Spiky strings and the AdS/CFT
correspondence

MANUEL LoSI

Dissertation submitted for the Degree of
Doctor of Philosophy

at the University of Cambridge

Department of Applied Mathematics and Theoretical Physics

Gonwville & Caius College

Unwersity of Cambridge, UK

November 2010



11



Acknowledgments

First of all, I am deeply grateful to my supervisor, Nicholas Dorey, for his advice
and guidance throughout my PhD. His insight and constant support have proved
invaluable in these years of research.

I would also like to thank the whole community of the Department of Applied
Mathematics and Theoretical Physics for providing such a friendly, active and
stimulating working environment.

[ am also grateful to Gonville and Caius College and to the Department of
Applied Mathematics and Theoretical Physics for funding my conference trips.

This work was partly supported by the Isaac Newton Trust European Research
Studentship (jointly funded by the Cambridge European Trust and the Isaac
Newton Trust).

Last but not least, I would like to express my deepest gratitude to my parents
and my sister, for constantly encouraging and supporting me, both morally and
financially, throughout my studies. I would not have made it to this point without
them.

111



v



Declaration

This dissertation is the result of my own work and includes nothing which is the
outcome of work done in collaboration except where specifically indicated in the
text. The research described in this dissertation was carried out in the Depart-
ment of Applied Mathematics and Theoretical Physics, Cambridge University,
between September 2006 and August 2010. Except where reference is made to
the work of others, all the results are original and based on the following works

of mine:

1. “Spiky Strings and Spin Chains”
N. Dorey and M. Losi
published in Int. J. Mod. Phys. A25:4641-4690, 2010, with the title “Spiky
Strings and Gauge Theory Partons”, ArXiv:0812.1704
2. “Giant Holes”
N. Dorey and M. Losi

J. Phys. A43 (2010) 285402, ArXiv:1001.4750

3. “Spiky Strings and Giant Holes”
N. Dorey and M. Losi

published in JHEP 12 (2010) 014, ArXiv:1008.5096

These papers are referred to as [1], [2] and [3] respectively in the bibliography.
Chapter 4 is mostly based on [3], while chapter 5 is mostly based on [1] and [2].
Section 5.3 and chapter 6 are instead based on as yet unpublished material, which
is also the result of work in collaboration with N. Dorey.

None of the original works contained in this dissertation has been submitted

by me for any other degree, diploma or similar qualification.



vi

Manuel Losi
Cambridge, UK
29th November 2010



Abstract

In this dissertation, we explore some aspects of semiclassical type IIB string
theory on AdS3 x S* and on pure AdSs in the limit of large angular momentum
S.

We first focus on the integrability technique known as finite-gap formalism
for strings in AdSs; x S!, leading to the definition of a hyperelliptic Riemann
surface, the spectral curve, which encodes, albeit in a rather implicit fashion,
the semiclassical spectrum of a very large family of string solutions. Then, we
show that, in the large angular momentum limit, the spectral curve separates
into two distinct surfaces, allowing the derivation of an explicit expression for
the spectrum, which is correspondingly characterised by two separate branches.
The latter may be interpreted in terms of two kinds of spikes appearing on the
strings: “large” spikes, yielding an infinite contribution to the energy and angular
momentum of the string, and “small” spikes, representing finite excitations over
the background of the “large” spikes.

According to the AdS/CFT correspondence, strings moving in AdSs; x S*
should be dual to single trace operators in the s[(2) sector of N' = 4 super Yang-
Mills theory. The corresponding one-loop spectrum in perturbation theory may
also be computed through integrability methods and, in the large conformal spin
limit S — oo (equivalent to the AdS; angular momentum in string theory) is
also expressed in terms of a spectral curve and characterised in terms of the
so-called holes. We show that, with the appropriate identifications and with
the usual extrapolation from weak to strong 't Hooft coupling described by the
cusp anomalous dimension, the large-S spectra of gauge theory and of string
theory coincide. Furthermore, we explain how “small” and “large” holes may be
identified with “small” and “large” spikes.

