponding momentum is p’.



6.3. Perturbative bosonic worldsheet S-matrix 93

Using (2.58) one finds the corresponding factorisation rule for the T-matrix

TIPOD = (1) ISR 5 4 (1)@t EaRTES . (6.40)

Here M = (a,a) and M = (a,¢), and dotted and undotted indices are referred to two
copies of psu(2|2), respectively, while €); and €,, describe statistics of the correspond-
ing indices, i.e. they are zero for bosonic (Latin) indices and equal to one for fermionic
(Greek) ones. For the bosonic model the factor 7 can be regarded as a 16 x 16 matrix.

It is not difficult to see that the same type of factorisation persists in the deformed
case as well. Indeed, from (6.37) we extract the following elements for the 7-matrix

Tt = ASSO8 + BoLSE + W eapddst
Tds = D610% + E 650} + W eap 0567, (6.41)
T =G85oy, T =Ly,

where the coefficients are given by

1—2a Lp—p)?+ 13 (w—uw')?
A(pap/) = 4 (pw, - p/w) + Z( ;w/ _ p(/w ) ’
pp/ +V2ww’
B(p,p) = —E(p,p') = W,
1—2a Lp—p)?+1i(w—uw)? (6.42)
D(p,p') = (po —p'w) — = :
4 4 pw' — p'w
1-—2a 1 w?—w?
G N — _L(p _ N N
(p,p") (?',p) T =) I —po
W(p,p') =iv.

Here W corresponds to the contribution of the Wess-Zumino term and it does not actu-
ally depend on the particle momenta. All the four remaining coefficients 7;})5, Tacg, . Bd, 7'317‘1
vanish in the bosonic case but will be switched on once fermions are taken into account.

The matrix 7 is recovered from its matrix elements as follows
P ) s d
T=TuvEN @EY =TS B2 @ ES+ T3 ES @ Bf + T ES @ Ef + T ES ® Ej,

where EJ)] are the standard matrix unities. For the reader convenience we present T as
an explicit 16 x 16 matrix”

7See Appendix 8.5 of [34] for the corresponding matrix in the undeformed case.
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Here the non-trivial matrix elements of 7 are given by

Ai=A+B, Ay, =A, A4=B-W, As=B+W, As=D+F, (6.43)
As=D+E, Ar=D, As=L, A=E-W=-A5, Aog=E+W=-A4.

We conclude this section by pointing out that the matrix 7 that we have found satis-
fies the classical Yang-Baxter equation

[Ti2(p1,p2), Taz(p1, p3) + T23(p2, p3)] + [T13(p1, p3), T23(p2, p3)] = 0 (6.44)

for any value of the deformation parameter v.

6.3.3 Comparison with the g-deformed S-matrix

In this subsection we show that the perturbative bosonic worldsheet S-matrix coincides
with the first nontrivial term in the large-g expansion of the ¢-deformed AdSs x S° S-
matrix®.

Let us recall that—up to an overall factor—the g-deformed AdS; x S® S-matrix is
given by a tensor product of two copies of the psu(2|2),-invariant S-matrix [87] which
we denote just by S, to avoid a heavy notation. The matrix may be found in (C.30) of
Appendix C.2. We also need to multiply it by the overall factor Sy, 2y [90]

Ssu(2)(p1,p2) S12 @ S12,
. 1
eia(P2Er=pE2) ot e ¢ a7 —af LT T (6.45)

2 — + + — 1
0'12 1’1 +££L’2 +£ 1'1—1'2 1—5

© 4

Sﬁu(?) (p1, p2) =

Here & stands for the graded tensor product, a is the parameter of the light-cone gauge—
see Eq. (2.6)—o is the dressing factor, and £ is the ¢g-deformed dispersion relation (C.36)
whose large g expansion starts with w. The dressing factor can be found by solving the
corresponding crossing equation, and it is given by [90]

012

o1 =2 01y = x(af,2F) + x(27,25) — (=), 25) — x(a7,23), (6.46)

8The difference with the expansion performed in [88] is that we include the dressing factor in the definition
of the S-matrix.
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where

de 1 gdd 1 Tp(it B() - ()
2miz—w1 ) 2w —xo T Tp(1— E(u(z) —u(z)))

x(z1,22) = (6.47)

Here I'y(x) is the g-deformed Gamma function which for complex ¢ admits an integral
representation (C.38) [90].

To develop the large g expansion of the g-deformed AdS; x S° S-matrix, one has
to assume that ¢ = e~?/9 where v is a deformation parameter which is kept fixed in the
limit g — oo, and should be related to v. Then, due to the factorisation of the perturbative
bosonic worldsheet S-matrix and of the g-deformed AdS;5 x S° S-matrix, it is sufficient to
compare the 7-matrix (6.41) with the T-matrix appearing in the expansion of one copy
S with the proper factor

(Sou(2)) /21,8 =1+ ;T’ (6.48)

where 1, is the graded identity which is introduced so that the expansion starts with 1.
To check whether T = 7T at leading order, the only term which is not straightforward
to expand is the S, (2) scalar factor because it contains the dressing phase 615. It is clear
that it will contribute only to the part of the T-matrix proportional to the identity matrix.
If we study the expansion of just 1, S without the S, (2 factor, we find that it is indeed
related to the matrix 7 computed in perturbation theory by

1,S=1+- (7' A1), (6.49)

provided we identify the parameters ¢ and v, or ¢ and x, as
q= e_l’/g = e_%/g R (650)

showing that ¢ is real. What is left to check is then the overall normalisation, namely that
the 1/g term in the expansion of Ssi(Z is equal to A;. To this end one should find the
large g expansion of the dressing phase 6,,. This is done by first expanding the ratio of

g2-functions in (6.47) with u(z) and u(2") being kept fixed, using Eq. (C.39). Next, one
Comblnes it with the expansion of the % ﬁ terms which appear in the integrand

of (6.46). As a result one finds that the dressmg phase is of order 1/g just as it was in the
undeformed case [23]. One may check numerlcally that the element 4, is indeed equal
to the 1/¢ term in the expansion of S (2) - In fact it is not difficult to extract from A,

the leading term in the large g expans1on of the dressing phase which appears to be very
simple

V2 (w1 —w2) +p3 (w1 — 1) —p? (we — 1) n

2
%9 (01 + 12) O1/g%). (6.51)

b12 =
It would be curious to derive this expression directly from the double integral represen-
tation. Note that, doing this double integral, one could also get the full AFS order of the
phase, which would be a deformation of the one in (5.44).
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6.4 Concluding remarks

In this chapter we have studied the bosonic sector of the string on n-deformed AdS; xS°.
We have derived the deformed metric and the B-field that is generated. After computing
the tree-level scattering processes involving bosonic excitations on the worldsheet, we
were able to succesfully match with the large-tension expansion of the all-loop S-matrix
found by imposing the psut (2|2)c.. symmetry.

The bosonic background that we have derived was further studied in a series of
papers. Giant magnons were studied in [145, 146, 147] and other classical solutions
in [148, 149, 150]. Minimal surfaces were considered in [151, 152] and three-point correla-
tion functions in [153, 154]. For deformations of classical integrable models correspond-
ing to subsectors of the bosonic theory we refer to [155, 156]. The pertubative S-matrix
that we have computed was studied at one and two loops using unitarity techniques
in [157].

In [158] truncations to lower dimensional models and special limits were considered.
In particular, one way was provided to prove that the limit of maximal deformation
is related by double T-duality to dS5xH?, namely the product of five-dimensional de
Sitter and five-dimensional hyperboloid. A similar and more physical (n — 1, » —
oo) limit was studied in [159], where it was shown agreement with the background of
the mirror model—first introduced to develop the Thermodynamic Bethe Ansatz [36,
39, 160]—obtained by performing a double-Wick rotation on the light-cone gauge-fixed
string. The exact spectrum was actually considered in [145], where the notion of “mirror
duality” was introduced, after observing that original and mirror models are related by
small/large values of the deformation parameter.

A proposal on how to deform the o-model on AdS; xS® to obtain the g-deformation
in the case of ¢ being root of unity is the A-deformation of [101]. We refer also to [102,
103] for a relation between the 7n-deformation and the A-deformation. Generalisations
of the deformation procedure were studied in [161, 162, 163] were Jordanian and other
deformations based on R-matrices satisfying the classical Yang-Baxter equation were
considered.

In [164] it was shown that in the two cases of (AdS; xS?),, and (AdS;xS?),, it is pos-
sible to add to the deformed metric the missing NS-NS scalar and R-R fields, to obtain
a background satisfying the supergravity equations of motion. Of these two cases, only
for (AdS;xS?),, it was conjectured that the solution? corresponds to the 7-deformation.
The explicit check of this is still missing. The case of (AdS;xS®),, is technically more
complicated and a supergravity solution has not been found. One of the main motiva-
tions of the next chapter is to compute the Lagrangian of the superstring in the deformed
model up to quadratic order in fermions. This will allow us to read off the couplings to
the unknown R-R fields.

9 A one-parameter family of solutions was actually found, and the conjecture proposes one specific point to
correspond to the deformed model.
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In this chapter we push the computation of the Lagrangian for the deformed model up
to quadratic order in fermions. The motivation for doing that is to discover the couplings
to the unknown R-R fields and the dilaton, which should complete the deformed metric
and B-field to a full type IIB background.

We start in Section 7.1 by presenting a convenient realisation of psu(2,2|4) and in 7.2
by computing the current for this algebra. Using the results collected in Section 7.3 re-
garding the inverse operator that is used to define the deformed action, we compute the
Lagrangian in Section 7.4 and we show how to recast it in the standard form of Green-
Schwarz. In 7.5 we compute the kappa-variations of the bosonic and fermionic fields,
and of the worldsheet metric, to confirm the results for the background fields obtained
in the previous section. Section 7.6 is devoted to a discussion on the results that we have
found. We show that the background fields that we have derived are not compatible
with the equations of motion of type IIB supergravity. We comment on possible resolu-
tions of this issue, and on particular limits of the o-model action.

7.1 The psu(2,2|4) algebra

The subject of this section is the psu(2,2|4) algebra, which plays a central role in the
construction of the action for the superstring on AdS; xS° and its deformation. We start
from the algebra sl(4|4), one particular element of which may be written as a 8 x 8 matrix

M— ( mii | M2 ) : (7.1)

mai | Ma22

where each m;; above is a 4 x 4 block. The matrix M is required to have vanishing super-
trace, defined as Str M = tr mq; — tr may. The Z, structure identifies the diagonal blocks
mi1, Moz as even, while the off-diagonal blocks m 2, m2; as odd. Later we will multiply
the former by Grassmann-even (bosonic) variables, while the latter by Grassmann-odd
(fermionic) ones.

We find the algebra su(2, 2|4) by imposing a proper reality condition

M'H+HM =0, (7.2)

97
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where we have defined the matrix H as

Y0
H:( 0 14), (7.3)

and the diagonal matrix ¥ = diag(1,1, -1, —1). We will present an explicit realisation
of this algebra in terms of 8 x 8 matrices. Since su(2,2[4) is non-compact, the above
representation is non-unitary. The algebra psu(2, 2|4) is then found by projecting away
the generator proportional to the identity operator.

To construct our 8 x 8 matrices we will use 4 x 4 gamma-matrices [106]. In Ap-
pendix C.3 we write our preferred choice for the 4 x 4 gamma-matrices. They are all
Hermitian and satisfy the SO(5) Clifford algebra

{Ym> I} = 20mn m=0,...,4. (7.4)

We need two copies of these matrices, one for Anti-de Sitter and one for the sphere. In
the first case we will denote them with a check #,,, in the second with a hat 4,,

AdSs: Fy =1 Yim, = m=1,---,4
2 70 705 Ym = Tm, ) » % (7.5)
S’ Ym+5 = —Ym, m=0,---,4.
We have chosen to enumerate the gamma-matrices for AdSs from 0 to 4 and the ones
for S° from 5 to 9 to have a better notation when we want to write ten-dimensional
expressions. The ¢ in the definition of 7y is needed to reproduce the signature of the
metric. We will not use the notation of [106] for the generators. In the following we
provide explicitly our preferred basis.

Even generators We denote 10 (5 for AdS; + 5 for S°) of the even generators by P and
the remaining 20 (10 for AdSs + 10 for S°) by J. The generators P, for AdSs and the
generators Pm for S® are defined as

1~

. -1 0 - 0 0

P, = 27m U4 , =0,...4, P, = 4 iA4 , =5,...9. (7.6
( 04 04 ) m 04 2Tm " ( )

After defining 9., = %[’me n) and Y = %[ﬁ/m, An] we also write the generators -
and J,,,,, for AdSs and for S°

1x ~
Jmn:( Zgzm gi>7 m,n=0,...4, Jmn:<gi lg4 ), m,n=29,...9.
2 mn
7.7)

All the generators satisfy Equation (7.2) and hence belong to su(2,2[4).

Odd generators To span all the 32 odd generators of su(2,2|4) we use a label I = 1,2
and two spinor indices o,a = 1,2,3,4. Greek spinor indices are used for AdSs, Latin
ones for S°. Our preferred basis for the odd generators is

o
04 mIQ

Ta _ +ir/4
=e T ,
Q K (m,%) K 0,

(7.8)

k k
o _4im/A+idq sesk a _—in/A+idg sk
(mm)j = etim/ Q 6j 527 (mQQ)j = —e7i"/ Q (5]- (5&.
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Here m,5; are 4 x 4 matrices, and K is defined in (C.42). The phase ¢q corresponds
to the U(1) automorphism of su(2,2[4), and we set ¢q = 0. These supermatrices are

constructed in such a way that they do not satisfy Eq. (7.2) but rather Qi H+HQ=0
where we have defined

~ (K 0
H= < 0 K ) . (7.9)
The supermatrices Q can be seen as complex combinations of supermatrices Q satisfy-
ing (7.2)
Q= etim/4 ( ¢ 0 >Q7 Q= /4 < g Ig > 0. (7.10)

The matrix C is defined in Eq. (C.42). On the one hand, taking linear combinations of
Q’s with Grassmann variables and imposing that ¢ Igg QIQg belongs to su(2,2|4) would
translate into the fact that the fermions 9/, are real. On the other hand, imposing that

GIQQQIQg belongs to su(2,2, |4) (GIQQQIQQ)Jr = —H(HIQQQIQQ)H_1 gives

o, =—i 95 C¥ Ky, (7.11)

Defining the barred version of a fermion we find the Majorana condition in the form

\a \Q

= 0" a(3)," = —0,% KK, (7.12)

Later on we will decide to write the fermions 6, _, with both spinor indices lowered and

Iaa
6,** with both spinor indices raised, so the above equation reads as

0, = +0, , K*K", (7.13)

matching with [27]. Let us comment on the fact that the matrix K is the charge conjuga-
tion matrix for the y-matrices. We call it K to keep the same notation of [106]. We refer
to Appendix C.3 for our conventions with spinors. A more compact notation is achieved
by actually omitting the spinor indices. The above equation then reads as

0 = 017" = 404 (K @ K), (7.14)

where v° = 4° ® 1,, and Hermitian conjugation and transp051t10n are implemented only
in the space spanned by the spinor indices, where the matrices 4% and K ® K are acting.

Commutation relations It is convenient to rewrite the commutation relations when
considering the Grassmann enveloping algebra. In this way we may suppress the spinor
indices to obtain more compact expressions. We define Q'6; = Q'22¢, and we intro-
duce the 16 x 16 matrices o

’}/mzfyn1®14, ’)’)’L:O’~.~747 7m514®i’3/"“ 'rn:5,...’97

. ) (7.15)
’Y’UWE’YW"@]‘% m,TLZO,--',4, 77nn514®7mn7 m,n:5,~--,9,

The first space in the tensor product is spanned by the AdS spinor indices, the second
by the sphere spinor indices. To understand the 10-dimensional origin of these objects
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see appendix C.8. In the context of type IIB, one usually continues to refer to them as
gamma-matrices even though they do not satisfy Clifford algebra relations.
In our basis the commutation relations involving only bosonic elements read as

AdS; : [Pvmpn] = jmnv SS : []-Sma ]-Sn] = _jmnv
[Pm7 j ] = Nlm P — neps [Pm, jnp} = 'r]mnlsp — neps
[jmna j ] ( jmq m<—>n) p<rq [jmn7 qu] = (nnpjnqumﬁn)*p(—)rp

(7.16)
where 7,,, = diag(—1,1,1,1,1,1,1,1,1, 1). Generators of the two different spaces com-
mute with each other. The generators J identify the bosonic subalgebra so(4, 1) & so(5).

With the above definitions, the commutation relations of su(2,2|4) involving odd
generators are!

) 1
[Qlelv Pm] = - %ﬁlt]QJ’Ymela [QIQI; Jmn] = _§6IJQJ77rm0]; (717)

QAL Q7] =i 6" Ay by Prn — %GIJS\I(’Ymnjmn =" T )y — %5”5\11%1&
(7.18)
Here we have also used the Majorana condition to rewrite the result in terms of the
fermions \;, and for completeness we indicate also the generator proportional to the
identity operator. We refer to Appendix C.3 for the commutation relations with explicit
spinor indices.

Supertraces In the computation for the Lagrangian we will need to take the supertrace
of products of two generators of the algebra. For the non-vanishing ones we find
Str[P,, P,] =
AdSs : Str[Jan )
]
]

Nmns

—(NmpNing = Mmg"np),
+(MmpTing = Nmallnp)
=2 X ppy = —2eTp A .

7.19
S5 . Str[Jan g (7.19)

Str[QAr Q74

Z4 decomposition The su(2,2/4) algebra admits a Z, decomposition, compatible with
the commutation relations. We call € the outer automorphism, that acts on elements of
the algebra as

QM) =i* M, k=0,...,4, (7.20)

identifying four different subspaces of su(2, 2|4) labelled by k. We define it as [106]
QM) = —KM¥K™, (7.21)

with K = diag(K, K) and * denoting the supertranspose

t ot
M= ( AL ) . (7.22)
Myg | Mag

1For commutators of two odd elements we need to multiply by two different fermions Ay, 11, otherwise the
right hand side vanishes.
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If we consider bosonic generators, it is easy to see that J and P belong to the subspaces
of grading 0 and 2 respectively®
QJ) =+J, QP)=-P. (7.23)
In our basis, the action on odd generators is also very simple
QQ"e) =o3'iQr e, (7.24)

meaning that odd elements with I = 1 have grading 1, and with I = 2 have grading 3. It
is natural to introduce projectors P(*) on each subspace, whose action may be found by

PE(M) = = (M +**Q(M) + i Q* (M) +i*Q*(M)) . (7.25)

] =

Then P will project on generators J, P(?) on generators P, and P(!), P® on odd ele-
ments with labels I = 1,2

1 1
POQ'ee) = 26" +03)Q7ee,  PO(Qe2) = 56" —of”)Q72e (7.26)

The definition of the coset uses the Z, grading, as the generators that are removed are
the J’s spanning the so(4,1) @ so(5) subalgebra, that conincides with the subspace of
grading 0.

7.2 The current

In this section we compute the current that enters the definition of the Lagrangian up to
quadratic order in fermions. We start by defining a coset element of PSU(2, 2|4) /SO(4, 1) x
SO(5), that we choose to write as

9= 0o 9 (7.27)

Here gy is a bosonic group element. We choose the same representative used in Chap-
ter 6, see Equation (C.1). The fermionic group element is denoted by g; and we define it
simply through the exponential map

g = expx x=Q'0, . (7.28)

One may prefer different choices, e.g. g; = x + /1 + x? turns out to be more convenient
when we want to expand up to fourth order [106], since it generates no cubic term in the
expansion. At quadratic order the two parameterisations are equivalent.

Let us comment on the fact that other choices for g are also possible, e.g. we could put
the fermions to the left and use an element of the form g; - gy. In [165, 106] yet another
choice was made, namely A(t, ¢) - g - gx, where A(t, ¢) is the group element for shifts of
t and ¢, while gx contains the remaining bosonic isometries. We prefer to use (7.27) as
in [27] because its expansion in powers of fermions is simpler. This choice corresponds
to fermions that are not charged under global bosonic isometries.