Finally, we discuss several explicit spiky string solutions in AdS3 which, at
the leading semiclassical order, display the previously studied finite-gap spectrum.
We compute the spectral curves of these strings in the large S limit, finding that
they correspond to specific regions of the moduli space of the finite-gap curves.
We also explain how “large” spikes may be used in order to extract a discrete

system of degrees of freedom from string theory, which can then be matched with
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the degrees of freedom of the dual gauge theory operators, and how “small” spikes

are in fact very similar to the Giant Magnons living in R x S2.
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Chapter 1

Introduction and literature

review

1.1 The AdS/CFT correspondence

String theory was originally devised as a model of strong interactions, describing
the forces arising between quarks in terms of strings connecting them. After
QCD proved to be much more successful at this task, interest in string theory
declined until it was identified as a promising canditate for a unified field theory,
providing a quantum model of all fundamental interactions, including gravity.
While the progress made in this area is still insufficient to yield a conclusive
answer, another aspect of string theory has been receiving increasing attention
during the last decade: the gauge-string duality.

The first observation leading in this direction is due to 't Hooft [4], who, in an
attempt to solve QCD, and, more generally, any U(N) Yang-Mills theory, pro-
posed to consider the rank N of the gauge group as a free parameter, together
with the coupling gy ;. He then showed that, as N — oo, while the 't Hooft
coupling A = ¢g2,,N is kept fixed, the Feynman diagrams appearing in the per-
turbative expansion of any U(N) gauge theory are multiplied by a power of N
which is determined uniquely by the genus of the surface they span. It is then
possible to rewrite the expansion as a sum over the genus: for instance, in the

case of the free energy, we have

F=) N7 ¢\ (1.1)
g=0 =0
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This kind of expression is very similar to the sum over worldsheet topologies
representing the string theory perturbative expansion.

Building on these considerations and on Witten’s [5] and Klebanov’s [6] results
concerning stacks of coincident D-branes, Maldacena [7] conjectured the now well-
known AdS/CFT correspondence! . The statement, in its strongest form, is that
N = 4 super Yang-Mills theory on R x S? with gauge group SU(N) is equivalent
to type IIB superstring theory on AdSs x S°, provided we identify the parameters

of the two models as follows:

2

Amgs = gy = % : % =V, (1.2)
where g, is the string coupling, o’ = 2 is the square of the fundamental string
length and R is the common radius of AdSs and S°. Both theories share the same
global symmetry group PSU(2,2|4), with bosonic subgroup SO(2,4) x SO(6).
Super Yang-Mills theory is invariant under the conformal group SO(4,2) ~
SU(2,2), which is also the isometry group of AdSs, and under rotations of its six
scalar fields, represented by SO(6) ~ SU(4), which is the isometry group of S°.
The Cartan subalgebra of this group yields six conserved charges: three integer
angular momenta Ji, Jy, J3 from SO(6) plus two half-integer angular momenta
S1, Se and one last charge from SO(2,4), which is interpreted as either the energy
E in string theory or as the scaling dimension A in gauge theory. The equivalence
of the models then implies the equivalence of the spectra, which is formulated in
terms of the so-called “dictionary” of the correspondence: each gauge theory op-
erator with a set of charges (A, Sy, Sa, Ji, Jo, J3) is associated with a string state
carrying the same charges (E,S1,Ss, Ji1, J2, J3). In other words, the spectrum
of scaling dimensions must coincide with the spectrum of string energies, for all

values of A and V:
A(Aa N7 Sla527 Jla J27 J3) = E()‘7N7 Sla527 J17 J27 J3) (13)

Due to the fact that gauge theory is defined on R x S3, which is the boundary of
AdS5, this equivalence has been interpreted as a manifestation of the holographic
principle [9], according to which all the information related to a given volume of

space can be represented on its boundary.