2The subspaces of grading 0 and 2 of this chapter correspond to the subspaces with label + and — respec-
tively of Chapter 6.
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The current is defined as A = —g~'dg, and being an element of the algebra we de-
compose it in terms of linear combinations of the generators

1
A=L"P,, + §L’”"Jmn + Qfaer, (7.29)

I aa
It is useful to look at the purely bosonic and purely fermionic currents separately, that are
found after switching off the fermions and the bosons respectively. The purely bosonic
current is a combination of even generators only

1
A* = —g, " ldgp = e"P,, + iwm”Jmn. (7.30)
The coefficients in front of the generators P,, are the components of the vielbein, while
the ones in front of the generators J,,,, are the components of the spin-connection for
the ten-dimensional metric. To write them explicitly, let us choose to enumerate the ten
spacetime coordinates as

onta X1:¢27 X2:1/’17 XS:Ca X4:p7

7.31
X5:¢7 X6:¢27 X7:¢1> X8:£; X9:’I". ( )

We find that in our parameterisation the vielbein e™ = e7,dX* is diagonal and given
by?

. 1

A=VTER ey = psinG = peost =g =
1
(7.32)

The non-vanishing components of the spin connection w™” = w7"dX™ are

Wit =p, wit = —V/1+p?,
w}b?;:—cos(:, w}é:—\/l—i—/ﬂsin(, w?ﬁzsin(, w?ﬁ:—\/l—i-chosC,

W?P:_r7 w?gz—vl—r2,

wgfz—cosf, wg%::—\/l—ﬂsing, w;?:sing, w;?:—\/l—ﬂcosf,
(7.33)
and it can be checked that w}}" satisfies the correct equation for the spin-connection (2.24).
The purely fermionic current is decomposed in terms of even and odd generators

1
Af — _gf_ldgf _ Qum + 5Q’anmn + QIMQI% (734)

where we have defined the to-be-determined quantities Q™, Q™" After expand-

Iaa®

3To avoid confusion with tangent indices, we write curved indices with the explicit names of the spacetime
coordinates.
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ing g; in powers of ¢, at quadratic order in the fermions we find

Af = — gf_ldgf
1
=—Q'dor +5(Q"0:, Q7 dos] + 0(93>

=—-Qldo; + %Wénmdaj P = ”enmndeJ Jnn +3 ”enmndeJ Jon + O(6°%),

(7.35)
where we make use of the commutation relations (7.18) of psu(2, 2|4)—meaning that we
also project out the generator proportional to the identity operator.

When we repeat the computation for the full current we see that the computation is
similar to the one of the fermionic current, upon replacing d — (d — A®) [27]

A=-— g‘ldg =—g; '(d— A®)g;
—Q'do;r — [Q6;, A%

+5 [Q'0r, (Q7d0; — [Q70,, A%))] + O(6°
[ ( [ N]+06°) 736
< mo 01’ymDU0J) Pm*QIDIJQJ
+ Lgmng,, — Levg, ('ym”Jmn - 'rm"jmn) DR + O(6°)
2 4
where the operator D!7 on fermions 6 is
] :
D' =67 (d - 4wm”’ymn> +gelTemy,,. (7.37)
Sometimes it is useful to write it as
) 1
DI =plJ 4 %EUem’ym, Dl = g1/ (d - 4wm”’ymn> : (7.38)

where D!V is the covariant derivative on the fermions.

The contribution of the generators J to the current will be irrelevant for the compu-
tation of the Lagrangian, since they are projected out when defining the coset.
Imposing the flatness condition on the current

(0 A5 — 5[An As) =0 (7.39)

and projecting on the bosonic generators we find the following equations for the vielbein
and the spin connection

P (Dpel —wMle,3) = 0, (7.40)
B «@ qB

-m ~pn

P (Do ™ — @, OB —enen) =0,  €*P(0a0f" — AT, OB +enes) =0, (741)
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7.3 Expansion in fermions of the inverse operator O~!

In this section we collect the relevant ingredients to construct the Lagrangian of the de-
formed model, once we include also the fermionic degrees of freedom. Following [94]
we define linear combinations of the projectors introduced in Section 7.1

2 _po_p®  j—_p

P 4 pB) 7.42
1-—n2 1—n2 + ) ( )

d=PW 4

that are understood as being one the transpose of the other Str[Md(N)] = Str[d(M)N].
Here 7 is the deformation parameter already introduced in Chapter 6. The above defini-
tions imply

-~ P, 7.43
i (7.43)

d(Q") = =d(Q") = (¢5)"Q”.
We define the operator R,
Ry = Adjg,1 oRo Adjg , (7.44)

that differ from (6.16) because now the group element g given in (7.27) contains also the
fermions. For the operator R we use again the definition

1 if i<y
R(M)ij = —1 €ijMija €ij = 0 if ¢ :] y (745)
—1 if i>j

that now becomes relevant also on odd roots. Even when we consider the full psu(2, 2|4),
the operator R multiplies by —i and +¢ generators associated with positive and negative
roots respectively, and by 0 Cartan generators. The operator R still satisfies the modified
classical Yang-Baxter equation (6.17). The action of Ry, defined through the bosonic coset
element was studied already in Chapter 6. In the basis of generators used in this chapter
we write its action as

’ 1
Rgh (Pm) - )\mnPn + iA:}annpv
1
Ry, (Jmn) = A2, P, + =AP9 J (7.46)

mn 2 mn* Pq»
Ry, (Q") = R(Q') = 7 Q’,

where the coefficients A\,,", A\PP, AP AP? for our particular parameterisation are col-

lected in Appendix C.4, see (C.57)-(C.60). They satisfy the properties

>\m" — _ nmm,nnn )\n/m , )\nmp — nmm/nnn npp )‘Zl’p/? )\:lnp I nmm,nnn T]PP )‘zp’ﬂ
(7.47)

that are used to simplify some terms in the Lagrangian.
The operator used to deformed the model is defined as

O=1-nRyod, (7.48)
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and we find convenient to expand it in powers of the fermions 6 as
0= O(O) + 0(1) + 0(2) + -, (7.49)

where Oy is the contribution at order 6¥. When restricting the action of O q) to bosonic
generators only, we recover the operator Oy defined in (6.15) and used to deform the
purely bosonic model in Chapter 6. The action of Oy is defined also on odd elements.
The fermionic corrections that we will need read explicitly as

Oy (M) = nlx, Ry, © d(M)] = nRg, ([x, d(M)]),
Oy (M) = 1, Ry ([, dMD] ~ 30Re, (b3 Dt ABD]]) — 2n((x: [xs Ry 0 A

= 210 [ Ray 0 dM)]] = Roy [, Do, dM]) v, Oy (M),
(7.50)
where we use again the notation y = Q’ 6, .

It is actually the inverse operator O~! that enters the definition of the deformed La-
grangian. Its action is trivial only on generators J of grading 0, on which it acts as the
the identity, at any order in fermions. To find its action also on the other generators, we
invert it perturbatively in powers of fermions. We write it as

o1 — Ol(rg; + ?F)] + g‘)’ SED (7.51)

where O is the contribution at order 6*. Demanding that @ - O~ = 0~1. 0O = 1 we
(k) g
find ) ‘ ‘
mnv 1nv 1nv
1) = 90 ° ) ° )

inv __ _Oinv O Oinv _ Oinv O Oinv (752)
2 = Y0 °¥®@ ° o) (1) 2~ ° o)

We will not need higher order contributions.

Order 6° When we switch off the fermions in O~! we recover the results of Chapter 6.
In particular, using the results of Appendix C.1.2 rewritten for our basis of the generators
we find that on P,, it gives

. 1
0y (Pm) = kn P, + §w,’:f’an, (7.53)
where we have
1 1
ko) = kgt = k=1, kf=ki=——"F
N R PO T g 2ptsin? ¢ (7.54)
1 1 )
k =ky = k=1, ki =kf=——"""—,
5 O T 1 4 22 6 ’ 7 8 T 14 s2r4sin?¢
2 .
xp 3 2 »p~sin ¢
kit =+k) = , ky = -k’ =——"—""—>+
0 T —2p? 2 3 1+ »2ptsin? ¢ (755)
X 5 »r B T »nr?sin € '
N ek N
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The coefficients w;? do not contribute to the Lagrangian, because the generators J are
projected out by the operators d, d.

When acting on odd elements, the inverse operator rotates only the labels I, J with-
out modifying the spinor indices

Q) = %(1 +V1+:2) Q" - go'llj Q7. (7.56)

Order 8  We use (7.50) and (7.52) to compute the action of O(1y and (’)?}‘)’ on P,, and
Q. First we find

O(l)(Pm) = gQI |:5IJ (ZPYm Anpﬁan) + 26IJ)"m Py'n,:| 077 (757)

and we use this result to get

i(ri\),(eum) = _%QI e k"

1
( (14 V1 +22)8" — »ol ) <i'yn - )\pq'ypq>

(7.58)
+i ((1 + V14 32)e! 4 5ol ) An 'yp] 0.
For later convenience we rewrite this as
i(T)’(eum) = —gQI ek, ((1 +V1+2)6 — %a{‘]) Al
(7.59)
+ ((1+ 14 32)el 4 0l )A3 0,
where AL = (i, — $M897,,), A% = i)\,Pv,. On odd generators we find
1-VIts2 - S
O @) = 25 0 o (i, 4 A ) = 180 0 1 TP
(7.60)
that helps to calculate
1 - 1
an(QIwI) — 3 O [( J{o‘l —1+v1+ %2 6KI (i'yp + 2)‘;)””’777111)
+i (o FT — (=14 /1 + 22)ei! p'y}w[kqu +-
(7.61)

In these formulae we have omitted the terms proportional to J,,,, and replaced them by
dots, since they do not contribute to the computation of the Lagrangian. It is interesting
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to note that the last result can be rewritten as

) 1~ A
I(QIr) = =5 O | (e + (<14 V1205
(7.62)
+ (ot — (14 V14 2) A kPT Py + -

where one needs to use (7.47). The quantities A2, A

!, are defined by (Af,ﬂK)WO =

p

Order 6 We need to compute the action of O and O~ at order 6 just on genera-
tors P,,,. Indeed the operators (9(2) and Ot‘;‘)’ acting on generators Q! contribute only at

quartic order in the Lagrangian. First we find

n — Z n Z n
0(2) (Pm) = _§9K [51{1 (_7q (’Ym + 4/\n§77np> + 4)‘q/p’y”:0’7m>
(7.63)
1 n X
B §6KI ('7q Am' Y — )‘qp'Vp'Ym) ] Or TPy +---

that gives

_Oi(r(l)‘)[ °O@ o Oi(?)‘)](eum) == %féK e k"

) )
5KI (’Yu (777, + 4>‘7€q7pq> - 4)\p737pq7n>

1
+ € (A" = APV Y) |OrE T Py

(7.64)
Also here the dots stand for contributions proportional to J,,,, that we are omitting. The
last formula that we will need is

— O 0 O 0 O (" Prn) = =20 k"

(-1+V1+ %2)5’”( <'yu - Z)\Pq'ypq> (vn + ;/\’;f'ym> + Aupvp/\n"w)

X 2 u

i TS i T
+(-1+ m)EK‘]< -\, (% + 5 %s> + (% - 2>\ﬁq7pq) An %) (7.65)
i i r
- %a-{{J( <7u - 2/\2(]7171]) <7n + 2>‘:157rs> - )\“pPyPAn 7r)

+ %UZfJ (Aup"/;ﬂ <7n + 2>\’:Lb’77‘8> + (’Yu - 2)‘5,(1’7])(1) )‘n 7r) HJkM Pv + - 5

where we have rewritten the result using (7.47)
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7.4 The Lagrangian

We first repeat the exercise of computing the Lagrangian in the undeformed case, as
done in [27], and then we derive the results for the n-deformed model.

7.4.1 Undeformed case

When we send 17 — 0 we recover the Lagrangian for the superstring on AdSs xS°
7= _g (yaﬂ Str[AR AP + e Str[Ag)Ag”)}) , (7.66)

where A®) = P(*) A, The purely bosonic Lagrangian is easily found by setting the
fermions to zero and one obtains

g i n
Llooy = =57 €t e Nmn- (7.67)

We are using the notation {00} to remind that we are considering both currents A, and
Apg entering the definition of the Lagrangian at order 0 in the fermions. This Lagrangian
matches with the one presented in (6.13).

If we want to look at the Lagrangian that is quadratic in fermions, we have to com-
pute three terms, that according to our notation we call {02}, {20}, {11}. It is convenient
to consider the contributions {02}, {20} together. In fact—using the properties of the
supertrace—it is easy to show that their sum is symmetric in «, 5, meaning that what we
get is multiplied just by v*#

f{oz} + 3{20} = —g’yaﬁ iéjegl’ymDéJGJ. (7.68)

By similar means one also shows that the contribution {11} is antisymmetric in «, 8 and
thus yields the quadratic order of the Wess-Zumino term

Loy = 7%eaﬁ9_10§‘1 i €, D3% 05 + tot. der. (7.69)

For the details of the computation we refer to the discussion for the deformed case after
Eq. (C.63). The sum of the contributions at quadratic order in 6 gives

i ) Gt o

that matches with the correct Lagrangian expected for type IIB (2.21). In particular one
finds a five-form [27]

F(5) — p®

mi1mamsamqms

[mamemsmams _ 4o—%0 (I‘01234 + I‘56789) , (7.71)

originated by the term multiplied by €7 in the definition (7.37) of D/, and a constant
dilaton ¢ = .
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7.4.2 Deformed case

In the deformed case the Lagrangian is defined as [94]

7 = L1+ - ) Suld(4,) O (4)

i ] (7.72)

In the notation introduced in the previous section, the bosonic Lagrangian already ob-
tained in Section 6.2 is

Zroooy = —%(fy“ﬁ — 60‘5) o €5k Nmp, g=gV1+2 (7.73)

Here we need three numbers to label the contribution to the Lagrangian: we indicate
the order in powers of fermions for the current A,, for the inverse operator O~ and
for the current Ag respectively. When we rewrite this result in the usual form (2.2) of
the Polyakov action we recover the deformed metric and the B-field of Section 6.2, see
Eq. (6.22) and (6.23). We may rewrite the deformed metric in terms of a vielbein Gun =
€ €xmn, that we choose to be diagonal

o V1+p? g - pcos(
e, = 4,71 — %2p27 €w2 = —psin C» ewl = ,—1 n %2p4 sinZ Ca

52:_ L 9 54:_ ! )
Vits2ptsin®( " /T4 p2/1— 522 (7.74)
?:71—7“2 &S = —rsing, e, =-— reosé
¢ Va2 o V14 s2rtsin? ¢

r ~9 1

2= N .
V14 s2rdsin? € V1 =121+ 522

The Lagrangian quadratic in fermions is now divided into six terms: three of them when
we choose O~! at order 0 in fermions ({002}, {200}, {101}), two when it is at order 1
({011}, {110}) and one when it is at order 2 ({020}). We start by considering the follow-
ing two contributions

i
ZLioo2y = — (’Yaﬁ - GQﬂ) 591(@$knm’)’n)D¢I3J9J,

(7.75)
ZLia00} = —

DO Q@ b |

iz n
(7 = ) 501(ef k"7, DL b

where k™, = k"0, Now the sum of Lgp2) + L200} gives a non-trivial contri-
bution also to the Wess-Zumino term, since the matrix k,,, has a non-vanishing anti-
symmetric part.

Considering the case {101}, itis easy to see that the insertion of Oi(r(‘)‘g between two odd
currents does not change the fact that the expression is anti-symmetric in «, 5. In Ap-
pendix C.5 we show the steps needed to rewrite the original result (C.63) in the standard
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form
9 apg :.m LK nKJ i LKNKJ
3{101} :—56 eLlea'Ym O3 DB ej_me Dﬁ 9J
:_gaﬁg Jg_ % g\ .om Dab gaﬁg I1J,_m n. g
300 (oF — i ) ket + § ol T

(7.76)
up to a total derivative.
Let us now consider the inverse operator at first order in the ¢ expansion. The two
contributions {011}, {110} can be naturally considered together*

ZLio11y+{110} = — %(70"8 — ek [ (eofh — (=14 V1 + 2657 (Z’Yp + ’)’mn/\mn>

+ (o fT — (=14 V14 52)ef ) iy, 0\,

" (k5 el D + kel DEY6 .

(7.77)
To conclude, the last contribution to the Lagrangian that we should consider is the one
in which the inverse operator is at order 2. We find

apf

5{020} = (7

DO |

) Zeg A
[— 26" (’Yu ('yn + A”"m) — im’m”’ﬁ) — T (v APV — VY Aa?)
~1+ W)af“( < - ’ypq/\pq> ( ;Af%s> +7pAu”/\n’"%)
—1+V1+52) K’< <7n A”%«s) + <7u - fquA q) AJ%)

2 n

)
+ %U{<I< (7u - ,qu)\pq> (771 + 2)‘28’77"5) - ’Yp)‘up)‘nr’)lr)

i i .
- J40'3 <7p)‘ b <A/n 2>\257rs> + (7u - 27pq)‘zq) )‘n 7r>
(7.78)

Summing up all the above contributions we discover that the result is not written in the
standard form of the Green-Schwarz action for type IIB superstring (2.21). This issue is
addressed in the next section.

0r.

7.4.3 Canonical form

The Lagrangian for the deformed model that we obtain from the definition (7.72) is not
in the standard form of the Green-Schwarz action for type IIB superstring. It is clear that
a field redefinition of the bosonic and fermionic coordinates will in general modify the
form of the action. The strategy of this section is to find a field redefinition that recasts
the result that we have obtained in the desired form (2.21).

“The result can be put in this form thanks to the properties (7.47).
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Let us focus for the moment just on the contributions involving derivatives on fermions,
whose expression is not canonical. For convenience we collect these terms here. We write
separately the contributions contracted with y*# and ¢*”

g ~ | 1
270 = 5 o0, [QM 01 — sl )y, = (el — (<14 VI 2)6 )N,

+ —(s0l! — (=14 V1 + %2)6”))\,1”71)1 (K™ + k™ )en 050y,

1
2
(7.79)

o 1
St T K — S (V13207 sl oy, 4 4 Geol? = (<14 VT4 2)81 )Ny,

— 5(eof — (-1+V1+ %2)6”)Anpyp> (K" — k™)

1441 2
+1 <G§J — JrJr%e”) 'ym] eq 0p0r.

%
(7.80)
To simplify the result we first redefine our fermions as
1++v1 2
o, » YIENVIHEX (g 2 1), (7.81)
V2 14+ VI+52

The contributions to the Lagrangian that we are considering are then transformed as

L0 10 = 0 0

(knm + kmn)egnaﬁe(fv

g ~ |1 1 )
L0 = =2 500, [25”% + 5x03 AnP,

20 = —g B0, l — —(so{” + (=1 4+ V1 +32)6" )M\t

1=

(K" + k™ )ent 050 .

)
— 51+ VI 22)e' NPy,

(7.82)
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299 — 299 = 200 + 257,

€ g afn i i n n . m
70 = —% 88, [ - (251‘]% + Qmé‘]kn”vp) (K" — k™) +i057,,, | €2 050,

c g 5|1
o2 ?= —g P, [<4(%J{J +(=1+ \/1-1—7)51‘]))\%17,;(1

+

1

L VTE o, )0 )

14+ VI+a2 ]

iy,
x

eg%%ﬁj.

(7.83)
The various terms have been divided into .#? and .y according to the symmetry prop-
erties of the objects involved. In particular, given an expression of the form 6;M?796,,
we decide to organise the terms according to

0:M"00; = -00; M0, — L2,

7.84
0:M700; =+00, M0, — L. (784
The symmetry properties are dictated by purely algebraic manipulations—we are not in-
tegrating by parts—based on the symmetry properties of the gamma matrices contained
in M!7, and on the symmetry properties of M!” under the exchange of I, .J. We also use
the “Majorana-flip“relations of Eq. (C.51).

We make this distinction because we can show that we can remove E;’a by shifting
the bosonic coordinates with s»-dependent corrections that are quadratic in fermions. Let
us consider the redefinition

XM xM g, FM(X) 6y, (7.85)

where f¥,(X) is a function of the bosonic coordinates that for the moment is not fixed.
Requiring that the shift is non-vanishing-we use (C.52)—shows that the quantity fM(X)
has the same symmetry properties of the terms that we collected in .#{. This shift pro-
duces contributions to the fermionic Lagrangian originating from the bosonic one (6.21).

We find that it is modified as .Z° — Z° +8.207 40207 +6.28< + 6.4 + O(6*) where

1

807 = +gy*? (—&XXM 0 Gun (9sf1y) 05 — 5

&XXM(?BXNaPéMN Or f}?}eJ) )
8.L07 = +gy*P (fZGQXM 01 Gun I 359J) ;

825 = +ge? (+8aXM 61 Bun (9s11) 64+ %%XM%XN@PEMN 1 fﬁeJ) ’
SL0C = 4§ (28aXM br BunfY aﬂeJ) .

(7.86)

Here we have used 90; fM(X) 0, = +0; fM(X) 00;, consequence of the symmetry
properties of f}(X), and we have stopped at quadratic order in fermions.
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It is now easy to see that if we define the function

1
0 =M [8 (0f” = (1= V1+32)0"7 ) Ny = 5

3(]‘ Y 1 + %2)611]>\pn7n‘| )

(7.87)
then we are able to remove completely the contribution .%;’ 9 from the Lagrangian

L0 4 5. L87 = 0. (7.88)

On the other hand this shift of the bosonic coordinates is not able to remove completely
£57: there is actually cancellation of the terms with® 677, o1/, but the ones with /7 are
not removed. However, in the Wess-Zumino term we are allowed to perform partial in-
tegration® to rewrite the result such that—up to a total derivative—the partial derivative
acts on the bosons and not on the fermions

i ar —14+ VIt 2
L5 4 L =gea%—+ > T 1

em (i&; - %%(k;"m — ™A + %%an(kp” + k:"p))\pq) 7,501
(7.89)

i ar —14+V1t 2
:gea591—+ t elJeL”ivmaBQJ
P

9 apg —1+ V1452
== 30—
4

70, XM (Dgen) ivy,,0. + tot. der.
This method works thanks to the symmetry properties of f4(X). We have also used the

identity
K2, — km? — B (KP™ + k™) = 0. (7.90)

After the shift of the bosonic coordinates, the only terms containing derivatives on fermions
are % 9 and .ff’a. Let us stress again that the shift will also introduce new couplings
without derivatives on fermions, as showed in (7.86). We collect in Eq. (C.70) and (C.71)
the expression for the total Lagrangian at this point.

In order to put the remaining terms in canonical form we redefine the fermions as
0;r — U85, where the matrix Ur; acts both on the 2 x 2 space spanned by the labels
I, J and on the space of spinor indices—that we are omitting here. We actually write the
matrix Uy s as factorised in the AdS and sphere spinor indices parts

91—>(U?J®U15J)9J,

PR (7.91)
Oraa = (Urs)&(Urs) 0w -

5This statement is true if one includes also the components By, By, of the B-field in the bosonic La-
grangian. Clearly these will contribute giving also new terms with no derivatives on fermions contained in
(Li”,?f of (7.86). If these components are not included, cancellation of terms with ¢ 1J U{ J is not complete, but
what is left may be rewritten as a term with no derivatives on fermions, up to a total derivative. The two ways
of proceeding are equivalent.

®Performing partial integration in the Lagrangian with v*# would generate derivatives of the worldsheet
metric and also of 9, X M.
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This is not the most generic redefinition, but it will turn out to be enough. Each of the
matrices Uf; and U} ; may be expanded in terms of the tensors spanning the 2 x 2 space

Uy =010 +0115U8° + €1 US® + 0315 UGS (7.92)
The objects U ® with = 6,01, €, 03 are 4 x 4 matrices that may be written in the conve-

nient basis of 4 x 4 gamma matrices. From the Majorana condition (7.14) we find that in
order to preserve 61+ = +6% (K ® K) under the field redefinition, we have to impose

YN @ (U))° = (K@ K)(U) @ (U)K @ K). (7.93)

We impose 5° (U2)'5° = K(U$)'K and (U5)" = —K(U5)'K and we find that they are
solved by

N
Up =l +iffop + f Vpgs Ui =1l = 1w — ifﬁq%’q’ (7.94)

where the coefficients f are real functlons of the bosonic coordinates. In other words,
what we have fixed in the above equation are the factors of i in front of these coefficients,
using (C.47) and (C.48).

On the other hand the barred version of the fermions will be redefined as §; — ;U
with a matrix Uy; = (U, ® U3;), that we expand again in the tensors of the 2 x 2 space.
To preserve 0; = 0% (K @ K) we have to impose

UsieU;) =(KoK)((U)' e (U;)" ) (K K), (7.95)
that allows us to define
- Ppx 1 N 5 5
Up = [+ — 5% U= [1— [0+ 5% (796)

Here the coefficients f are the same entering the definition of U l‘j’s.
In order to get a canonical expression for the terms containing derivatives on fermions

L0 5~ 9080, 51y, 050,,
2 (7.97)
,,Sff’a - — g P, 03 en' Y m0p0.,

where € is the deformed vielbein given in (7.74), we set all coefficients f for the field
redeﬁmtlon to 0, except for the redefinition U} of the AdS factor

) (1+\/ﬁ)(1+\/m)

=3
’ 2 V11— 32p? V1 + 32ptsin? ¢

% sin
fi=-XEEme

fden
2

" (1 1+ 2ptsin? ) (7.98)
7 fden
’s »p? sin ¢ (1 +1- %2p2)
7 fccllen 7

fé‘en52(1—%2p2)%(1—|—%2p4sin ) %\/14— V1= 2p? \/1—|—\/1—|—%2p sin? ¢,
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and for the redefinition U; of the sphere factor

DN | =

(1+V1+ 5r?) (1 + /1 + s2r4 sin? f)
V14 22r24/1 + s2r4sin® € 7

6 Hrdsiné

S

o T (1 + /1 + s2r4 sin? f) (7.99)
= oo

78 212 sin & (1 + \/W)

” Séen ’

Fion = 2(1 4 52r2) 5 (1 + s sin? i1+ V1+ %2r2\/1 + /14 s2rsin €.

Since the particular redefinition that we have chosen is diagonal in the labels I, J—it
involves just the tensors § and o3—it is interesting to look at the transformation rules for
the two sets of Majorana-Weyl fermions separately. We define

U(l) EU5+U03, U(g) EU(S*UU;B, - HI%U(I)QI I1=1,2. (7.100)
These matrices satisfy

UnUqy = 14, Un YUy = (A1) m s

. i (7.101)
UnUny = 14, UnyYmn Uy = (A1) im (A1) Vg

where we do not sum over I. The matrices Ay look very simple

1 5 0 1

/1= 22p2 VIt 2
(A(I))l =1, (A(I))6 =1,
1 7 8 1

)
1+ s2rtsin? ¢

B V14 32ptsin® ¢’

(7.102)
A = (A0 — —_THIZP_ AD)E = —(Agy)§ = ——2LZL_
(Ao (Ar))s T2 (A))s (An))g 11 2,2

o311 2p%sin ¢ os3rr 2r?sin

(A3 = —(Awy)s = , Ay)7 =—(Amy)s =— :
(I))2 (I))s3 \/W ( (I))? ( (I))S \/m
(7.103)

and they satisfy the remarkable property of being ten-dimensional Lorentz transforma-
tions

(A(I))yﬁ (A([))nq 77pq = Nmn I = 1, 2. (7104)

We refer to Appendix C.6 for some comments on how to efficiently implement this field
redefinition of the fermions in the Lagrangian.
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7.4.4 The quadratic Lagrangian

In this section we show that the field redefinition that was found to put the terms with
derivatives acting on fermions into canonical form is actually able to put the whole action
in the standard form of Green-Schwarz for type IIB superstring (2.21).

In order to identify the bakground fields that are coupled to the fermions, we can do
the computation separately for the part contracted with v*? and the one with ¢*?, and
then check that they yield the same results. It is convenient to consider separately the
terms that are diagonal and the ones that are off-diagonal in the labels I, J. The correct
identification of the fields is achieved by looking at the tensor structure after the rotation
of the fermions (7.91) is implemented. In the contribution contracted with v*#, the terms
without derivatives on fermions that are multiplied by §// will then correspond to the
coupling to the spin connection. The terms multiplied by 17 contain the coupling to
the field strength of the B-field. The RR-fields are identified by looking at the contri-
butions to the Lagrangian off-diagonal in 1.J, and by selecting the appropriate Gamma-
matrix structure. Taking into account just the anti-symmetry in the indices, the number
of different components for the form F(") is given by 221:0 Z?u=n1+1 a Z?LT=nT71+1'
meaning

FM 10, FG) . 120, FO) . 9259, (7.105)

If we consider also self-duality for F(®) this gives a total number of 10+120+252/2 = 256
different components. It is then possible to identify uniquely the R-R fields, since the
matrices v of rank 1, 3,5 are all linearly independent and a 16 x 16-matrix has indeed
256 entries. To impose automatically the self-duality condition for the 5-form, we will

rewrite—when necessary—the components in terms of the components F(g;?'?‘st (there are
126 of them), using

1
Fm1n12m3m4ms = 7§€m1...m10Fm6m7m8m9m10 5 (7106)
where €°° = 1 and ¢y 9 = —1. One should remember that for the Wess-Zumino contri-

bution with ¢*# there is an additional 017 as in (2.21).
We find that the Lagrangian quadratic in fermions’ is written in the standard form

7 _g 107 (7961 + *PollyemT,, DK Oy, (7.107)

where the 32 x 32 ten-dimensional I'-matrices are constructed in (C.113) and the 32-
dimensional fermions © in (C.117). The operator D.’ acting on the fermions has the
desired form

~ 1 1 ~
1J 1J ~mn IJ~m n
D, =6 ((% — 74w5 an> + 3 o5 en Hppnpl ™

7.108
1 o [ IJpp (1) 1 I1Jpgr 17(3) 1 I1Jpgrst 72(5) ~m ( )
—g¢ ¢ IPE;Y + 3171 reerp) + —e T F eaTm.

pqr 9. 5' pqrst

7In (2.3) of [118] the relative sign between the contributions with v*# and ¢*# to the Lagrangian quadratic
in fermions does not agree with what is in (3.27) of the second version of [119]. Although the sign in front of the
WZ contribution to the Lagrangian is conventional—as it can be modified by choosing a different convention
for ¢*#—it becomes important once a sign is fixed for the bosonic action and one says that H = dB, c.f. (2.2)
of [118] and (3.27) of [119]. We match with [119].
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We use the tilde on all quantities to remind that we are discussing the deformed model.
The deformed spin connection satisfies the expected equation

a;\r/){n _ _gN [m (aMe 61\[6 + ’é’n] PNP aPeNp> (7109)

where tangent indices m, n are raised and lowered with 7,,,, while curved indices M, N
with the deformed metric G s n. From the computation of the deformed Lagrangian we
find a field H® with the following non-vanishing components

2 22 g 2 2,2 &
\/l—l—p \/1—%(2p sm(:’ Ef789=—|—4%7“\/1_r \/1+}.t;"sm§,
1+ s2p*sin® 1+ »2rtsin® €
(7.110)
where we have specified fangent indices. Translating this into curved indices we find
agreement with the expected result

Hasq = —452p

25¢p3 sin(2¢) ~ 2e1® sin(2€)
= 0By, Hper = — 3 = 0By

(14 »2p*sin? C)2 (14 >2r*sin® ¢)

Hy,¢p =

(7.111)
The new results that can be obtained from the Lagrangian quadratic in fermions are the
components of the RR-fields. When we specify tangent indices we get

e‘pﬁl — 452 cp p sm( e“"ﬁﬁ = +45° c}l r3 sin¢, (7.112)
ewﬁou = +4x c}l ,02 sin (, e“’ﬁlgg = —4s c}l 0,
€Wﬁ559 = +4x c}l r?siné, e“’ﬁmg = —4s c}l r, (7.113)
e*”fb% = 454 c}l pr?’ sin &, e“’ﬁgg,(; —45¢ Cp p r®sin sin €, .
e*”ﬁlg)g —45¢3 Crp p rsin(, e“’ﬁng —4563 Cp p r?sin(siné,
e? Foizsq = +4 et ¥ Fogaag = —4s* cptpPrdsinCsing,
6”?01459 = 442 C;poT sin ¢, e F0147g = 442 Cp 1?12 sin  siné, (7.114)
¥ Fousgo = +436° c}lpr2 sin &, e? Foagrs = —4s8° cF pr.

For simplicity we have defined the common coefficient

1
cp = ————/1 — 22p24/1 + »2p sin? 1+ 32r24/1 + s2rtsin? €. 7.115
P = e V12t L aptsin® (Y ¢ (7115)
The same results written in curved indices are

e“”Fw = 45 Cp L ptsin? ¢, e“"ﬁ@ = —45? cl_,l rtsin® €, (7.116)



118 Chapter 7. (AdS;xS°), at order 62

1 p®sin? ¢ 1 ptsinCcos¢
1—32p2’ 14 2ptsin® ¢’
3 2 4 .
€F Fpgyr = 43 ! ffiﬁ ¢ Fpp e = +doe ! m
3 71 pir stcos(sm I3
1—1—%2,0 sin? ¢
3 _1 ptrdsin? Csin € cos €
1+ s2rdsin €

e szp +4dsx cp ewﬁwwlg =+4dxc
22’

~ _ 77 Sin
ewFtp¢2 = +4%3 CFl ?725-7

3 -1 p'rsin C
P 1t e

ef Fyico, = +436° ¢

e‘pﬁ%w = —4s¢ e szdnf = +4x° ¢

)

(7. 117)
~ 4 et p?sin € cos ¢ ~ 434 Cp p r4sin ¢ cos ¢ sin? &
e’ F = L I - _

taP1Cp (1 o %sz) (1 + %2p4 sin2 <) t1(pp2 (1 - ) (1 + %2P sm C)

~ 432 ¢t p3rsin? ¢ ~ 43¢ Cp L3t sin? sin € cos €
ey por = — L , e’ F; =

th2p (1 — 22p2) (1 + 2212 th2pr8 (1 —32p2) (14 s2rtsin®¢)’

2 —1 .3 2 2 —1 .4 .
PE o 45¢% ¢ prosin® € e# F, _ 45¢% ¢ presin cos & .
poo2 (1 — 22p2) (1 + »2r2)’ pr2it (1= 52p?) (14 32t sin®€)

(7.118)
Let us present another method that can be used to derive the same results for the back-
ground R-R fields, without the need of computing the Lagrangian at quadratic order in
fermions.

7.5 Kappa-symmetry

The Lagrangian of the deformed model is invariant under kappa-symmetry, as proved
in [94, 95]. Let us first briefly describe what happens when we switch off the deforma-
tion. Local transformations are implemented on the coset by multiplication of the group
elements from the right. A kappa-transformation is a local fermionic transformation. We
then implement it with exp[e(o, 7)], where € is a local fermionic parameter that takes
values in the algebra psu(2, 2|4). Multiplication of a coset representative g gives

g-exp(e) =g -b, (7.119)

where g’ is a new element of the coset, and b is a compensating element of SO(4,1) x
SO(5) needed to remain in the coset. A generic ¢ will not leave the action invariant.
However, taking [106]
e= %(vaﬁé” — o) (QrsaAP + ATQ ks (7.120)
it is possible to show that indeed the action does not change under this transformation.
The parameters k1, and xo,—whose spinor indices we are omitting—introduced to de-
fine € are independent local quantities, parameterising odd elements of degree 1 and 3
respectively.
In the deformed case one can still prove the existence of a local fermionic symmetry
of the form (7.119), meaning that the parameter ¢ is related to the infinitesimal variation

of the coset representative as
0xg=g-c. (7.121)
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However, the definition (7.120) of the parameter ¢ has to be deformed in order to get
invariance of the action, in particular it will no longer lie just in the odd part of the
algebra, but it will have a non-trivial projection also on bosonic generators. It is written
in terms of an odd element g as [94]

e=00,  o=0o"+ % (7.122)

where O is the operator defined in (7.48) and the two projections o(*) are®

oM = l(fyaﬁ — ) (lea (O_lAB)(2) + (O_IAB)(z) Q151a> )

2
7.123)
‘ 1 - () ~ 2 (
o® = i(vaﬁ + €2P) <Q2H2a (O lAﬂ) + ((9 lAﬂ) Q2’12a) ;
where we defined - -
O=1+nRyod. (7.124)

In Appendix C.7 we compute explicitly the form of the variations on bosonic and fermionic
fields given the above definitions, and we show that they do not have the standard form.
However, after implementing the field redefinitions of Section 7.4.3—needed to put the
Lagrangian in the standard Green-Schwarz form—we find that also the kappa-variations
become indeed standard

5. XM = =2 0,817 E,,6,0, + O(07),

: ) (7.125)
6,01 = =1 (8777 — o} )T Koy +0(6?),
where
= ( (1) ) &7, (7.126)

and £ is related to x as in (C.97). It is interesting to look also at the kappa-variation for
the worldsheet metric, as this provides an independent method to derive the couplings
of the fermions to the background fields, already identified from the Lagrangian. The
variation is given by [94]

—n? ~
5.7?P = Ll Str (T [leﬁ,P(l) o O_l(Af_)} +7T [QQREQ,P@) o O_l(Ali)D ,
(7.127)
where T = diag(14, —14) and the projections of a vector V,, are defined as
af + af
Ve = %Vﬁ . (7.128)

As we show in Appendix C.7, after taking into account the field redefinitions performed
to get a standard action, we find a standard kappa-variation also for the worldsheet
metric

5.7 = 2i Ko DAY o, + §Q_5§2J®J +0(0%)
1+44 2 (7.129)

= 2i T ' 17K 88" |, DKL, + 0(67),

8Comparing to [94] we have dropped the factor of i because we use “anti-hermitian” generators.
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where we have defined
6IJ aa’ !J aa’
_0y Foyen (7.130)

HIJ aa’
2

The operator D is the one already identified from the computation of the Lagrangian. Tt
is given in Eq. (7.108), and in particular we find the same R-R fields as in the previous
section.

7.6 Discussion

From the Lagrangian at quadratic order in fermions and the kappa-symmetry variation
of the worldsheet metric, we have read off couplings to tensors that we want to interpret
as the field strengths of the R-R fields. In this section we show that the results that we
have obtained are not compatible with the Bianchi identities and the equations of motion
of supergravity.

Let us start by looking at the Bianchi identity for FO

OFN — (on) =0, = (ewﬁN) — O e Fn — (mon) = 0. (7.131)

We prefer to rewrite it in the second form, because we only know the combination e¥ F,.
In particular we obtain

Om (e@ﬁm) —Omp ewﬁ% — (M) = 0, Y (éﬁﬁ%) h 8M(‘Oe<pﬁ¢2 T (Me¢2) = 0,
(7.132)
because from (7.116) we know that the only non-vanishing components are Fy,, Fy,.

Moreover, using the fact that the combinations e‘”qu2 ,e¥ F¢2 depend just on ¢, p, &, we
immediately find that the derivatives of the dilaton ¢ should satisfy the following equa-
tions

81590:07 81#190:0’ 84390:07 a¢'1(10:O7
6¢F¢>2 Oyyp = e¢F¢2 8¢2§07

oM (e“"Fm) M= p&r

(7.133)

5M<p = 8M (6¢F¢2)

G‘PFd, GWF¢

The last equation comes from the compatibility of the two equations that we obtain
from (7.132) for M = ¢, p, &, r. A consequence of this compatibility is the equation

O log (p*sin® () = —0r log (r*sin®¢) M=C¢C,p&r, (7.134)

which is clearly not satisfied. We then conclude that the results are not compatible with
the Bianchi identity for F'().

Failure to satisfy the equations of motion of type IIB supergravity is easily seen by
considering the equation

Op (N/ G w@wp) GNP Ry - G FYNPORErgn =0, (7135)
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that is obtained by combining the equation of motion for the NS-NS two form (A.8) and
the R-R two-form (A.10). If we select e.g. the indices (M, N) = (¢, p), the first term—
containing H and the unknown factor with the dilaton—drops out. We get then just an
algebraic equation that we can evaluate using the information at our disposal. To avoid
writing curved indices, we write it explicitly in terms of tangent indices’
§041 ﬁl + ﬁ046 1’56
LRONBE Ly O30 F o FOAISO 4 ROALTS R ROS60F o FOAGTS B
(7.136)
Multiplying by e2¢ and using (7.112), (7.113) and (7.114) we obtain that the left-hand-side
of the above equation is
16(1 + s
L};)%P £0. (7.137)
1—3%p
We conclude that the equations of motion of type IIB supergravity are not satisfied. It
is natural to wonder whether there exist field redefinitions at the level of the o-model
action that can cure this problem. We now proceed by first discussing this possibility,
and then by studying two special limits of the n-deformed model.