For a recent review of the subject, see [8], which we will loosely follow throughout this

introductory chapter.



A very interesting feature of the correspondence is the fact that, due to the
relationship between the parameters, Yang-Mills theory is in the perturbative
regime for A\ < 1, while in the case of string theory this happens for A > 1. Hence,
if it was possible to show that the conjecture is true, it could then be exploited in
order to turn highly non-perturbative calculations in one of the models into simple
perturbative computations in the other. Ideally, the next step would be to apply
this reasoning to QCD, studying its strong-coupling behaviour by identifying its
string dual and then considering its perturbative regime.

However, there is presently no proposed dual for QCD and, even in the
AdS/CFT case, the two spectra are very hard to determine for generic N and A
and thus so far most efforts have been focusing on proving the weaker version of
the correspondence, which states that the equivalence should hold in the 't Hooft
limit, N — oo with A fixed. As it is already apparent from the previous expression
for the free energy, when the rank of the gauge group becomes large, the planar
diagrams dominate over the higher-genus contributions, while the identification
of the parameters of the two theories immediately tells us that the string coupling
gs vanishes. Therefore, planar N' = 4 super Yang-Mills theory on R x S? should
be dual to free type IIB string theory on AdSs x S°.

Even with these simplifications in place, the strong/weak nature of the cor-
respondence makes it hard to test, since both spectra are only accessible in the
perturbative regime and there is no region of parameter space in which this regime
applies to both theories at the same time.

In order to circumvent this difficulty, the early tests of the correspondence

focused on the so-called chiral primary operators:
Tr Z7 Tr Y72 Tr X7 (1.4)

where 7)Y, X are complex linear combinations of the scalar fields in super Yang-
Mills theory, each of which carries one unit of R-charge J;, J> and J; respectively.
Such operators are BPS and thus their scaling dimensions are protected by super-
symmetry and receive no quantum corrections, so that they are independent of
the coupling \. It is then possible to compare them directly to classical string en-
ergies in the A > 1 limit, showing that their dual string states are point-particles
rotating along a great circle of the S°, with angular momentum .J;, J, and J3

respectively.



Subsequently, Berenstein, Maldacena and Nastase [10] proposed to study op-
erators with a very large R-charge J = J;. The main idea was that, in the limit
J — o0, the perturbative expansion of gauge theory should turn into a power

series in \' = \/J? with corrections scaling as higher powers of 1/.J:

AN) = Ao+ AAL+NA, ...

— Ay + N [A§°)+O (%)] A2 [A§°)+O G)] 4.

as J — 00 (1.5)

this kind of behaviour is known as BMN scaling. Provided )\’ is sufficiently small,
such an expression is still well-behaved even at strong coupling A > 1 and can
then be compared to perturbative string energies. In particular, these authors
considered the semiclassical quantisation of a point-like string orbiting along the
equator of S% with large angular momentum .J, which is the dual of the chiral
primary Tr(Z”7) (the so-called BMN vacuum). In the large curvature limit A > 1
string theory can be treated semiclassically and, for J — oo, i.e. when the particle
approaches the speed of light, the target space metric reduces to the plane-wave
background. The exact quantum spectrum of this system is described in terms of
eight free bosons and eight free fermions and had already been computed in [11].
The result can then be Taylor expanded in X' and is O(J°) in the limit J — oo,
and thus it can be compared to the super Yang-Mills spectrum at any loop order
and at leading order in J.

The spectrum was then reproduced on the gauge side by evaluating a subset
of the relevant Feynman diagrams (the others can be neglected for very large J)

at one loop, exploiting the BMN scaling.