7.6.1 On field redefinitions

In Section 7.4.3 we were able to transform the original Lagrangian into the canonical
form and, as we have just observed, the R-R couplings that we have derived do not sat-
isfy the supergravity equations of motion. However, the NS-NS couplings are properly
reproduced in the quadratic fermionic action, as they are compatible with the results
of the bosonic Lagrangian. We are motivated to ask whether further field redefinitions
could be performed which exclusively change the R-R content of the theory. It appears
to be rather difficult to answer this question in full generality. We will argue however
that no such field redefinition exists which is continuous in the deformation parameter.
We work in the formulation with 32-dimensional fermions ©; obeying the Majorana
and Weyl conditions, see appendix C.8. We start by considering a generic rotation of
fermions!”
@]%U}J@J, (:)[_>(:)JUIJ7 U]J:_FOU;JFO, (7138)

where U;; are rotation matrices which can depend on bosonic fields. We write Uy as an
expansion over a complete basis in the space of 2 x 2-matrices

3
Uiy = 5IJU§ + O’{']Ugl + EIJUe + Ué']U@ = ZEéJUa )
azo (7.139)
Uy = 51‘]05 + O’{Jﬁgl + €IJO€ + O’é']Ugs = ZEéJUa ,
a=0

9To transform the curved indices M, N into tangent indices it it enough to multiply the equation by the
proper vielbein components (7.74). Summed indices can be translated from curved to tangent without affecting
the result.
100ne could imagine more complicated redefinitions like ©; — Urs©; + V5040, etc. They were not
needed to bring the original Lagrangian to the canonical form and we do not consider them here. These redef-
initions will generate higher derivative terms in the action, whose cancellation would imply further stringent
constraints on their possible form.
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where we have introduced

_5IJ

56]_ 5{J IJ 1J IJ.

— 1J _ 1J _
=01, 8’ =¢7, 83" =03

)

The objects U, and U, are 32 x 32-matrices and they can be expanded over the complete
basis generated by I'") and identity, see appendix C.8 for the definition and properties
of T("). Further, we require that the transformation Uy preserves chirality and the Ma-
jorana condition. Conservation of chirality implies that the I'-matrices appearing in the
expansion of Ur; must commute with I';3, i.e. the expansion involves I'(") of even rank
only
1 mn 1 klmn

Ua:fa]l32+§fa an""ﬂfa Fklmrm
7 n 1 rmn 1 rkimn (7140)
Ua_faH32+2fa an+24fa Fklmn-

In this expansion matrices of rank six, eight and ten are missing, because by virtue of
duality relations they can be re-expressed via matrices of lower rank. The Majorana
condition imposes the requirement

ToUS,To = CUL,C, (7.141)

which implies that the coefficients f are real. Coefficients of U, are then given by

f _ f fmn _ _fmn ka'lmn _ fklmn. (7142)
Let us note that combining equations (7.138) and (7.141), we get
Cﬁ;JCZ —UIJ, and CU;JCZ —U]J. (7.143)

The total number of degrees of freedom in the rotation matrix is

10 - 10-9-8-
4-(1+ 029+ 0 i,g 7):210:(16+16)2,

which is precisely the dimension of GL(32,R). This correctly reflects the freedom to
perform general linear transformations on 32 real fermions of type IIB.

Under these rotations the part of the Lagrangian containing derivatives on fermions
transforms as

(9781 1 48,0501 —
— (’yaﬁ(sIJ + Ea'gaé‘])(éK U]K a:FmUJL GBQL + éK U[K ?;Tm(agUJL)G)L) .

The requirement that under rotations the part with J© remains unchanged can be for-
mulated as the following conditions on Uy ;:

Ok Uk T'Us00r = Ok 00 1 + removable terms,

1) KL (7.144)
Ogo3"Urg I'nyUs,00 = Oos ~1',,00 1 + removable terms,

where “removable terms” means terms which can be removed by shifting bosons in the
bosonic action by fermion bilinears, similarly to what was done in (7.85). In the following
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it is enough to analyse the first equation in (7.144). Let us collect all terms on its right
hand side that are removable by shifting bosons into a tensor Mg, ,,,, where the indices
K, L should be multiplied by proper fermions and m is an index in the tangent space.
This tensor has the following symmetry property!!

C (MKL,m)t C= _MLK,TVL 5 (7145)

that we need to impose if we want the shift of bosons to be non-vanishing. Note that the
tensor in the canonical kinetic term has exactly the opposite symmetry property

C(OrrT: )C =6k m - (7.146)
Putting this information together, let us consider the first equation in (7.144) written as
UrkUimUrr, = 0k .l + Micrm - (7.147)
We take transposition and we multiply by C from the left and from the right

C(UrkTmUrz)" € = 6x1C (T)' € +C (Mgpm)' C, (7.148)

and further manipulate as

CU) C-C(Tp)'C-C(Urk) € =6k1C(Tm) C+C(Mrpm) C. (7.149)

With the help of eqgs.(7.143) , (7.145) and (7.146) and relabelling the indices K and L, we
get _
UrkUnUrr = 6x.l'm — MK rL.m , (7.150)

which shows that Mgy, ., = 0, that is this structure cannot appear because it is incom-
patible with the symmetry properties of the rotated kinetic term. It is clear that the same
considerations are also applied to the second equation in (7.144), where o/ replaces §7.
Thus, the rotation matrix Uy ; must satisfy a more stringent system of equations. To write
these equations without having to deal with indices of the 2 x 2 space, we can introduce
64 x 64 matrices

3 3

U=> 50U, U= Zs ®U, =-Y shoculc, (7.151)

a=0 a=0
which allow us to write the constraints as
i (0(12 DT)U — 15 ® rm)m —0,

i (7.152)
e (U (03 @ To)U — 03 & rm)m —0.

Here we are multiplying by the two projectors Iy = 15 ® (132 +1T'11) to account for the
chirality of the fermions. We assume that U is a smooth function of 7, and that for small
values of the deformation parameter it can be expanded as

U=1¢s+n"u+0(n"). (7.153)

Notice that to exhibit this symmetry property, one has to transpose also the indices K|, L, on top of trans-
position in the 32 x 32 space.
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Here 7" is the first non-trivial order of the contribution, and o(n") denotes subleading
terms. At order " we get a system of linear equations for u

M (0 (12 @ D) + (12 @ Ty Ju) 11y =0,
(7.154)
II_ (u (03@T,)+ (03 ® Fm)u)ILr =0.

This system appears to have no solution which acts non-trivially on chiral fermions.
Thus, non-trivial field redefinitions of the type we considered here do not exist. Whether
equation (7.152) has solutions which do not depend on 7 is unclear to us. Finally, let us
mention that similar considerations on field redefinitions can be done by considering the
kappa-symmetry transformations of the bosonic and fermionic coordinates, and of the
worldsheet metric. Doing so we get to the same conclusion found here.

7.6.2 Mirror model and Maldacena-Russo background

In this section we want to take special limits of our results, to make contact with other
findings appeared in the literature. We first study a particular > — oo limit of (AdSs xS),,,
as used in [159]. There it was shown that this limit implemented on the spacetime metric
for the deformed model yields the metric for the mirror model of AdS;xS°. It was then
shown that it is possible to complete this metric to a IIB supergravity background, by
supplementing it with a dilaton and a five-form flux. We have to first rescale the bosonic
coordinates as [159]

t—>£, p—>£, (b—)?, r—>£, (7.155)

» r n r

and then send » — oo. The vielbein components €' are of order O(1/) in this limit.
We get the following components for e}

1 ) . 1
ed =+ = e}m = —psin(, 63)1 = —pcos(, e‘é = —p, 62:7727
1—p 1—p
6?5 = —&—71 , eg = —rsin&, e; = —rcosé&, eg = -, e?. = —71 ,
V1412 2 ! V1412
(7.156)

where we omit powers of ». This is compatible with the metric of the mirror back-
ground [159]. The B-field vanishes in this limit.

For the R-R fields we have to keep those components—when we specify tangent
indices—that are of order O(x) in this limit. This is to compensate the power 1/ coming
from the vielbein that multiplies them in the definition (7.108) of DIJ. The components
that survive are

4p 4r
ef I = - 5 e? Fi - - ’
T VAT T VIV (7.157)
4 4pr ’
e? Foio3a = + e? Fosgrs = — P

VI /I+2 ViVt

Here we are omitting powers of . For F(®) one has to take into account also the com-
ponents that are dual to the ones written above, using (A.6). This result does not match
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with [159], where the proposed background has vanishing F®) and an F® along dif-
ferent directions. Checking (7.135), we find that the R-R fields obtained in this limit are
again not compatible with the equations of motion of supergravity.

Studying a particular » — 0 limit of the results that we have obtained, we can
show that we reproduce the Maldacena-Russo (MR) background [166]. This background
was constructed with the motivation of studying the large-N limit of non-commutative
gauge theories. We will show agreement with our results both at the level of the NS-NS
and the R-R sector.

We first rescale the coordinates parameterising the deformed AdS space as

t—rt, 1/J2—>.£¢27 1?1—>ﬂ¢17 (= C+Vnl, p——=, (7158
sin (o cos (g NEZ
and then send » — 0. Because we have not rescaled the coordinates on the deformed
S®, the corresponding part of the metric just reduces to the usual metric on S®, and the
components of the B-field in those directions will vanish. On the other hand, for the part
originating from the deformed AdSs we get a result different from the undeformed case.
In this limit the complete metric and B-field are

P

2

ds? = p? (—dt® + do2) + ————
(MR) = P ( %) 1+p4sin2(0

d 2
(de? +d¢®) + 2 4 dss,
. P (7.159)
psin ¢y

———dy; AdC.
1+ p*sin® ¢ PrAdg

Br) = +

These equations should be compared with (2.7) of [166], using the following identifica-
tion of the coordinates and the parameters on the two sides

Here | t 4y 1 (  p|sing
There ‘ fo i’l SZQ .fg u ‘ a2

When we repeat the same limiting procedure on the components of the R-R fields found
for the n-deformation of AdSs;xS°—see (7.112), (7.113) and (7.114)—we find that the
axion vanishes, and only one component of F®) and one of F® (plus its dual) survive.
These components—when we specify tangent indices—multiplied by the exponential of
the dilaton are

4p% si 4
PPy = P g et (7.160)
V1 + ptsin? ¢ 1+ p4sin® ¢
If we take the dilaton to be equal to
1 402
p=vo—5 log(1 + p*sin” (o), (7.161)

where ¢ is a constant, we then find that the non-vanishing components for the R-R
fields—in tangent and curved indices—are

F014 = 67800 4p2 sin CO s F01234 = €7L'00 4,
43 (7.162)

_ 3 . _
Fryp,p =€ ¥04p°sin (o, Frpapicp =€ o 1+ pt sin2 o :



126 Chapter 7. (AdS;xS°), at order 62

Also the results that we obtain for the dilaton and the R-R fields are in perfect agree-
ment with (2.7) of [166]. It is very interesting that despite the incompatibility with type
IIB supergravity for generic values of the deformation parameter, there exists a certain
limit—different from the undeformed AdS;xS*—where this compatibility is restored.

Concluding remarks The fact that our result is not compatible with the Bianchi iden-
tities and the equations of motion of type IIB supergravity is a puzzle. One possible
scenario is that the 7-deformation of AdSsxS® is just not a type IIB superstring, despite
the presence of a kappa-symmetry. On the other hand, it might still be possible that
compatibility with IIB is restored after implementing further field redefinitions in the
o-model action. In fact, in Section 7.4.3 we have used a field redefinition of the bosonic
and fermionic coordinates to recast the action in the standard form of Green-Schwarz for
type lIB superstring [117, 119]. A question to answer is whether there exist some residual
field redefinitions that we can still perform on our coordinates, such that the form of the
action remains invariant, while the actual couplings of the fermions to the background
fields change. In other words, the idea is that after performing these residual field redef-
initions we will read off from the Lagrangian different components for the background
fields, and with a different dependence on the bosonic coordinates.

Notice that the couplings to the NS-NS background fields that we have obtained are
already the correct ones. In fact, from the Lagrangian and the kappa-symmetry variation
of the worldsheet metric we found components @} that correctly satisfy the equation
for the spin-connection (2.24) relating it to the deformed vielbein (7.74). Also the com-
ponents of Hy;yp that we read off are compatible with the requirement of H being the
field strength of the B-field (6.23), which appears in the bosonic action (6.21). There-
fore, if these residual field redefinitions exist, they should also satisfy the property of not
modifying the couplings to the background NS-NS fields. Only the couplings to the R-R
fields should change.

In Section 7.6.1 we have investigated this possibility, and we have shown that we can
exclude all redefinitions which are continuous in the deformation parameter. We cannot
exclude that the field redefinition which we are after is indeed independent of . If that
is the case, it must be a symmetry of the o-model action of the undeformed model. Let
us also mention that a non-local redefinition of the fields might be necessary.

In [6] the action that we have derived here was used to compute the tree-level scat-
tering elements for excitations on the worldsheet. In addition to the results collected in
Section 6.3—where only interactions among bosons were considered— it was then pos-
sible to derive also the scattering elements that involve two fermions in the asymptotic
states of 2 — 2 processes'?. The derivation of [6] shows that the T-matrix obtained using
the methods reviewed in Section 2.3 cannot be factorised into two copies as in (6.40),
see Section 6.3 for the discussion in the bosonic sector. However, there exists a unitary
transformation of the basis of two-particle states thanks to which the T-matrix can be
factorised into two copies, as desired. This change of basis is of a particular type, as it is
not one-particle factorisable. Each of the two copies that compose the T-matrix matches
with the large tension expansion of the all-loop S-matrix invariant under psu,(2[2), and
it naturally satisfies the classical Yang-Baxter equation.

12The terms Fermion+Fermion— Fermion+Fermion are missing in the computation, since their derivation
requires the Lagrangian quartic in fermions.
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The fact that we can prove compatibility with the g-deformed S-matrix is a nice fur-
ther check of our results. On the other hand, it is not clear why this compatibility is not
immediate, as a change of the two-particle basis is needed. One possible explanation
may lie in the choice of the R-operator that is used to define the deformation. Our cur-
rent choice (7.45) corresponds to the standard Dynkin diagram of psu(2, 2|4). However, it
is believed that only the “all-loop” Dynkin diagram can be used to write the Bethe-Yang
equations for the undeformed model. It might be that defining the deformation through
an R-operator which is related to the “all-loop” Dynkin diagram would give automat-
ically the T-matrix in the factorised form, with no need of changing the basis of two-
particle states. It is also worth investigating whether applying this redefinition—which
is in fact n-independent and it is a symmetry of the undeformed model—necessary to
get a factorised T-matrix could also cure the problem of compatibility with type IIB. This
transformation is non-local, and it would first be important to check that it does not
produce non-local terms in the action.

We intend to clarify the puzzles posed by the n-deformed AdSs xS® in the near future.
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Appendix A

Equations of motion of type IIB
supergravity

In this appendix we collect the action and the equations of motion of type IIB supergrav-
ity, as taken from [167]. We use these conventions in particular for Section 2.2 and 7.6.

In type IIB supergravity we have Neveu-Schwarz-Neveu-Schwarz (NS-NS) and
Ramond-Ramond (R-R) fields. In particular

NS-NS: these are the metric Gy, the dilaton ¢, and the anti-symmetric two-form
By with field strength Hyrnp;

R-R: these are the axion ¥, the anti-symmetric two-form C)x, and the anti-symmetric
four-form Cprnpg-

The R-R field strengths are defined as

Fy = 0mx, (A.1)
Fyunp =30mCnp) — XHunp, (A.2)
Fyneor = 59 Cnpor) + 15(Biun0pCor) — Crlun9pBor)) - (A.3)

Square brackets [, ] are used to denote the anti-symmetrizer, e.g.

3
Hynp =30 Bnp) = 30 Z(_l)ﬂ-aﬂ'(M)BTr(N)ﬂ'(P) =0mBNnp +ONBpym +9pBun ,

(A4)
where we have to sum over all permutations = of indices M, N and P, and the sign
(—1)™ is +1 for even and —1 for odd permutations. The equations of motion of type IIB
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supergravity in the string frame may be found by first varying the action [168, 169]

1 10
=_— X
S %Q/d

1
V -G (6_290 (R + 481\/[(,08]\/1(‘0 - fHMNpHJWNP) —

12
1 M 1 MNP 1 MNPQR
— 50Mx0" X — G FunpF — 1aitMNPQrRE +
L myMy
to ot C'ny Mo Mg My Onty Bavig v Onig Chag nay | 5
(A.5)
and after that by imposing the self-duality condition for the five-form
1 . ,
FM1M21V13M4]\/I5 — _5 /_GEMI.“MIOFM()I\47M8M91V[1O . (A6)

Here G is the determinant of the metric, R the Ricci scalar, and for the anti-symmetric
tensor € we choose the convention €2 = 1 and ¢y g = —1. Let us write the equations
of motion for all the fields.

Equation for the dilaton ¢

, 1
4(9M506M30 — 43M(9M<p — 48}\4GMN8N<,0 — 28MGPQGPQ6M§0 =R- EHMNPHMNP .
(A7)
Note that (‘9MGPQGPQ = 281\/[ log vV —G.
Equation for the two-form By/n

200 (V=G 2 HYNT — xFMNP)) — JZGFNTRSoCps =0 (AS)

This equation has been rewritten using (A.11).
Equation for the axion x

1
O (\/ —GaMX> =5V —GFynpHYNP. (A9)

Equation for the two-form Cjsy

1
O (V—GFMNPy 4 6\/—GFNPQRSHQRS =0 (A.10)

Equation for the four-form Cy;npg

‘ 1 /s
On ( /TGFNM]MgMdAL;) _ —%ijl”'M4N["WM10HM5M6M7FM8M9M10 _ (A.11)

Einstein equations

1
Run — iGJWNR =Tun, (A12)
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where the stress tensor is

Tan =Gun 207 (0pp) — 2GTCTE o 0rp — 20pp0” ¢

1 PQR 1 2¢ P 1 2¢p PQR
24HPQRH 46 FPF 246 FPQRF

— 28M8N90 + 21_‘5“\[8}9()0

2 PQRS
e’ FuporsFy ,

(A.13)

1 PQ 1 2¢ 1 2¢ PQ
"FZHMPQHN +§e FJV[FN+Z€ FupoFy ™ + T

and the Christoffel symbol is

1
Tirn = iGPQ(aMGNQ + OnGug — 0QGuN) - (A.14)
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Appendix B
AdS;xS3xT?

B.1 Gauge-fixed action for AdS; x S3x T* at order 6>

In this section we explain how to obtain the action at quadratic order in fermions for the
superstring on the pure R-R AdS;xS3 xT* background. The bosonic action is given by
Eq. (2.2), where in our coordinates the spacetime metric for AdS; xS xT* reads as

2

2 1+ Z%IZE) 2 1 2 2
dS = — W dt + ﬁ(dzl + dZQ)
1-— = (1 _ 21422)

1 i ) (B.1)
+ ﬁ dg? + ﬁ(dyg + dyi)

1+ Batbs (1 I yszyz;)
+ dx;dx; .

We consider the case of vanishing B-field. Coordinates ¢, z1, z2 parameterise AdSs, and
t is the time coordinate. Coordinates ¢, y3,ys parameterise S?, and ¢ is an angle that
we will use, together with ¢ to create light-cone coordinates. Coordintates z%, 27, 2%, 2°
parameterise the torus. We prefer to enumerate the coordinates as

X0=t Xt=02, X2 =2, X3 =y3, Xt =y, X° =0, X' =z;fori=6,...,9, (B.2)

and to use a diagonal vielbein

N O B SR S
t 1— z%«kzg i 21 Z2 1 zf+z§ )
4
2, .2
1_y3+y4 1 (B3)
65— 4 e3 _64 _
¢ 24 y2 0 ys — Cya 21920
1+y34y4 1+y34y4

e,, =1 i=6,...,9.

xT

In order to avoid confusion, we use letters to denote explicitly curved indices on viel-
bein components, etc. We will never distinguish between upper or lower indices for the

133



134 Appendix B. AdS;xS*xT*

coordinates z; = 2%, y; = y*, z; = «*. To write down the fermionic action we first define
the ten-dimensional Gamma-matrices!

M= —i01Ro300, Q03 1, MN=40®0®0me1 a1,
MP=401 Q0003 1, P=+t01@0n R0 @01,
M=—01R0Q0 Qo 1, MP=-00®1®c®oa1, (B.4)
M=+ ®1 ®0m31 o, IM=401®1 @032 1 ® oy,
M=4601 Q032 1 @ o3, M=—nelelelol.

For all Gamma-matrices we define the antisymmetric product by

1
[mame = Z (=1)"TM= T ™Mx() . [T (B.5)
n
TESy

where the sum runs over all permutations of the indices and (—1)™ denotes the signature
of the permutation. For convenience, let us write down explicitly some higher-rank
Gamma-matrices that may be obtained by the above definitions
M=t1eoaelelel,
I8 — 45301 ®o301 @1, (B.6)
F:F0123456789:+03® 1 ® 1 ® 1 ® 1 )

The Gamma-matrices satisfy
(™)t = —crmct, (™) = —1or™(1%)-1, (T™)* = +BT™B!, (B.7)
where
C=—-io2®03R 02 R0 R 0y, B=-1°C. (B8)
It is useful to note the relations
T’ =ctc=8B=1, B =c(",
ch=—c=+c', (@) =-1"=+1", B'=4+B=+8,
C = —[OM”, B= 405010, ® 0y 0y = —H79
BIBT =T,

(B.9)

The two sets of 32-component Majorana-Weyl spinors labelled by I = 1,2 satisfy the
conditions )
I'o; =+0y, @? = BOy, O = @ﬁ-C, (B.10)

to give a total of 32 real fermions. The action at quadratic order in fermions is given
by (2.21), where the operator D’ in this case is

1 1
DL7 — 17 (aa - 4wgmrmn> + Za{J(rm +T35) e, (B.11)

I This basis is obtained by permuting the third and fourth spaces in the tensor products defining the
Gamma-matrices that we find after implementing the change of basis explained in (2.55) of [5].
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B.1.1 Linerarly realised supersymmetries

The background possesses a total of 16 real supersymmetries. It is more convenient to
redefine the fermions introduced above, such that these supersymmetries are realised
as linear shifts of fermionic components. For a background realised by a supercoset,
the original form of the action would correspond to the choice g = gpos - gter for the
coset element. The redefinition we perform here would allow us to obtain to the choice
9 = Gfer - Obos for the coset element. For convenience we first redefine the fermions as

O1 = U1 + Vs, O =¥ — Vs, (B.12)
and then introduce fermions 97 as

1 A 1 .

= 5 (L+ T R)MOT 4 o (1= TO9) Moy, 513)
1 - 1 . -

U = 5 (1+ T R)MOS 4 S (1 = TO9) My .

The projectors 1 (1+I'°12345) make sure that we are again using a total of 32 real fermions.
Here M and M are 32 x 32 matrices

M = MyM,, M = My M, (B.14)
where
1 1 1 5
Mo = — (1= 3T + 20)r2) (1= S(gl® +purre).,
V- )
1 1 1 ;
Myt = — (1 + 5(zlr1 + zQF2)F012> (1 + §(y3F3 + y4F4)F345),
V- T 1 )
(B.15)
and ‘ ‘
My = e 30TPHTH - ol o3 (TP 40T, (B.16)

It is useful to see how these fermionic redefinitions are implemented on the Gamma-
matrices

M™'T, Mef, =T M™ el M™T,, Meg, =T M™ el (B.17)

where M,,™ and M,,™ are components of orthogonal matrices. They rotate non-trivially
only the indices m = 0,...,5 of AdS3xS?, and they act as the identity for directions
tangent to the torus. In particular, they can be reabsorbed in the definition of the vielbein,
to produce?

ey =M"nely, e =Ml (B.18)

Explicitly, the 10 x 10 matrices é, ¢ whose components are €7}, €7 are

€ = éads, @ égs D 14, ¢ = Eads; D €gs D 14, (B.19)

2The conventions for the symbols “check” or “hat” should not be confused with the ones used in the chap-
ters discussing the n-deformation of AdSs xS°, where they refer to AdSs and S°. Here they refer to the matrices
M, M defined before.
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where we have defined

Appendix B. AdS;xS*xT*

+1 +22 —21
1 0 0 + z2 1— szzi __ 2122
éads; = +cost +sint 147252 4 2
. 22
0 —sint +Hcost _1+zz%1+z% —azn 1+zl4zz
* (B.20)
+1 —Z9 +2z1
1 0 0 oz 1 2=z iz
€ads; = [0 +cost —sint 1+z%fz 4 2
: 22
0 +sint +cost +1+ - —az 1+Z1422
4
and
2 2
1 Ys—Yy Y3y4 Ya
+cos¢p +sing 0 T T | vated
ées = | —sin cos¢p 0 Y3y _ vi-va y:
53 5 o + 5 o) X +¥ays 1 2~y +17y§3+y§
4
+ya —Y3 1
Y3—vi Y3ya Y4 (B'Zl)
1 3 4
+cos¢p —sing 0 T T +1,y§:yi
-~ : 2 2 ’
égs = +s(1)nqb —|—c(c)>s¢ (1) 4l 1— y34y4 1_3§3+y§
4
—Ya4 +ys3 1

It is then possible to check that the sum of the bosonic and fermionic Lagrangians are

invariant under the following supersymmetry transformations

6’(91_ = €5,

§em = §e™ = —ie T D97

at first order in 79?.

B.1.2

m=20,...,5,

597 =0,

§em = §em =0

m=26,...,9

(B.22)

Gauge-fixed action

In the previous subsection we showed which is the most convenient choice for the
fermions in order to achieve a simple form of the supersymmetry variations. In this
subsection we perform a different fermionc field redefinition. This is necessary to get
fermions that are not charged under the two isometries corresponding to shifts of the
coordinates t, ¢. This is needed to fix light-cone kappa-gauge later. For a background
realised as a supercoset, this would correspond to the choice g = A(t, ¢) - gfer - g1, fOr the
coset representative, where A(t, ¢) is a group element parameterised by ¢, ¢ only, while
Ohos DY the transverse bosonic coordinates.
Starting from the fermions appearing in (B.12), we define fermions 7z, xr

1 345 1 5
Ui =5 (L T8 Moxy 4 5 (1= T499) Mo,
(B.23)

1 _ 1 _
192 _ 14 F012345)M0 1X2 4 5(1 o F012345)M0 17’2’

5
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where the matrices My, M, ' may be read in (B.15). As previously, the correct number of
fermions is ensured by the presence of the projectors. After introducing bosonic light-
cone coordinates as in Section 2.1 we impose kappa-gauge like in Section 2.2

1
I'*ny=0, Ttx;=0, TI'F= 5 (710, (B.24)

to keep only a total of 16 real fermions. The redefinition (B.23) and the condition imposed
by the kappa-gauge allows us to require that the fermions satisfy

F1234 F6789 F1234 F6789

X1 = +Xr, X1 = +Xr1, nr=-nr, nr=-nr. (B.25)

It is then natural to write them as
. 1 1 1 ab
XI—<0)®<O)®(O)®(XI) )
(1 0 0 ab
=)= (1)e (1)

As explained in Section 2.2, from the light-cone gauge-fixed action we can read the
Hamiltonian of the gauge-fixed model. The Hamiltonian at quadratic order in the fields
is written in (3.10). To obtain that expression we have actually rewritten our bosonic
and fermionic coordinates as follows. We first introduce complex coordinates to param-
eterise the transverse directions of AdSs; and S°

(B.26)

Z:*ZQ+Z.Zl, Z:*ZQ*izla Y:7y37iy47 Y:7y3+7:y47 (B27)

together with the corresponding conjugate momenta

. 1.
Z, Py=-Y, Py=

5 V. (B.28)

1. 1:
P)Z:§Z7 PZ: 5

N |

Similarly, for the four directions in the torus we define the complex combinations
X2 —gg—izg, X* =—z5—ixg, XY= —p+izy, X??=—zs—ixzr, (B.29)
and the conjugate momenta
Pio = %edi)eain’b. (B.30)
Upon quantisation, these fields satisfy the canonical commutation relations

[Z(7,01), P5(7,09)] = [Z(7,01), Pz(7,02)] = i §(01 — 02),
[Y(7,01), Py (1,02)] = [Y(7,01), Py (T,02)] =i6(c1 — 02) , (B.31)
[X‘i“(T,al),Pbb( o9)] = 2(5“ 0% 8(o1 —02).

For the massive fermions we define the various components as

aa _e+i7r/4 o _e+L7r/4,'7 1 a6 e—iﬂ'/4 k2 z71'/477 1
(771) - e—iﬂ/4 n 1 —z7r/4 ’ (772) - _€+i7'r/4 7 1 +17r/4 )
L R

77L
(B.32)
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where the signs and the factors of e*?7/4

for the massless fermions we write

are introduced for later convenience. Similarly,

(X )ga _ 76+i?r/4>—<+2 e+i‘7r/4>—<+1 (X )Qa _ ef‘iﬂ/4x_1 ef‘m/4x_2
1 _efwr/4x_& _67171'/4X_E ) 2 —€+”T/4)_(,2 €+”T/4)_(,1 .
(B.33)

The canonical anti-commutation relations are

{iha(o0), 1 (02)} = {30(01) ha(02)} = 6 8(o1 — 02),

) , s ) R (B.34)
{X+a(01)’X+(U2)} {X—a(ffl)»Xf(@)} 5a 5(01 02)7

It is possible to derive the (super)currents associated to the isometries of the model. In
general the conserved charges are divided into kinematical and dynamical. The former
do not depend on the light-cone coordinate x~, while the latter do. Given their defi-
nition, kinematical charges commute with the total light-cone momentum P_ of (2.18).
Another way to look at the conserved charges is to see if they also do or do not depend
onzt = 7. Because dQ/dr = 9Q/07 + {H, Q} = 0, it is clear that only the charges with-
out an explicit time-dependence commute with the Hamiltonian. These are actually the
charges we are interested in. In particular, of the sixteen real conserved supercharges,
only eight of them commute with the Hamiltonian. They turn out to be dynamical.
For AdS;xS3xT* they have been presented at first order in fermions and third order in
bosons in [5]. In (3.12) we write them at first order in fermions and first order in bosons.

B.2 Oscillator representation

Here we introduce creation and annihilation operators. We will use them to rewrite the
conserve charges of Chapter 3.1 forming the algebra .A. We first define the following
wave-function parameters

w(p,m): Vm2+ 2; f(pam): w’ g(pvm)zfﬁ%)a (B35)
that satisfy
w(p,m) = f(p,m)* + g(p,m)*,  |m| = f(p,m)* — g(p,m)?, (B.36)

and the short-hand notation

Wp:CU(p,:tl) fp:f(p7:|:1)a gp:g(p7:|:1)a

i ' (B.37)
wp:W<pa0)a fP:f(p70)> gp:g(pao)'
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For the massive bosons we take

Qs w Z +2iPy) e 7,
L p \/ﬂ/2 /—wp p Z)

(wpZ + 2iPg) e 77,

ARz p /—27‘_ / SN

(B.38)
ay(p) = \/% 2\(1/% (wpY +2iPy) e 77,
ary (P) \/% 2\(1/% (wpY + 2iPy) e~
and for the massless bosons
aaa(P) / Xaq +2iPsq) e 7. (B.39)

The corresponding creation operators are found by taking the complex conjugate of the
above expressions and are indicated by a dagger. For massless bosons we have in par-
ticular (azq.)* = a%f.

[ac=(p1), af ,(p2)] = [aw-(p1), af . (p2)] = 6(p1 — p2),
[ay(p1), al,(p2)] = [ary (1), al, (p2)] = 6(p1 — p2) (B.40)
[0 (pr), al, (p2)] = 6 6% 6(p1 — p2)

The ladder operators for massive fermions are defined as

et/ do b b e
du‘z(p) = +ﬁ \/T—p €ab (fp un + t9p Tk ) e P ) (B 41)
a etin/4 do 4 L=\ —ipo .
dR (p) = - \/ﬂ \/T—p € (fp U +19p 77Li7) e :
while for massless fermions we take
_ —imw/4 d ~ )
e ag
da(p) = —F (pr+a ng €abX — ) Zpa;
V2T \/ @
(B.42)

e+z7r/4 dO' N Cive
da(p) = NG (fp €ab Xy — i0p X— ) e
p

Also in this case the creation operators are found by taking (d,)* = d*f. The anti-
commutation relations are

{d T (p1),dj(p2)} = {d]; (1), d¥(p2)} = 6,2 6(p1 — p2) ,
{d*"(p1), db(p2)} = {d “T(p1), dy(p2)} = 6" 6(p1 — p2) -

Using these definitions we can rewrite the conserved charges in terms of creation and
annihilation operators, to obtain (3.19) and (3.20).

(B.43)
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B.3 Explicit S-matrix elements

Here we write the action of the psu(1|1)?, -invariant S-matrix on two-particle states.

B.3.1 The massive sector

In the massive sector, when we scatter two Left excitations we get

SLL®SLL |Y;YqL> :ALL ALL ‘Y:]LYZ}> ,

Pq”"pq

SU@S V") =Ap Byg Ing" V) + Ap Crg [V, *)

. B b b
SLL®8LL |}/;_Z1é> _BLL BLL |Z;Y;> + CLL CLL ‘}/:]LZZT;> + ea BLL CLL |,'7La L >’

prq—pq prq—pq pq—pqgllq np

SESH ;) <AL Dy V) + AL B ;).

SUES |y ) =0 A By ") — € B DY, g tnpt) + OB i)

+ O DL Yy 23+ BB 7Yy
SLL®SLL |1,I;aZ}q_> — BLL FLL |Z;n;a> + CLL FLL |,'7;aZZI;> ,

Pq~ pq P~ pq

SUESZY}) =D Dy V3 25) + B,

. |Z;YPL> + ea',bDLL B m;dn;b> ,

pPqg—pq

SUBS™ | Zyy) = — Dy Fi i Z8) + By | Zis )

Pa— pq

SYQS"M|Z,Z;) =Fp Foo| 2y Z)
(B.44)
Scattering a Left and a Right excitation yields®
SLR®SLR |YpLYqR> :ALR ALR |YqRY£> _ BLR BLR |ZEZ;> + 6abALR BLR ‘n;an;b> ,

Prq”"pPq pPa——pq Pa—pq

SLR®SLR D/angiz

A C3 i Y;) — BACIA 1 Zom )

CL O |Z8Y)) |

)
SLR®SLR |YI}Z‘II{> Pqg—Ppq
)

SUGS™ |n,"Yy) =Ap Dyg |Yynp®) = Byo Dy Iy Z3)

5 0, RO ab b, La ab b, La ab 1, Lb
S ) = — 4D, i ) + AL B ) — B

— P ALE VI + BB |Z,7)

SU@E™ " Zg) = = By Cog 1 Z4m,") + G Fog 10 Y3

SUGS™|Z,Ys) =D Dy V225,

SLR®SLR |Z;772d>

— DLR ELR |77(];GZ;> + DLR FLR |YqR,’7;a> ,

pq—pq P~ pq

Z;Z;> _ FRELWR |YqRY;> o eabELR R ngan;l}> ,

LR & QLR | 77L r7R\ __ LR LR
STs ‘ZPZQ> 7EP¢1EP Pqg™ pq P9~ pq

7
(B.45)

3To have a better notation, we prefer to raise the su(2) index of Right fermions with edb,
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B.3.2 The mixed-mass sector

In the case of left massive excitations that scatter with massless excitations transforming
in the o, ® g, representation of psu(1[1)2, we find

c.e.

SUEST|ZyTi") = — Fpo Dy, | Z3) = Fya B [R5

SLL®SLL |Y;T;a> — + A;IZZB;L

T2V — At Ol et

Pa—pq
SLL®SLL In;as(*g> =+ FL BL )ACJ(an;a> + FYLoL |T;aZZL)>,

Pa—pq prq—PpPq

S BT NG) =~ A D ) + AL B 1),

SUESE|Z%5) =+ P G 23).
) (B.46)
SLL®SLL ‘}/;“X:]J> — + ALL ALL |XZY;> ,

Pa”rq
SO |ZX5) =+ Dy Dy X6 Z4) + By By IT5Y3) + Dy B e T3
SUESHVIRG) = + BBy IR Y5) + CiCha W Zy) + BiiCilcas T
SLL®SLi |77;dT(fa> =+ DM Bt ‘T;an;i)) — EtLCom ‘Tqban;a>

prq—pq prq—pq

pq—pq pq—pq

+ DLL CLL €di) |XZZ;> _|_ ELL BLL Gdb b‘c’g}/];u> .

When we scatter a right excitation with a massless one we can write the S-matrix ele-
ments as

SRL®SRL |ZZI§TqCLa> — D;I;E;R

. |T;aZ;> 4 DLR FLR |Xa Rd> )

pat'pg |Xqlp
SRL®SRi |Y;<T(;ia> =+ AR LR ‘T;‘aY;> — BR(WR %Zn;d> ,

prq—pq prq—PpPq
SUES NG = DA IXGl) + DR B T 25),
SUESEG) =+ B O i)~ Fiac

Tiyy),

SEST|Z3xs) =+ Dy Dk NG Z5). 5o
SUEST V) =+ OO G3)
SUEST\Z3RS) = + BB IS 23) — FysFin IXaV) + Fis b e T30

SUESTVENG) =+ A Al XY — BB [T 25) — By A e 1T,

SRL®8RL |,’7;(1T(§7a> —_— BLR pLR |T(;'1an;b> o AI;ZEZI;I; |T;an;a>

pat pq
IR 7IR _ab |~a 7R IR IR _ab ay/ R
— BpgEpg € [XqZp) + ApyFpq € IXqYp) -

After taking into account a proper normalisation like in Section 4.2.2, the S-matrix el-
ements for left-massless and right-massless scattering can be related by LR symmetry.

In order to do so, one needs to implement it on massive and massless excitations as in
equations (3.35) and (3.39).
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B.3.3 The massless sector

We write the non-vanishing entries of the two-particle S matrix in the massless sector.
First we focus on the structure fixed by the psu(1|1)* invariance. For this reason we omit
the indices corresponding to su(2),.

SLL SLL |Ta Tb > — CYL g |Td Ti) > + BY DLt |Tb TI()'z >

pq—Ppq pPq—pq
b ~
+ € (o Dy X Xp) + Boy By 1Xa X))

SLHSHT ‘Ta %q> = B}L?;F;(LI ‘XQT; ) — C[I;I;IFII;I(} |T; %p> )

SHESTIR,TE ) = — LDl T3 T,) — Pl T2,

SHESHITE ) =~ BEFS IX,TE ) - s ITé x,).

SLL®Sﬁ | > o FLL DLL ‘Td > FLL ELL | T('l > (B48)
Xp - pg—pqlTq Xp Pq——pq q p /o

SUEST [RpXq) = = ApApe [XeXp)

SHES™T X Xg) = = Apy Ay X Xp)

SLL®SII |5<1qu> — DY Dt |Xq§€p> EY Lt |XqXp> ELL D;)I:] 4 |Ta Tb >

prq = pq prq—pq

S BT, y) = = Dy Xp) ~ BBy i)+ D 17 77

The structure fixed by the su(2), symmetry is as follows

1

5u(2)|X y> 1+
Pq

(spa 97550 + 1975273 (B.49)

where we use X, Y, X', )’ to denote any of the excitations that appear above. The an-
tisymmetric function ¢, is further constrained in section 4.2.3. The full S-matrix in the
massless sector is then found by combining the structures fixed by psu(1|1)?, and su(2),.
The preferred normalisation is found by multiplying each element by the scalar factor
as in Section 4.2.2. This S-matrix automatically satisfies the LR-symmetry, where this is
implemented on massless excitations as in (3.39).