1.2 The emergence of integrability

The discovery of integrability on both sides of the correspondence initiated a
period of rapid progress which allowed to go far beyond these early tests and
towards the exact determination of the common spectrum of the two models.
Bena, Polchinski and Roiban [12] proved that the Metsaev-Tseytlin sigma model
[13], which describes type IIB string theory on AdSs x S°, is classically integrable
by identifying an infinite tower of conserved charges. Meanwhile, Minahan and

Zarembo [14] showed that the 1-loop dilatation operator (which determines the

4



1-loop contribution to the scaling dimension) in the so(6) sector, consisting of
operators of the type Tr (ZZZZXYZZXZ ...Z), is equivalent to the hamilto-
nian of an integrable s0(6) spin chain, where each elementary field inside the
trace defines one site of the lattice and the orientation of the corresponding spin
is determined by the type of field (i.e. X, Y or Z).

The su(2) subsector of this model, only containing operators with two differ-
ent elementary fields inside the trace (e.g. Z and Y), reduces to the Heisenberg
XXX/, ferromagnet, which can be diagonalised through the well-known tech-
nique of the Bethe ansatz [15]. The method can be extended and applied to a
much wider class of models (see [16] for a review), including the full so(6) spin
chain at 1-loop.

Integrability was later shown to hold also for the full psu(2,2[4) dilatation
operator at one loop [17]. In [18], the 2-loop contribution in the s0(6) sector was
computed and proved to be integrable, prompting the conjecture that the dilata-
tion operator should be integrable at all loops, and an expression for the 3-loop
term was proposed under this assumption; shortly afterwards that expression
was confirmed by supersymmetry considerations [19]. These higher-loop correc-
tions to the dilatation operator, if further restricted to the su(2) sector, can be
reproduced by the Inozemtsev spin chain [20], in terms of its higher conserved
charges. The latter can then be diagonalised by Bethe ansatz in the asymptotic
limit, i.e. in the limit in which the number of Z fields inside the trace becomes
infinitely large, while the number of impurities Y remains finite. The diago-

nalisation method in this particular limit was called Asymptotic Bethe Ansatz

(ABA).

These results allowed to carry out more detailed tests on the correspondence
in the BMN limit, as they provided the perturbative expansion of the spectrum
of Yang-Mills theory up to three loops in the su(2) sector. This expansion has
the expected BMN scaling and, in the J — oo limit, yields a spectrum of the
form (1.5) up to O(\?), including corrections in 1/J. As expected, this matched
the semiclassical O(JY) plane-wave spectrum of the rotating point particle at all
orders considered in the case of two Y impurities appearing inside the trace. In
order to go a step further, 1-loop corrections to the semiclassical approximation in
string theory were calculated in the two- and three-impurity cases [21, 22|. The

corresponding spectra could then be compared to the gauge theory spectrum



obtained by ABA up to O(1/.J). A mismatch was found in the O(1/.J) coefficient
at three loops, Aél), in both cases.

This result was interpreted in terms of an order of limits problem due to the
particular nature of the BMN limit. In fact, on the gauge theory side, we have to
start with A < 1 for the perturbative expansion to hold, then we take J, A — oo
with A\ = const., noticing that the expansion still makes sense in this limit. On
the other hand, on the string side, we begin with A > 1, so that we may work in
the weak curvature regime, and then we simply take J — oo, with A’ = const. as
before. Clearly, the two procedures are different and thus there is no guarantee
that the limits obtained on the two sides will be identical even if the spectra of
the two theories are actually identical. In particular, the presence of terms that
violate BMN scaling in the spectrum would lead to this kind of problem, and in
fact it was later shown that such terms arise in the dilatation operator at four

loops.

Nonetheless, the agreement of the low-order coefficients in the BMN limit
helped strengthen the confidence in integrability techniques and encouraged at-
tempts to extend such techniques to larger and larger families of objects on both
sides of the correspondence.