B.4 On the solutions to the crossing equations

In this appendix we collect some useful formulae concerning the solutions to the crossing
equations of the massive sector of AdSs xS3 xT*. We start by proving that the expression
for the difference of the phases proposed in Section 5.2 indeed solves the corresponding
crossing equation.
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B.4.1 The solution for 6~
We start by defining the integral

O (z,y) = ﬁ dw sign(( — 1/w)/z) log 0= (y,w) —x < y

(% )L)sm;_ log ™ (y,w) —x ¢y, (B.50)

oo =0-w(1-)

yw

The reader may check that the expressions above match with the ones appearing in the
solution for x ~ presented in (5.49). The statement is that x ~ (x, y) coincides with &~ (x, y)
in the region |z| > 1, |y| > 1. Outside this region we have to define x~ through a
proper analytic continuation, and the two functions stop to coincide. In particular, the
first important property that distinguishes them, and that is of crucial important for the
proof is that

To prove it we rewrite &~ (x,y) as
(I)i(:r7y) = F(I7y) - F(’y,l’) )

Fla.g) = F2 () = F2 (o) = 4 fwag)de = | foade, g

1
f(waxvy) - 877'('1'

1
1 - .
~—log (™ (y,w)

Because of the anti-symmetrisation of 2 and y, we first focus on the second entry of the
function F(y, x). Using f(w,y,x) — f(w,y,1/x) = 0, we can also show

F(y,z) — F™(y,1/2) =0, and FY(y,z) — F~(y,1/2) =0, (B.53)

that yields F(y, z) — F(y,1/z) = 0. Looking now at the first entry of F(z,y)

2 (1a,y) = )L dfw%w log £~ (y, w)

8w 1/x
du 1
= ———— logl B.54
7(87ru21/x—1/ og ™ (y,u) (B.54)
1
_ e —log £~ ( %——logf (y, 1)
8mrx —

= —Fn(.’t,y) - (b (y)7

where we used the change of variable v = 1/w and we assumed that |z| # 1. Sending
x — 1/z in the above equation we get also F'(1/z,y) = —F“(z,y) — ¢~ (y). With all
this information we can then show that also for the first entry F(z,y) — F(1/x,y) = 0,
and conclude that (B.51) is proved.

The function ®~ (z,y) has another important property, it has a jump discontinuity
when we cross values of |z| = 1. To prove it and calculate the amount of the discon-
tinuity, we consider separately the functions F*(z,y), F"(z,y) that were introduced
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in (B.52) as a convenient rewriting. If we start with F(z, y), on the one hand it is clear
that no discontinuity is encountered when we cross the unit cirlce |z| = 1 from above
the real line Im(z) > 0. On the other hand, crossing from below the real line Im(z) < 0
we get, using the residue theorem

FY (7 y) = FY (e ¢ y) + % log £~ (y,e"?) 4+ O(e), e>0, —m<p<0. (Bb55)

Studying the discontinuity of F*~ in the second entry, we find a jump both when we
cross the lower half or the upper half circles*

P (y,e ) = F2 (6% 7) =  log (y = %) +91(y) . +O(e). —m<p<0,
PO = P e 4 flog (- 1) 4 £ 00, 0<p <,
(B.56)

where € > 0, and ¢4(y), ¢, (y) are functions of y, that will not be important for our pur-
poses. The discountinuities of /™ are found in the same way, and are equivalent to
changing the upper and the lower half circles in the above results.

Thanks to these results, we can compute the values of the discontinuities for ®~ (z,y)
when we cross the unit circle from below or above the real line’

B (e, y) = (e y) — = log € (y,€?) + O(e), —T<p<0,
2 B.57)
| | ; | (B.
(e, y) = &7 (e 7 y) + 5 log £ (y,€%) + O(0), 0<p<n.

All this information is what we need to construct a solution of the crossing equation
for the difference of the phases. We define crossing as an analytic continuation from the
physical region |z| > 1,|y| > 1 to the crossed region |x| < 1,|y| > 1, where the path
crosses the unit circle below the real line Im(z) < 0. Then we construct x~ in such a
way that it coincides with ¢~ in the physical region, but is continuos when we perform
a crossing transformation and we go to the crossed region

X (z,y) =2 (z,9) | > 1,y > 1,
_ _ i _ (B.58)
X ($7y)ECI) (l’,y)—ilOgé (y7$) |!L‘|<1, |y|>1
According to these definitions and using (B.51) we have
- _ i _ i _

Remembering that o~ (2%, y*) = exp (i~ (zF, y*)) and the relation between 6~ and y~
in (5.37) we find
o (z.y)”

o = e [ (o8 @ty g () —log (e ty) —log (7))

(B.60)
which proves that we have constructed a solution to (5.48).

“These results may be found by first studying the discountinuity of 9, F*(y, x), and then find the corre-
sponding primitive.

5We have omitted functions that depend on y only. They are not important for us, since they do not con-
tribute to the crossing equations.
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B.4.2 Singularities of the dressing phases

We discuss possible singularities of the dressing phases 6**(z, y) and °®(z, ), defined in
terms of x**(z,y), X**(z,y) asin (5.50). We use results concerning the analytic properties
of the BES phase, that is known to be regular in the physical region [132, 170]. We then
focus on the deviations from it, and we look for logarithmic singularities that might arise
for special relative values of = and y in the functions

UE(z,y) = - (— "M (2, y) £ @ (z,y)) (B.61)

N

that contribute to define the two phases as in (5.50). Here ®'L(x, y) is the integral defin-
ing the HL phase in the physical region,

*e ( % )L ) dr x — ‘o (yy—_17w> 7 (562

and @~ (z,y) is defined in (B.50). Because of the above expressions, singularities might
arise at y = = or y = 1/, but an explicit evaluation yields

v (ay)|,_, =0, W(w)lyﬂ/w:%(&umfuz(ﬁ)), (B.63)

with |y| > 1. This is enough to comclude that the phases have no singularity at z = y,
where both variables are in the physical region.

When y = 1/x and |y| > 1, x lies inside the unit circle, and we have to perform
a proper analyitic continuation of the above functions to find the contribution to the
phases in the crossed region. We continue the phases through the lower half-circle as in
Appendix B.4.1. The result for ®~ may be found in (B.57), while for ®/L(z,y) we get

PHL(giete 4y = pHL (¥ 4)) — = 1 og {yye] + O(e), e>0, —T<p<0.

(B.64)
Putting together this information, we find that there is no singularity in x**(z,y) for
y =1/z and |y| > 1. On the other hand x**(z, y) has a logarithmic singularity such that

EZiX-o(ﬂ?,y) ~ (y _ i) , for y~ 1/1’ (B65)
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Appendix C
(AdS;5xS°),,

C.1 Appendix for Bosonic (AdS5xS®),,

In this appendix we collect some useful results needed in Chapter 6 and Chapter 7.

C.1.1 Coset elements for the bosonic model

A very convenient parametrisation for a bosonic coset element is given by

«a 0 — s — ey <
w= (% 0 w-AIORG). L -AGIZOR0. €
Here the matrix functions A, = and g are defined as
cos€ sin€ 0 0
Ny - sin2‘° cos 2 0 0
— Z = — 2 2
A((pk) - exp(z 2<thk) ) _‘(410) - 0 0 oS % _sin % ) (CZ)
k=1
0 0 sin$ cos¥
p+ 0 0 p-
= | o el _ Vv (€3)
gp p - 0 _p_ p+ 0 ) p:t - \/Q 9 .
p— 0 0 pt
T+ 0 0 1T_
—i V1tVI—12
G=| o T 0| m=Y N
0 17— T4 0 V2
(. 0 0 T4

where the diagonal matrices h; are given by
hy = diag(—1,1,-1,1), he =diag(—1,1,1,—-1), hs=diag(1,1,—1,-1). (C.J5)

The coordinates t = 3, ¥1, Y2, ¢, pand ¢ = ¢3, d1, P2, &, 1 are the ones introduced
in (6.5) and (6.1) to parameterise AdSs and S°. An alternative choice for the bosonic coset
element is the one used in [106]. The bosonic coset element would be defined as

g’ = A(t, ) - 9(X), (C.6)

147
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where
o= (49 0.
defined in (C.2) and
1i£ (L4 — 32i1) 0
9(X) = " L (1 i) | (C.8)

1+
The gamma matrices ; are given in (C.41). The coordinates ¢, z; and ¢, y; are the ones
introduced in (6.7) and (6.3) to parameterise AdS5 and S°.

The difference from [106] is that we have changed the sign in front of z;,y;. In this
way the two coset elements are related by a local transformation

gb/ = 0o - h h S 50(47 1) @50(5) ) (C9)

proving that the Lagrangian is the same and the two descriptions are equivalent. Alter-
natively, one could shift the angles ¢; — 9 + 7, ¢; — ¢ + m when relating the two set of
coordinates. We remind that with respect to [106] we have also exchanged what we call

Y1, V4.

C.1.2 The operator O at bosonic order and its inverse

An important property of the coset representative (C.1) is that the R, operator defined
in (6.16) is independent of the angles 1, and ¢y:

Ry, (M) = Ry(M), g:(gac

0 s > 8. =E(Q8p(p), 8 =E()E:(r). (C.10)

We collect the formulas for the action of 1/(1 — nRy, o d)—where d is given in (7.42)—
on the projections M and Mygqa = MM + M©®) of an elment M of su(2,2[4). The
projections induced by the Z, grading are defined in (7.25).

The action on odd elements appears to be g-independent

1 1+nRod

—_— = M . A
s g Metd) =~ (Moaa) (€1

This action on M () factorizes into a sum of actions on M, and M, where M, is the upper
left 4 x 4 block of M), and M is the lower right 4 x 4 block of M (?). One can check that
the inverse operator is given by

1 5 +n'fl +1°hgy  mRzod+n*RgodoRgod
- (M)=(1 2 M,
1—-nRzo0 d( ) ( + (1 —can?)(1 — dgn?) 1 —cqn? ) ( a) ’

C.12

1 P f3 A0 fl +1°h3y  nRzod+n*RzodoRyod .
Torrea M= (1 e )L
L—nRzod (1 —csn?)(1 —dsn?) 1 —cem

(C.13)
Here
4p? 4p* sin’ 4r? 47 sin”
Ca = P 2 dg = — A ga Cs = — d 2 d5:7Ln§’ (C.14)
(1—n%) (1—n%) (1-1n%) (1—1n%)
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k k—
Seiea(Ma) = ((Rgod)* = ca(Rg o)) (M), (C.15)
s k k—
Jei-a(Ms) = ((Rgod)” = co(Rg o) ™) (M), (C16)
dq and ds appear in the identities
fl?+2,k = daflg,k72 ) f1§+2,k = dsfl?,k72 , k=4,5,..., (C.17)

and hg; and hi; appear in

hgg = f5a3 - daf??l ) ?,3 = f553 - d5f§1 . (C.18)

C.1.3 On the bosonic Lagrangian

In Section 6.2 we have computed the bosonic Lagrangian using the bosonic coset ele-
ment (C.1). It is also possible to compute the deformed Lagrangian by choosing the
coset representative (C.6). Accordingly, for the metric pieces we obtain

26 = _g(l I %2)%7045 { — G0at08t + G,,002;08%2; + Ggl)ziaazizjagzj +
—|—Gg2)(233az41 — 240023) (230824 — z485z3)} , (C.19)

8 = —%(1 + %) 2P [Gwamam + Gy 0ayiOsyi + G3yiOayiy; sy; +
+G§2)(y33ay4 — Y40aY3)(y308Y4 — y48ﬂy3)} . (C.20)
Here the coordinates z;, i = 1,...,4, and ¢ parametrize the deformed AdS space, while
the coordinates y;, i = 1,...,4, and the angle ¢ parametrize the deformed five-sphere.

The components of the deformed AdS metric in (C.19) are!

G — (1+22/4)2 o - (1—22/4)2
1= 22/4)2 — 52220 T (- 22A) 422222 4 22) €21)
2, .2 2 /4)2 2 :
(1 _ 2 3tz +(1—27/4) 2 _ 2 z
GCI =x GttGZZ (1 _ 22/4)2(1 + 22/4)2 I GCI =x GZZ (1 _ 22/4)4 .
For the sphere part the corresponding expressions read
YT (A 4 Py Ly + Ry (hE ) (C.22)
yi+ i — (1 +y?/4)° y? '

Ggl) = %2G¢¢ny Gg2) = %QG

(1—y?/4)% (1 +y2/4)’ Py

Obviously, in the limit s« — 0 the components Ggi) and Ggi) vanish, and one obtains the
metric of the AdS;xS®, c.f. fomulae (1.145) and (1.146) in [106]. Finally, for the Wess-
Zumino terms the results (up to total derivative terms which do not contribute to the

INote that the coordinates y; and z; are different from the ones appearing in the quartic Lagrangian (6.24)
because the nondiagonal components of the deformed metric do not vanish.
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action) are
(23 + 23)00210522
(1= 224+ 222(3 + 20)

(3 + y3)0ay105Y2
(T+92/0)% + 5292 (y3 + i)

LB = 2g5(1 + %2)% P
(C.23)
LB = —2g5(1 + %2)% P

To find the quartic Lagrangian used for computing the bosonic part of the four-
particle world-sheet scattering matrix, we first expand the Lagrangian (6.21) up to quar-
tic order in p, r and their derivatives

Lo = =5 (1430 (1P = 0atOat(1 + (1+ )% (1 + 520%) + BapDsp(L + (32 — 1)p?)

+ D11 0511 p? 08 ¢ + Dathagthap? sin? € + aagaﬁgﬂ] — 3e®B ptsin 2<aawlaﬁg) ,

2= 9145203 (199 [000050(1 — (14521 5%%)) + Dardgr(L+ (1 5))

+ 8a¢185¢1r2 cos® & + 8a¢283¢2r2 sin® € + 8a£85§r2} + 2e*Prt sin 25aa¢1855) .

(C.24)
Further, we make a shift
p—>p—%z2p3, r—>r+%2r3 (C.25)
so that the quartic action acquires the form
L = —%(H%?)%yaﬁ x (C.26)

[ — aat(%t(l + (14 °)p* + 321+ %2),04) + 8ap86p<1 —p - ";p4> +
(0% = 20") (Patr10311 c08* ¢ + BathaDatha sin? €+ DalsC )|

+g%(1 + %2)%60‘6,04 sin 2¢0,1105¢ ,

[N

L = —%(1 452 428 (C.27)
[3a¢3a¢<1 — 1+ + 20+ %2)1"4) + aar(?gT'(l +r? 4 %27"4) +

+ (7“2 + "727“4) (0a¢165¢1 cos® & + Dah20ppa sin® £ + aagaﬂg)]

fg%(l + %2)%EQBT4 sin 260, ¢1 05§ .

Changing the spherical coordinates to (z;,y;) and expanding the resulting action up to
the quartic order in z and y fields we get the quartic Lagrangian (6.24). Notice that
the shifts of p and r in (C.25) were chosen so that the deformed metric expanded up to
quadratic order in the fields would be diagonal.
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C.2 The psu(2|2),-invariant S-matrix

The S-matrix compatible with psu(2|2), symmetry [87] has been studied in detail in [90,
92, 93, 91]. In this Appendix we recall its explicit form following the same notation as
in [92].

Let E;; = Ef stand for the standard matrix unities, 7, j = 1,...,4. We introduce the
following definition

Epaj = (1) OWp, @ E;, (C.28)

where €(i) denotes the parity of the index, equal to 0 for i = 1,2 (bosons) and to 1 for
i = 3,4 (fermions). The matrices Fy;;; are convenient to write down invariants with
respect to the action of copies of su,(2) C psu,(2[2). If we introduce

q 1 1 q
A = Eun+ §E1122 + 5(2 — ¢*)B1221 + §E2112 + §E2211 + Ea900
1 q 1 1
Ao = -FEioo— 2B — —E “E
2 gEnze = 5B =5 Ean + 5 E2211,
_ q 1 2 1 q
A3 = FEs333 + §E3344 + 5(2 —q°)E3u43 + §E4334 + §E4433 + Eyaaa ,
1 q 1 1
Ai = -BEspus— 1By — —E E
4 g Bssa = 5Bz = 5 Eassa + 5 Faass
As = FEiss + Eriaa + Eooss + Eooua, (C.29)
A = Es311+ Es300 + Egai1 + Eya02,
1
A7 = Ei304 — qFE1423 — 5E2314 + Ea413,
1
As = FEsiuo —qEs014 — §E4132 + Eyo31,
Ay = Eiz31 + Eraar + Eosso + Fogao,
Ao = FEsiiz+ Esoo3 4+ Eai14 + Faoo4,

the S-matrix of the ¢g-deformed model is given by

10

Si2(p1,p2) = Z ak(p1, p2) Ak, (C.30)
k=1
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where the coefficients are

ay = ].,
227 (1 —ayaf) (=] —zF)
qry(1—zyay)(ay —a3)

+ —
U2V2 Ty — Ty

az = —q-+

a fr—
3 U, Vy Ty —x;
G = g2V af —xy  2UaVawy (af —2f)(1 —2yay)
UVizr — o3+ qUiiaf (e — o)1= o123)
0 — xf —af
VIUVi(ay —23)
UsVo(x7 — x5
0 = VAU L 2) (C.31)
Ty — Xy
o i G )G e )
2 JqUiVi(ay —x3)(1 — 2723 )12
o = 2i UpVozyay (2} —23)me
9 ¢>afaf (a7 —af)(ayay — 1)
(@ 2y
Qg = N
(7 —x3)m
_ UaVa(zy —z3)m
alp =

UVi(zy — 23 )y

Here the basic variables 2* parametrizing a fundamental representation of the centrally
extended superalgebra psu, (2(2) satisfy the following constraint [87]

L/ .1 _ 1y 1 1
)l o)) () o
where the parameter ¢ is related the coupling constant g as

i gle—ah) (C33)
2 \/1 — L (g—q )

The (squares of) central charges are given by

£E=

+ + .-
2 lal+ & V?qu%xii—’_g» (C.34)
qz; +§ T, @y +§

and the parameters ~; are

Vi = qi\/;g(mi — UiV, (C.35)

The g-deformed dispersion relation £ takes the form

2 2
2 )2 _ —E/2 1/2 _ ,—1/2
g ~1\2 q q 2 .. 2P q q
1—=—(qg—q — | —g'sin"z=|——77"-—| . C.36
( 4( )>< ql/q> g 2 (ql/q> (C.36)
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Finally, we point out that in the g-deformed dressing phase the variable u appears which
is given by
T3 +E+ ¢
=
The log of the g-deformed Gamma function admits an integral representation valid
in the strip —1 < Re(x) < k (with £ > 1) [90]

u(z) = 5 log (C.37)

) -1
log o (14 ) = A=)
0 Jt e—tr _ e(aszJrl)t _ Z‘(eit _ 1)(1 + e(2fk)t) + e(1flc)t -1
o5 @ =Di—e ) |

(C.38)
where ¢ = ¢'™/*. Seding k — oo one recovers the integral representation for the conven-
tional Gamma function.

Writing k = —img/v, keeping v and z fixed and sending ¢ — oo, we find that at
leading order

Lp2(14 gx)
T,

im/k

g( — 2z + 2z log(g) + z(log(—x) + 1og(x))) (C.39)

(1—gx)
2m wT wx
LD = 2y (=2 sl
+ g (- 2 -y ),
where 1(=2) (2) is given by
P2 (2) = / dtlogl (t) . (C.40)
0
A derivation of this formula may be found in Appendix C of [3]
C.3 Clifford algebra and psu(2, 2|4)
Our preferred basis of 4 x 4 gamma-matrices is
1
1
Yo = -1 ’
-1
—1 1
_ i _ i
"= i ) Y2 = — 5
—1 —1
1 -1
1 1
V3= 1 ) Y4 = 1
1 -1

(C.41)

2Here it was useful to exchange the definition of 1, y4 from the one of [106].
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Matrices for AdS; and S° in terms of the above gamma-matrices have been defined
in (7.5). When we need to write explicitly the matrix indices we use underlined Greek
letters for AdSs (¥im)a", and underlined Latin letters for S (‘ym);. Itis useful to consider
the matrices

10 0 0 0 -1 0 0 0 -1 0 0
01 0 0 1 0 0 0 1 0 0 0
*=loo -1 0o | E=lo oo =] 9o o o 1]
o0 0 -1 0O 0 1 O O 0 -1 0

(C.42)

that are defined with upper indices $2¢, K2 (%, Their inverse matrices are then de-
fined with lower indices. They transform the gamma matrices in the following way

Voo = Kym K1, (C.43)

= —CyC™Y, m=1,..,4, L= CryC Y

N . (C44)

Y= =YX, m=1,..4, Yo = XYoX .

The matrix K—and not C—is the charge conjugation matrix for our Clifford algebra.

We choose to follow the same notation of [106]. From the last equation one then has

5 = -%3,27Y m =0,...,4. For raising and lowering spinor indices we follow the
conventions of [171]

A =K\g, Ay =N Kg,, (C.45)

where K are the components of the matrix K, that plays the role of charge conjugation
matrix for the Clifford algebra. We also have

K K.5 =062, Kga KPY =67, X Aa = —XaA. (C.46)
The five-dimensional gamma matrices satisfy the symmetry properties

(K"t = =7 K4\,

(C47)

KWK = 74"l =t] =+1, t]=t]=—1.
Here (") denotes the antisymmetrised product of » gamma matrices and the coefficients
t) are the same for AdS and the sphere—we label them with 7 to distinguish them from
the coefficients of ten-dimensional Gamma matrices. For the rules concerning Hermitian
conjugation we find

T =473’ T = +m
ot 0. -0 ot . (C.48)
Ymn = TV Yma¥ Ymn = ~Ymn
With these ruels we find useful formulas to take the bar of some expressions

((Fm ® 1000)'(5° @ 14) = ~01 (5 @ 1), (C.49)

(14 @ 4m)00) (37 ® 14) = +61(14 @ 3im), '

Ymn ® 1 0 TVO®1 :_é Ymn @ 14),

((¥ 4)0r)" (¥ 1) (¥ 1) (C.50)

(14 ® Amn)01) (7° @ 14) = —07(14 @ Yiman),
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Thanks to (C.47) one can also show that given two Grassmann bi-spinors ¥aq, Xaa the
“Majorana-flip” relations are

% (W) ® ﬁ@) b= —£07 (ﬁm ® W)) Y. (C.51)

Knowing this, it is easy to prove

5 (<(r) o 2(s . stV = 4571 and 017 = +1

To conclude we also have
YDA = \Dv, DNy = X;D7 . (C.53)

up to a total derivative.

Before multiplying the generators by the fermions 6, the commutators between odd
and even elements with explicit spinor indices read as

- 7 a 0 B 1 b /a \ a
[QI%a Pm] = _§€IJ QJVa (X/m)gia [Qlia Pm} = 561J QJ : (PYm)Qia
I 1 e aa J 1 ab (2
[QIJ7Jmn] - _§6IJ QJU& (vmn)gi> [Qlia']mn] - _§§IJ QJ b ( mn)b )
(C.54)

The anti-commutator of two supercharges gives
(QU22,Q722) = (i KK (7P, - KoK Py

g (RO (57)3 K K3 25,0

(C.55)
where the indices m, n are raised with the metric 7,,,. For completeness we have written
also the term proportional to the identity, since the supermatrices are a realisation of
su(2,2[4). To obtain psu(2,2|4) one just needs to drop the term proportional to i1g in
the rh.s. of the anti-commutator. Similarly, the supertrace of the product of two odd
elements read as

Str[Qf2eQ’ ] = —2¢! 7 g fab (C.56)

Remembering that the spinor indices are raised and lowered with the matrix K, the last
equation can be written also as Str[Q’ %QJLb] = 275568, .
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C.4 Action of Ry, on bosonic elements

The coefficients A introduced in Eq. (7.46)—corresponding to the action of the operator
Ry, on bosonic generators—are explicitly

)\04 = )\40 =P >\23 = —)\32 = —PQ sin ¢, /\59 = _/\95 =T, )\78 = _)‘87 =7’ sin ¢,

(C.57)
AL =292 = A9 = A\ = /1 + p2, A= N7 =2\ =\ = /1 -2
A2 =223 = —pcos, AT = -\ =rcosé, (C.58)
A3t = A3t = —pV/1 + p?sing, AP = AP = /1 r2sing,
Aor = A2 = Mgz = Ay = =V 1+ p2, A = Afr = Ajs = A3 = V1 — 12,
Ay = —A33 = —pcos, A7 = —Afg = —7 cos&, (C.59)
A3y = —A3, = pV/1+p%sing, My = =2y =7V1—r2sing,
Mot = Az = Az = ATi = Agi = A3 = —p, A3 = —Af3 =sing, (C.60)
My =-Mi=-Xg=A=—VI+p2cos(, A= -Ag=(1+p")sin¢
A3 = A57 = A58 = —Ag = —A% = A% = T A7 = —Ags = sin&,
A7 = —Ags = —AR = Al = —V/1 —r2cos, A5 = Ak = (1 —7")sin¢
(C.61)
They satisfy the properties
A" = = D™ A ™ A = ™ 0 Ny AR = = el P A
(C.62)

that are used to simplify some terms in the Lagrangian.

C.5 The contribution {101} to the fermionic Lagrangian

In this Appendix we show how to write .Z(1¢1} in the form presented in (7.76). It is easy
to see that the insertion of Of) between two odd currents does not change the fact that

the expression is anti-symmetric in «, 8 and we have

9 o IK x IK IJ 0 KL
Loy = —5¢ ﬂ( olX + m(s )(Da 0.)'v°DE"0,. (C.63)
The above contribution contains terms quadratic in 96, a feature that does no match
with the generic type IIB action (2.21). These terms remain even when sending the
deformation parameter to 0. This is not a problem since these terms are of the form
€P 51K 9,0;050x, where sX is a generic tensor symmetric in the two indices. Although
not vanishing, they can be rewritten and traded for a total derivative e*#s'59,0;050 =
00 (e*Ps™01050 ), using €*$9,05 = 0. The unwanted terms then do not contribute to
the action. First we note that

_ 1_ ] _
(DL0,)1y" = 6" (aaeJ - 49Jw’23"~ymn) + %eIJeJe;”vm, (C.64)
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and using this we show that the contribution to the Lagrangian is

9 ap x IK\ g pJIpKL
Z = —=¢* - 0;D; " D5*~60
{101} = 9 < g1 1+ V1.2 ) JHa Mg L

1+, aﬂ( —”5“)917“9).
( I it R

The last term is the total derivative that we discard. The result is only naively quadratic
in D!7. To show it we divide the computation into three terms

(C.65)

P8, DENDL7 0, = WZy + WZs + WZs (C.66)

where the object s’¥ is introduced to keep the computation as general as possible. We
will only assume that it is symmetric in the indices /K. For each of the terms we then
get

Wz, = eaBsIKéLDf;KDéJHJ

1 _
= —ZGQBSJLGLQZL@E’YWI’Y“QJ,
WZo = L5150, (/DL (efvaby) + € ell,,DY0,) (C.67)
= 4icPsTK eI emay, DELG,,
1
WZg = _ 4 aﬁ IK LK I] em n9L7m’Yn9J7

where we used (7.40),(7.41) and the fact that the covariant derivative D on the vielbein
is zero

DY (efyml) = e*Pefy,, Dy’0. (C.68)
The final result for the deformed case is
Loy = —gﬁaﬁéLiem'Y (ULKDKJQJ S S ELKDKJW)
{ } 2 a Im 3 B . 1 n m 3 .

ey v, Dsbr+ = 1 aﬁGIO_IJem'}/m@B')’nGJ.
(C.69)

9 asg, < v x €1J>
2 7 IVt
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C.6 Total Lagrangian and field redefinitions

For convenience, in this appendix we write down explicitly the Lagrangian that is ob-
tained after the field redefinitions (7.81) and (7.85) have been done. The bosonic-dependent
rotation of the fermions (7.91) has not been implemented yet. The total Lagrangian can
be written as the sum of the contribution with the worldsheet metric v*# and the contri-
bution with €*#: LY 4+ £¢. The first of these results is

Ev%wm[ e e [ BTy

2

» L 1. ., 5~ 2
— gy*P <—3QXM 0 Gun ((%ff\f]) 05— §3aXM(3'ﬂXN5PGMN 0r f}j&])

+ g B (k7 + kqP)el, 0; [151‘]’7170%8%5
+ % ( %01 —(—1+ \/1—1-7%2 5t ]) /\mn’)’mn w}f’m
% (-1 =252 4 VIH52)07 = (=14 2V1452)017 ) N v,657,
+ %(%03 —(-1+ \/1'1‘7%2 [J Ap" Vi (wES'Yrs)
+ %(%03 +v1+ %261‘])’7176;3’%

+ g,y(xﬁ%ev em ku I{J n 9[
[2(\/ 1+ 526" 4 s01”) <’7u ('yn + Ap"’ypq) A”"qu'vn)

+e (VY = A1)

—1+ V14 22)17 — %ofa> (7u — ’ypq)\pq> ( + )\”'y,é>
+ 25¢% — 1+%2)6” #(1—2 1+%2)0{J> )\up'yp)\nr'yr>
%o —14+V1+x?)e ) LYy ( )\”'ym)
1
sot! 4+ (14 V1 + 22)e ) ( - 27pq)\ﬁq) An" Yy

+

_|_

(
(0
(ot
+ ( 0.
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The WZ contribution reads as

LE=— geo‘ﬁﬁ}aé']ie?’ymaﬁﬁJ

_9 eaﬁéjl ;51‘]’yn - 7%03‘1)\ P,

B B (knm — km")egfaﬁé)J

ge? <+8 XM 0 Buw (951) 05+ a XMo5X"N0p Burw 61 fIJ9J>

—%e“ﬂ§1_1+ L+ 70, XM (D) iy, 0.
»x

g aBp IJ % IJ\ ;. m np
fge 0r (03 +me )zea’ymwﬁ Ynpts

+ %eaﬂa} (%5” +V1+ %20{‘]) €o Ym€sYnbs

— e, — k)ed By | 16",

+ % ( sol! — (=14 \/1-1—7%2 5”) A" Y n WE Vs

- % ((—1 — 2% + \/1—1—7)51‘] —x(-1+ 2\/1—1—7)0{“’) A" Yn€B Yy

+ 20l — (1 VT ) M (W) 7)
+ %(%aé‘] 1+ %QEIJ)'ypeg'yT

- i (%03 -1+ m I‘]) A Y €Y | 0

- geo‘ﬁ%e};egf k™ 01

[2(\/ 1+ 526" + s0(”) <'ru <7n + A”q'ym) N qqu'rn)

+ GIJ (7u)\np'7p - )\up'yp’)/n)
i s
( —14+ V14 32)6" — ok ) (’yu — 27pq>\ﬁq) < + )\ 7TS>
+((1+2%2—\/1+%2)5” x(1—=2vV1+ 220 )A PYpAn %«>
+ (%0'3 -1+ V 14+ %2 IJ) )\up'y;) (771 Arg,)%s)

+(%a3 —1+ V14?2 U) <'yu—

i r
27pq>\£q> )\n Yr oJ

The function f(X) is defined in (7.87).
To implement the bosonic-dependent redefinition on the fermions (7.91), we find
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more efficient to use (7.101) and write its action on the gamma matrices v. We have
for example the rule

Okb" Y01 = Ok Ui\ 0" v U 01 = O b™ (A (1)) Uiy Uy 01 (C.72)

where we have inserted for convenience the identity U x)U(x) = 1. To give a couple of
examples, it means
91bmfym91 — Glbm(Al)mnfynﬂl

. " e C.73
020™ Y — 020™ (A2)m VnU(Q)U(1)91 ( )

The terms with derivatives on fermions become (here I is kept fixed)
01" Ym0p01 — 010" (A(1))m " 100p01 + 016 (A (1)) ¥ (U1 03U 1)) 0; - (C.74)

The second of these terms will contribute to the coupling to the spin connection and the
B-field.

To compute these quantities it is useful to know the action of the derivative on the
matrix Uy

o e (p(2sin¢dp+ pd(cos() do .
UndUfy = o311 B < 1 T st sin? ¢ Y3 + m’)’w )

C.75
b5 U — gars _r(2sinédr +rdfcos§) ,  dr ( )
(DZH() — U3y 1+ k2rtsin? ¢ T + K272 V59 )
and also the results for the multiplication of matrices Uy,
-~ 1 _ 2 3 . ~ _ 2 . ~ . ~
R
»x2p »2ptsin (C.76)

o117 (1y — #*r3sin€Ag) + ery2(r? sin € 47g + 7 950)

V1 + 32r2\/1 4 »2r4sin’ € .

As a comment, sometimes it is useful to use redefined coordinates p’, {’, ', ¢’ given by

OtnUtsy = 811+

sinh ¢’

. b
sin? p/

: !
1. . sinh &
r = tsinhr, siné = x———

sinh” r/

! . (C.77)

p=x tsinp, sin¢ = »

that help to simplify some expressions.

C.7 Standard kappa-symmetry

In this Appendix we compute explicitly the variation for bosonic and fermionic fields
in the deformed model. We show that using (7.122) their variation is not the standard
one (2.26). However, after implementing the field redefinitions of Section 7.4.3—needed
to set the terms with derivatives on fermions in the canonical form—they do become
standard. We actually prefer to impose the equation

O g 'oxg) =0, (C.78)
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coming from (7.122), where we also used ¢ = g~ '4,.g. The reason is that the computation
is then formally the same as the one done in Section 7.3 to derive the results needed to
compute the deformed Lagrangian. We just need to do the substitution 0, — —d,. Let
us express the result as a linear combination of generators P,, and Q'

Oil(gildfsg) = jgsz + Ql.jém[ + jgszmn . (C79)

The contributions of the generators J,,, will not be important for the discussion. The
coefficients j§", js,1 are the quantities that we need to compute explicitly to discover the
form of the action of the kappa-symmetry variation on the fields. Because p—standing
in the right hand side of (C.78)—belongs to the odd part of the algebra ¢ = Q!vy, it
means that we get the equations

Jir =0, Js.. 0 =Vr. (C.80)

We may expand the above equations in powers of §. We actually stop at leading order
in the expansion, meaning that we will compute

G5~ [# 4+ 0(0%)] 6. X + [#60 + O(6%)] 6,0,
Jout ~ [#+007)]0:0, ¢~ [#+0(0)] 5
where # stands for functions of the bosons, in such a way that upon solving the equa-
tions we get 0, X ~ #0k and 6,0 ~ #k.
Let us start computing j§". Because of the deformation, the term inside parenthesis
proportional to Q! contributes

(C.81)

1
G P, = —PP o T Ka XMem 4 on 807 + - )P,n_ngﬁgﬁ...}
= 6. XMeT k1 P,
15 ) : 1 mn

+ Z (%J?I)] 1 + \% 1 + %2)€I'J)Apn7n

50 KPTP 4

(C.82)
Imposing the equation j§* = 0 and solving for 6, X at leading order we get
1 1
55XM = D) 916Mp léI]ZV + ( %01 —-1+V1+ %2 51] (i’)’p + 2>\;nn7mn>
il (14 T, %]5 o4
(C.83)
The computation for js, ; gives simply
1
Qs =PV +P®)yo —— [Q15,0,+- ]
1-nRgod (C.84)

( (1+V1+32) 6" — m{J) Q76,01+
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When we compute the two projections of o as defined in (7.123) at leading order we can
set ¢ = 0. Then we just have

P(?) ° O—IAB — P(2) o O—l (egle + .. ) — eﬁmkmnPn,

- - (C.85)
P@ 5 O—lAﬁ = p@ 01! (egle 4. ) = epmk™™P,,,

where the second result can be obtained from the first one sending s — —s¢. Explicitly

1
Q(l) — i(vaﬁ _ eaﬁ)eﬁmkmn (Qan + Pan) Kol
(C.86)

. 1
9(3) = 5(7aﬁ + Eaﬁ)eﬁmknm (Q2Pn + PnQQ) Ka2,

A direct computation shows that

. . 1 . . 1
QIPm,+PmQI = 7§lema QIPm+PmQI = +§Q1Am' (C87)
We get
1 . min ~
Q(l) = Q1¢17 wl = 1(7(15 - eaﬁ) (_eﬁmkmn’Yn + Eﬂmk ’Yn) Ral,
. (C.88)
9(3) = Q2’(/}27 1#2 = Z(VQ’B + G(XB) (_eﬁmknnl’?n + eﬂmknm’?n) Ra2,

and to conclude we can solve the equation js_ ; = ¢ setting

501 ((1 + 1+ 22)607 + m{J) by. (C.89)

1
1Vt 2

Setting s« = 0 the formulas are simplified to

5 XM = 2 081Ny, 5,0, + -,

0x0r =9,
1 } A (C.90)
/(/)1 = Z(ﬁyaﬂ - GQB) (_eglp)lm + e’lan,.)/m) Ral,
1 . o
¢2 = Z(’yaﬂ + GQB) (_egl’Ym + eﬁ ’Ym) Ra2,

showing that the kappa-symmetry variation is then the standard one that we expect. The
results for the kappa-variations have to be modified according to the field redefinitions
needed to put the lagrangian in canonical form. When we rotate the fermions we get
that their variation is modified as

0r = Urs0; = 6501 — Urs0.05 4+ 0,Urs07, (C91)

and since we are considering 4,0 at leading order, in the following we will drop the term
containing 6,.Uy ;. We first redefine our fermions as

14+ V1 + 32

0, — 5”+%0U>9 .
! V2 ( 1+vite v )77

(C.92)
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and we get
8. XM = —% 0,eMP |57y Vo — (ot + (—1+ \/1-i-7%2 517y )\gmvmn
+i (el — (=1 4+ V14 32) )Ny, | 6.0 + - (C.93)
5.0; = 2 Y1
L+ V1452

When we shift the bosons as X — XM 1.0, fMg; their variation is modified to §,, X —

6 XM + 20, fM5,.05 + 076, fM6,;. Once again, since we are considering the variation at
leading order we drop the term with 4, f4. We use the definition of the function f
given in (7.87) and we conclude that, after the shift of the bosons, their variation is

_ 1 -
0 XM = 20, M50, — 5 6reMP [6”2‘ — (ol + (=1 + V14 22)617) Ag”m»y,,m

41 (%03 — (=14 V14 x2)e U A" Y,

005+ -+

= —% é[elﬂm (61J’)’7,L + %0’3J/\ ’Yn) 6 0J + -
(C.94)

The shift does not affect §,.0; at leading order. The final result is obtained by implement-
ing the bosonic-dependent rotation of the fermions (7.91)

7

JHXszg §IU(1) GIVIm ((511’7 +%0'3])\ 77;,) U(15 9J+
_ _% é]éIJgM"L’Ym(SKHJ 4o,
2 1 _ (C.95)
5[{9 — S eaﬂ U _g m/{rﬂNv +é mkmnA Ko, )
1 1+\/1+7%2<4(7 W) (—és Yo+ és Yn) Ka1
2 1 _
5u0s = | ———— (1 (+°% + ) U(a) (—Eamk™™ %,y + E5mk™ ™., Ha>
2 14+V1+ 2 (4(7 W) (—€s v B Yn) Ka2

The variation of the bosons already appears to be related to the one of the fermions in
the standard way. It has actually the same form as in the undeformed case, where one
just puts a tilde to get the deformed quantities. We can achieve the same also for the
variation of the fermions if we use the fact that for both expressions

2 = mnx 5 mn g ~m x ~m 2 ~
T e U (SeamE™ Yo+ ™ ) i = (=835, + T4 Fon
(C.96)
2 J ¢ nma é nm g ~m x ~m 2 ~
T 7 U (—Comk™ T+ Eamk™™4,) ez = (<85 T + 5 ) R
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where we have inserted the identity 1 = Uy, U () and defined

2

Foal = 4| ——U/n\Kag- C.97
TN T e (e (©97)

To summarise we have
5, XM = —% 0,60 EM ™y 505 4 -,
3x0r = 11,
o = 3(7045 —€*P) (=5 Fm + €5 Ym) Fat,

i 1 fey o ~m ~m 2 ~
¢2 = 1(7 b +e ﬂ) (76[—3 7m+e[3 7m) Ra2-

(C.98)

Also in the deformed case the kappa-symmetry variations can be written in the stan-
dard way. We can rewrite the kappa-symmetry variations in terms of 32-dimensional

fermions ©. To do it we need to introduce 32-dimensional spinors K that have the op-
posite chirality of ©

K= < ; > DF. (C.99)
The variations written above are then written as

5, XM — —% 0,01 7EMmD, 5,0, + -,
1 1J_afB IJ _aB\zm I (C]'OO)
(S,{GI = —1((5 Y — 03 € )65 PmKaJ

Ten-dimensional Gamma-matrices are defined in Appendix C.8. Let us now look at
the kappa-variation of the worldsheet metric, whose expression is given in (7.127). The

kappa-variation starts at first order in power of fermions. Then we have to compute
P 071 (AL) = PW o O (—Q" DE"0,) + PV o O (17 Pr) + O,
P® o0 1(A%) = PP o O (-QT D1 0;) + PO 0 Oy (e77P,,) + O(6%).

Let us start from the last line. We have

i 1
P® o Oy (—Q' D6 ;) = <2<1 +VI42)5" - §a) Q2D"9,

1
( (1+ V14 3?) 627 — %01 ) <i')/n — qu,),pq)

P& o O (27 Py) = ~7Q7 k"

+1 ((1 + V1 +22)e¥ + %ag‘]) APy

9.