As far as super Yang-Mills theory is concerned, a change of perspective was
suggested by Staudacher [23] in analogy with the simple case of the coordinate
Bethe ansatz which diagonalises the Heisenberg model corresponding to the 1-loop
dilatation operator in the su(2) sector. We define the spin chain configuration
corresponding to the chiral primary Tr (Z%) as the vacuum state and then, when
considering configurations in which one or more of the Z fields is replaced by
a Y field, we identify each Y impurity with an excitation of the spin chain,
also called a “magnon”. The eigenstates of the spin chain Hamiltonian, which
yields the 1-loop contribution to the scaling dimension, are obtained as linear
combinations of states with the same number of magnons. The coefficients of
such linear combinations can then be interpreted as wavefunctions describing the
positions of the magnons along the quantum spin chain.

In the asymptotic limit J — oo, the chain becomes infinitely long due to the
presence of an infinite number of Z fields inside the trace, and thus, as long as
the number of impurities remains finite, it is possible to describe the eigenstates

as configurations representing the scattering of magnons, which are considered
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quasi-particles in this picture. In fact, the Bethe ansatz procedure associates
a conserved energy and a conserved momentum to each of these particles and
then leads to the conclusion that they undergo factorised scattering (i.e. the n-
magnon S-matrix is just the product of n(n—1)/2 two-magnon S-matrices). This
phenomenon is a well-known consequence of integrability.

The key point is that the Bethe ansatz equations, which determine the magnon
momenta and, through these, the magnon scattering wavefunction and the mag-
non energies, are formulated in terms of the 2-magnon S-matrix. Staudacher’s
proposal was then to try to diagonalise the dilatation operator in the asymptotic
limit (in other words, considering only operators having an infinite number of
Z fields inside the trace) by interpreting the corresponding spin chain configu-
rations as magnon scattering processes, where the definition of magnon had of
course to be extended in order to include all the other elementary fields as possible
excitations.

This new approach presented one important advantage: the asymptotic limit
eliminates the problem posed by length-changing interactions, which already ap-
pear at the 2-loop level and cause apparently insurmountable complications in the
formulation of Bethe ansitze for chains of finite length. Furthermore, focusing
on the S-matrix of the coordinate Bethe ansatz proved to be much more effec-
tive than the previously employed algebraic Bethe ansatz technique. In fact, the
S-matrices associated with larger and larger sectors of super Yang-Mills theory

were progressively determined out of symmetry considerations alone.

On the string side, remarkable progress was achieved with the formulation of
the finite-gap construction [24], which allowed to represent in terms of algebraic
curves generic classical string solutions on R x S3 (corresponding to the su(2)
sector in gauge theory) and, in particular, their spectra. The reduction to this
subspace is only consistent at the semiclassical level, since quantum fluctuations
of the string still involve the full background AdSs x S°, hence this integrability
technique only provides us with the semiclassical spectrum of the string. This
means that, once we take the J — oo limit, we obtain the leading order con-
tribution O(J°) at all orders in X, but we are unable to determine the O(1/.J)
corrections in the BMN expansion. Semiclassical string theory on R x S? reduces
to the semiclassical SU(2) Principal Chiral Model and its Hamiltonian can be

diagonalised by studying the corresponding algebraic curve (the spectral curve)
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or, equivalently, solving a set of integral equations.

In super Yang-Mills theory the spectrum of the su(2) sector is determined by
the XX X/, Bethe ansatz at one loop and by the Inozemtsev asymptotic Bethe
ansatz at two and three loops. In the asymptotic J — oo limit, all these contri-
butions can be expressed in terms of algebraic curves since the Bethe equations
approach a continuum limit (also known as the thermodynamic limit) in which
they also reduce to integral equations. If we then take A > 1 with A’ = const. as
usual, we can compare the result with the above calculation from string theory.
The two spectra were found to match at leading order in J and up to O(\?).

This result allowed to confirm that the spectrum of the whole su(2) sector in
gauge theory is equal to the spectrum of the whole R x S? subspace in string the-
ory, up to the orders considered, thus greatly extending the tests of the AdS/CFT
conjecture in the BMN limit.