(C.102)
For the first line we can use that (’)mv and 0?6‘)’ coincide on odd elements, while on even
elements their action is equivalent to sending » — —, and we can write

OB Q) =07 Q) O (Prm) =K Pr+ #T, (1
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where k7, = n"”'nmm/kn’?,. On the other hand, the action of (5(1) on even elements is
minus the one of Oy

These considerations need to be taken into account when computing the action of (51(2‘)’
on P,,. Then we find

P(l) II’IV( QIDBIJQ ) <;(1+,/1+%2)511 _ Zo,lll> QlDf_IJQJ

((1 +vV1+ %2)51J %O‘%J) (i'yn — )\pq’ypq>

m 4 m
(1) Oan( +,@Pm) _ +ZQ1 6+'Bknm

(1—}—\/1—}—%2 U—i—}fog )/\np'yp]&;.

(C.105)
When computing the commutators in (7.127), we should care only about the contribution
proportional to the identity operator, as the others yield a vanishing contribution after
we multiply by T and take the supertrace.

We write the result for the variation of the worldsheet metric, after the redefini-
tion (7.81) has been done

2i/2 i
(S,{’yaﬁ _ —(x (51‘]86 7§1Jw,3mn,ymn + 7( 1+ %261J + %0,31)J)em,@7m
1+ 1+ 22 < - 2 *

2 mBin . .
- §e+ﬂk (51‘] (zﬂyn — )\pq'ypq> +1 ( 1+ 22! + %oé‘]) )\np*yp>>

1 .
+ F':g— (52]82 - Z(sszémnPYMn + %(mGzJ + %UgJ)eTB'Ym

+ geTﬁkmﬂ (52J ( Y — )\pq7pq> +i ( 14 26 + %0’§J) A"p7p> v

2 n
(C.106)
Here we have written the result in terms of & = xT4°. We do not need to take into account
the shift of the bosonic fields (7.85), since it matters at higher orders in fermions. To take
into account the last fermionic field redefinition and write the final form of the variation
of the worldsheet metric, we divide the result into “diagonal”and “off-diagonal”, where
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this is meant in the labels I, J for the fermions

057" |diag = 2i [Rﬁ (fﬁ +U1yd U

1 mn n
1 ( (M@)o (M) Yoy — 77k NI (A g Ve (A(1)) ’Yp q)

’

i m m n n’ /
e () Yo =K (B e 20" (A 7)) )91
I:$37 <3ﬂ + U(g)aé U(Q)

1 A A "B AP (A A
- 1( "(A@)m' (M) A + 52€” (M) (A)y ’Ypqu)

a %eTﬂ ((A(Q))”T/Vm’ = km ((A(Q)) Y — #A p(A(z)) )) )921,
(C.107)

557 oft.diag = —V/1 + 322

E?+U(1)U(2)€+ ((A(z)) Yo = K" m An” (M), 71”) 02

— kU Upye™” ((A(1>)T?’7mf + sk Anp(/\u))pp/%/) oul-

(C.108)
Looking at the diagonal contribution, we find that the expressions containing rank-1
gamma matrices actually vanish, as they should. The rest yields exactly the couplings
that we expect to spin-connection and H®)

a 1 g Upse
K’Yaﬁ|diag =2 [R1+ <85- - wa- Ymn + §e+ﬁHmnp7 p> 0,
(C.109)
e ~ 1 e n
+Ra (a/H 4 Emn"ymn - ge—nﬁH np”Y p) 92‘| .

When we consider the off-diagonal contribution we find that it gives the correct cou-
plings to the R-R fields

. 1 = n 1 1 npqrs g
55'}/0‘B|off—diag =2 <_8€Lp> |"ﬁ+ ('7 F,Sl) + 3|'7 FT(L:;L + 250 5 a7 Pa éiérs) eTﬂ’Ym 02

= I 1 npq 5 1 s 10 m,
+R5_ (—7"F7§” + VG~ Féiérs) ey 01

(C.110)
where the components of the R-R fields are given in (7.112)-(7.113)-(7.114). Putting to-
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gether these results we find a standard kappa-variation also for the worldsheet metric

5,7 = 2i | Ry, DIV 0, + Ry D7, (€111)

=2 117 ' TI/K B8 &1 DEEY, .

where we defined
51.] aa’ IJ oo’
=27 ;"3 <. (C.112)

The rewriting in terms of 32-dimensional spinors is straightforward.

HIJ aa’

C.8 Ten-dimensional I'-matrices

We use the 4 x 4 gamma matrices ¥, ¥ to define the 32 x 32 gamma matrices
Fm:0—1®’?m®147 m:O,"~,4, Fm:0—2®14®’3/m7 m=235,---,9, (C113)

that satisfy {I',,,T'n} = 29, and also gives I';; = Iy---T'g = 03 ® 14 ® 14. Anti-
symmetrised products of gamma-matrices are defined as 'y, ..., = 5[, =+ Iy, ). The
charge conjugation matrix is defined asC = i0y ® K ® K, and C 2 = —145. In the chosen
representation, the Gamma matrices satisfy the symmetry properties

Tyt = ¢ er™),

C.114
e T, oo A=g—og Y
Under Hermitian conjugation we find
(r) _
0/(r)\T 0 _ +I' y 7‘—172m0d4,
mre)T { T r=0,3mod 4. (C115)

The 2 x 2 space that sits at the beginning is the space of positive/negative chirality.

Given two 4-component spinors v, 1) with AdS and sphere spinor indices respectively, a
32-component spinor is constructed as

\1:+:<(1))®z/3®1ﬁ, \IL:(?)@«L@&, (C.116)

for the case of positive and negative chirality respectively. In the main text we use 16-
components fermions with two spinor indices 6,4, and we construct a 32-component
Majorana fermion with positive chirality as

9:(5)@9, 0=0"C=(0,1)®0. (C.117)

It is also useful to define 16 x 16-matrices ,, (that we continue to call gamma-matrices,
even if they don’t satisfy a Clifford algebra) as in (7.15) that satisfy

_ _ 45 Y :ﬁm®147 m:o’...47
011,02 = 017,,00 = { 1y ® i, m=5 9. (C.118)
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The above formulae explain the reason for the factor of 4 in the definition of ~,,, for the
sphere. In the same way we can explain why there is a + sign and not — in the definition
of v, for the sphere, computing®

_ _ Ymn = Ymn ® 14, m,n=20,---4,
@1Fprmn@2 = 017P7mn02 = Ymn = 14 ® ’S’mna m,n = 5, e 9a
’Ymn :_rﬁ/m@Z’?n’ m:0’4,n:5,9
(C.119)
Similarly, for rank-3 Gamma matrices we would obtain
PYmnp :’?mnp®14, mjn’p:()’...g_t’
_ _ 7 TYmnp = 14 ® “Yrmnp, m,n,p=>5,---9,
O100pO2 = 91’7mnp92 = YVomp = %;}/mn ® Hp, M =0, -4, p=5---9,
Ymnp :§WP®’A}/mm p=0,---4, mn=2>5,---9.
(C.120)

3When we consider even rank I'-matrices, we need to insert also an odd rank I'-matrix in order not to get 0
when ©1 > have the same chirality.



Summary

In this thesis we discuss certain models that arise in string theory, motivated by the
AdS/CFT correspondence. For these models there exists a notion of “quantum Integra-
bility”. Although this term is very broad, for us it will be used in the sense of factorisation
of scattering for models in 14-1 dimensions. In particular, a process involving IV incoming
particles will always produce N outgoing particles—particle production and annihila-
tion are not allowed—and the set of momenta will be just reshuffled after scattering.
Moreover, an N — N process will be factorised and rewritten as a sequence of simpler
2 — 2 processes. The consistency condition for this factorisation is called the Yang-Baxter
equation.

In the first part of the thesis we study strings on the background AdS;xS*xT?,
whose dual conformal field theory is two-dimensional, in the presence of pure Ramond-
Ramond fluxes. We first write down the action of the string on this background, and fix
“light-cone gauge”. We show that upon fixing this gauge the Lie superalgebra psu(1, 1|2)?
of isometries is broken down to a centrally extended superalgebra that we call A, of
which we provide the (anti-)commutation relations.

The central charges C,C € A vanish on physical states, and they play a major role
in our derivation of the worldsheet scattering elements. We show how to compute the
exact dependence of the eigenvalues of of C,C on the worldsheet momentum. This
knowledge, together with arguments from representation theory, enables us to deter-
mine also the exact eigenvalue of the light-cone Hamiltonian H. We write the action of
the (super)charges for small values of the worldsheet momentum, and then generalise
this result to all loops by requiring that the central charges previously determined are
correctly reproduced.

The action of the (super)charges on two-particle states is also constructed, and we
show that for odd generators we have to use a non-local co-product. By imposing com-
patibility with such (super)charges we constrain the form of the two-body S-matrix,
which governs the scattering of two excitations on the worldsheet. We show that our
model contains both massive and massless excitations, and we include all of them in
our description of the worldsheet scattering. Compatibility with symmetries, unitarity
and a discrete Left-Right symmetry allows us to fix the S-matrix completely up to four
independent scalar factors—each of them multiplying a different block of the S-matrix.
These factors are functions of the momenta and of the string tension, and they are further
constrained by crossing symmetry.

Our S-matrix satisfies the Yang-Baxter equation, which makes it compatible with
quantum Integrability in the sense of factorised scattering. The S-matrix is used to derive
the Bethe-Yang equations, by demanding periodicity of the wave-function. This set of
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equations can in principle be solved to compute the energy of a string on the background
AdS;xS3xT*, where the wrapping corrections—exponentially small in the length of the
string—are discarded.

We also concentrate on the massive sector of the theory. We show that the same
S-matrix can be derived also from a spin-chain invariant under psu(1,1|2)?, which we
construct. The massive sector contains two of the scalar factors of the S-matrix that are
not fixed by symmetries, and we propose a solution for them by solving the correspond-
ing crossing equations. We also consider a particular limit of the Bethe-Yang equations to
obtain the finite-gap equations, which encode the spectrum at the semiclassical level. We
also refer to perturbative tests of other authors that confirm the validity of our S-matrix.

In the second part of the thesis we study a particular deformation of the string on
AdSs xS°®, which is usually referred to as 7-deformation. This realises a ¢-deformation
of the symmetry algebra psu(2,2|4) of the undeformed model. We start by considering
the bosonic model by setting fermions to zero, and we discover that the deformation
procedure leads to a deformed background metric and a B-field. We impose light-cone
gauge and truncate the light-cone Hamiltonian at quartic order in the bosonic fields. We
use this object to compute the tree-level scattering processes between two bosonic excita-
tions of the deformed model on the worldsheet. These scattering elements are collected
in the so-called T-matrix, which we compare with the large-tension expansion of the all-
loop S-matrix that is invariant under the ¢g-deformed symmetries. This calculation gives
a positive match, and we relate the deformation parameter 7—which enters the action of
the deformed o-model—to the deformation parameter ¢—which enters the g-deformed
commutation relations.

To address the question of whether the background metric and B-field of the de-
formed model can be completed to a full supergravity background, we compute the
action of the n-deformed AdS;xS® at quadratic order in fermions. This calculation re-
quires the inversion of a linear operator acting on psu(2,2|4) that is used to define the
n-deformation, and we develop the technical steps to obtain this result. We show that
the Lagrangian that one obtains is not of the standard form of Green-Schwarz. How-
ever, we are able to cast it in the standard form by implementing field redefinitions of
the bosonic and fermionic fields. From this result we extract the components of the odd-
rank tensors that should be interpreted as field strengths of the Ramond-Ramond fields.
We also compute the kappa-symmetry variations of bosons and fermions, which indeed
become standard after implementing the above field redefinitions. The computation of
the kappa-symmetry variation of the worldsheet metric is an independent way to derive
the couplings to the background fields, and we check that the result obtained from the
Lagrangian is also confirmed by this method.

The background fields that we have derived are not compatible with the Bianchi iden-
tities and the equations of motion of type IIB supergravity. At this point two scenarios
are possible: the first one is that the n-deformed model is just not a type IIB super-
string theory; the second one is that there exist further redefinitions of the bosonic and
fermionic fields, such that the form of the action as well as the couplings to metric and
B-field remain invariant, while the couplings to the Ramond-Ramond fields are modi-
fied in such a way that the new answer is compatible with the equations of motion of IIB
supergravity. We elaborate on this possibility, and we note that our result reproduces a
genuine type IIB background—known as Maldacena-Russo—when a special limit of the
deformed action is taken.
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Samenvatting

In dit proefschrift behandelen we bepaalde modellen die voortkomen uit snaartheorie,
gemotiveerd door de AdS/CFT correspondentie. Voor deze modellen is er een notie van
“kwantum integreerbaarheid”. Alhoewel deze term zeer breed is gebruiken wij het in
de zin van het factoriseren van verstrooiing (“factorisation of scattering”) voor modellen in
1 + 1 dimensie. In het bijzonder zijn er in de modellen die we bekijken bij botsingspro-
cessen met N inkomende deeltjes altijd ook IV uitgaande deeltjes—de productie of an-
nihilatie van deeltjes is niet toegestaan—en wordt de verzameling van impulsen slechts
herschikt tijdens de verstrooiing. Bovendien wordt zo'n N — N proces gefactoriseerd
tot een reeks van eenvoudigere 2 — 2 processen. De voorwaarde die de consistentie van
deze factorisatie garandeert is de Yang-Baxter vergelijking voor de verstrooingsmatrix (S-
matrix).

In het eerste deel van dit proefschrift bestuderen we snaren die bewegen in de achter-
grond AdSs xS3xT*, waarvan de duale conforme veldentheorie tweedimensionaal is, in
de aanwezigheid van pure Ramond-Ramond fluxen. Eerst geven we de actie van de
snaar op deze achtergrond, en leggen we de lichtkegel-ijk op. We laten zien dat dit laat-
ste de superalgebra psu(1,1|2)? van isometrieén breekt tot een centraal uitgebreide Lie
superalgebra, die we .4 noemen, en waarvan we de (anti)commutatierelaties geven.

De centrale ladingen C, C € A zijn gelijk aan nul wanneer ze worden toegepast op
fysische toestanden, en spelen een belangrijke rol in onze afleiding van de elementen van
de verstrooiingsmatrix voor het wereldvlak. We laten zien hoe men exact kan berekenen
op welke manier de eigenwaarden van C en C athangen van de wereldvlak-impuls. In
combinatie met voorstellingstheorie stelt dit ons in staat de exacte eigenwaarde van de
lichtkegel-Hamiltoniaan H te bepalen. We geven de werking van de (super)ladingen
voor kleine waarden van de wereldvlak-impuls, en veralgemeniseren dit resultaat ver-
volgens tot alle lussen in storingsrekening door te eisen dat de eerder vastgestelde cen-
trale ladingen correct worden gereproduceerd.

De werking van de (super)ladingen op toestanden bestaande uit twee deeltjes wordt
ook geconstrueerd, en we laten zien dat voor oneven voortbrengers een niet-locaal co-
product moet worden gebruikt. Door compatibiliteit met zulke (super)ladingen op te
leggen beperken we de mogelijke vorm van de twee-deeltjes S-matrix, die de verstrooi-
ing beheerst van twee aangeslagen toestanden op het wereldvlak. We laten zien dat er
in ons model zowel massieve als massaloze aangeslagen toestanden zijn, en we nemen
al deze toestanden mee in onze beschrijving van de botsingsprocessen in het wereld-
vlak. Compatibiliteit met symmetrieén, unitariteit en een discrete “Links-Rechts” sym-
metrie stellen ons in staat de S-matrix volledig te bepalen op vier onafhankelijke scalaire
factoren na, die elk een ander blok van de S-matrix vermenigvuldigen. Deze factoren
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zijn functies van de impulsen en van de snaarspanning, en worden beperkt door kruis-
ingsymmetrie.

Onze S-matrix voldoet aan de Yang-Baxter vergelijking, wat deze compatibel maakt
met kwantum-integreerbaarheid in de zin van gefactoriseerde verstrooiing. De S-matrix
wordt gebruikt om de Bethe-Yang vergelijkingen af te leiden middels de eis dat de golf-
functie periodiek is. Deze vergelijkingen kunnen in principe opgelost worden om zo de
energie te vinden van een snaar in de achtergrond AdS; xS?x T, waarbij de wikkelings-
correcties—die exponentieel afnemen met toenemende snaarlengte—worden weggelaten.

We beschouwen ook de massieve sector van de theorie nader. We laten zien dat
dezelfde S-matrix ook kan worden afgeleid van een spinketen die invariant is onder
psu(1,1]2)?, en construeren deze spinketen. De massieve sector bevat twee van de scalaire
factoren van de S-matrix die niet door de symmetrieén zijn vastgelegd, en we doen een
voorstel voor hun oplossing door de bijpbehorende kruisingsvergelijkingen op te lossen.
Daarnaast bekijken we een bepaalde limiet van de Bethe-Yang vergelijkingen om de
eindige-kloof (“finite gap”) vergelijkingen te verkrijgen, die de informatie bevatten van
het spectrum op het semi-klassieke niveau. We verwijzen ook naar andere auteurs die
onze S-matrix hebben bevestigd met behulp van storingsrekening.

In het tweede deel van dit proefschrift bestuderen we een bepaalde vervorming (“de-
formation”) van de snaar op AdS;xS®, die meestal de n-vervorming wordt genoemd.
Dit geeft een g-vervorming van de symmetrie-algebra psu(2,2|4) die bij het onvervor-
mde model hoort. Om te beginnen bestuderen we het bosonische model door de fermio-
nen gelijk te stellen aan nul, en we ontdekken dat het vervormingsproces leidt tot een
een vervormde achtergrondsmetriek en een B-veld. We leggen de lichtkegel-ijk op en
bepalen de lichtkegel-Hamiltoniaan tot op vierde graad in de bosonische velden. We
gebruiken dit object om verstrooiingsprocessen van bosonische aangeslagen toestanden
van het vervormde model op het wereldvlak te bepalen tot op boom-niveau. Deze ho-
eveelheden zijn bevat in de zogeheten T-matrix, die we vergelijken met de ontwikkeling
voor grote snaarspanning van de alle-lus S-matrix die invariant is onder de g-vervormde
symmetrieén. Deze berekening bevestigt onze resultaten, en we vinden het verband
tussen de vervormingsparameter n—die voorkomt in de actie van het vervomde o-
model—en de vervormingsparameter ¢—die voorkomt in de g-vervormde commutatie-
relaties.

Om de vraag te beantwoorden of de achtergrondmetriek en B-veld van het vervor-
mde model kan worden aangevuld tot een volledige achtergrond in superzwaartekracht,
berekenen we de actie van de n-vervormde AdS; xS® tot op tweede graad in de fermio-
nen. Deze berekening vereist het inverteren van een lineaire operator op psu(2,2|4) die
wordt gebruikt om de 7-vervorming te definiéren, en we ontwikkelen de technieken die
hiervoor nodig zijn.

We laten zien dat de Lagrangiaan die men zo verkrijgt niet van de gebruikelijke
Green-Schwarz vorm is. Desalniettemin kunnen we deze Lagrangiaan in de standaard-
vorm brengen door de bosonische en fermionische velden te herdefiniéren. Uit dit re-
sultaat kunnen we de componenten vinden van de tensoren van oneven rang, welke
zouden moeten worden geinterpreteerd als de veldsterktes van de Ramond-Ramond
velden. We berekenen ook wat de kappa-symmetrievariaties zijn van de bosonische
en fermionische velden, die inderdaad de normale variaties worden na de hiervoorge-
noemde herdefinities van de velden. Deze berekening van de kappa-symmetrievariatie
van de wereldvlakmetriek is een onafhankelijke manier om de koppelingen met de
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achtergrondvelden af te leiden, en we controleren dat dit de resultaten bevestigt die
we hebben verkregen met behulp van de Lagrangiaan.

De achtergrondvelden die we hebben afgeleid zijn niet compatibel met de Bianchi-
identiteiten en de bewegingsvergelijkingen van type-IIB superzwaartekracht. Nu zijn
er twee scenario’s mogelijk: ofwel het n-vervormde model is eenvoudigweg geen type-
IIB supersnaartheorie, ofwel er zijn verdere herdefinities mogelijk van de bosonische en
fermionische velden zodanig dat de vorm van de actie en de koppeling met de Ramond-
Ramond velden op zo'n manier veranderd worden dat het nieuwe resultaat wel com-
patibel is met de bewegingsvergelijkingen van IIB superzwaartekracht.

We gaan verder in op de tweede mogelijkheid, en merken op dat ons resultaat een
echte type-IIB achtergrond—die bekend staat als Maldacena-Russo—voortbrengt in een
speciale limiet van de vervormde actie.
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