The finite-gap construction was later extended to strings in AdS3 x St (s((2)
sector) [25] and to the full target space AdSs x S° (full psu(2,2|4) algebra) [26].

1.3 The all-loop asymptotic Bethe ansatz

Following the successful comparison of the spectra through the finite-gap formal-
ism, Beisert, Dippel and Staudacher [27] proposed an asymptotic Bethe ansatz
(known as the BDS ansatz), valid for the su(2) sector at all orders in A and de-
termined by assuming that integrability should hold at all loops, as previously
conjectured, and that the spectrum should exhibit the BMN scaling at all loops.
This ansatz reproduced the known weak coupling results, i.e. the O()\) term ob-
tained from the X X X 5 Bethe ansatz and the O(A?) and O(A*) terms computed
through the asymptotic Inozemtsev spin chain. It also yielded the BMN plane
wave spectrum at strong coupling.

The BDS magnon dispersion relation has the interesting feature of being pe-

riodic in the magnon momentum p:

A
Egps = 1+Psm2§ (1.6)

The periodicity appeared natural on the gauge side, as a manifest consequence
of the discreteness of the spin chain (which is due to the discrete structure of the
corresponding single-trace operator), but seemed rather puzzling on the string

side.



Of course this property disappears in the usual BMN limit: we first need to
Taylor-expand in A < 1, reobtaining the perturbative contributions to the scaling
dimension from one loop onwards, and then we must take J, A — oo with M <« 1
fixed and expand again in powers of 1/.J. If we consider the 1-loop term, we see
that, because of the quantisation conditions imposed by the Bethe ansatz, the
magnon momentum p = 27n/(J+1) is inversely proportional to the length of the
spin chain, and thus becomes infitesimally small in the asymptotic limit J — oco.
Hence, when we perform the second expansion, we approximate sin(p/2) ~ p/2
and remove the periodicity.

However, since equation (1.6) is valid at all values of the coupling A\, we can

consider its limit as A > 1:

A
Egps =~ — smg‘ (1.7)

This new periodic dispersion relation should then correspond to some family of
classical string configurations which was not touched by the previously discussed
BMN analyses.

The mystery was solved in [28], where such objects were found to be classical
arc-shaped strings with endpoints on the equator of S° and drooping towards
one of the poles. These strings rigidly rotate around the north pole-south pole
axis with a very large angular momentum and are infinitely long in worldsheet
units. Their momentum parameter, appearing in the dispersion relation (1.7), was
identified with the angular separation between the two endpoints, thus explaining
the periodicity in a natural way. Being the string duals of su(2) magnons, these
objects were named “Giant Magnons”. They represent solitonic excitations above
the BMN vacuum which yield a large but finite O(v/A) contribution to the vacuum
energy (Ey = J), given by Eppg. In fact, they are continuosly connected to the
small fluctuations of the rotating point-like string discussed earlier.

In [27], the BDS equations were also written as integral equations in the
thermodynamic limit, in order to compare them with the equations determining
the spectrum of the Principal Chiral Model in the BMN limit. A discrepancy
was found at the 3-loop order O(\?3). Again, this was interpreted as an order
of limits problem and presented further evidence of the fact that BMN scaling
should not hold at all loops due to the existence of higher order BMN-violating
terms, which were associated with wrapping interactions. These arise because of

the fact that n-loop contributions to the dilatation operator are equivalent, in



the spin chain picture, to conserved charges associated with operators which act
on (n + 1) adjacent sites. It then follows that, when the length L of the spin
chain is lower than or equal to (n — 1), the interaction “wraps” around the spin
chain touching all the sites at least once, invalidating the standard Bethe ansatz
approach.

Wrapping terms do not contribute to the asymptotic Bethe ansatz in pertur-
bative gauge theory, since the length L of the spin chain, which equals the large
R-charge J plus the (small) number of impurities, is always assumed to be much
larger than the loop order considered.

This is not the case at strong coupling, even in the asymptotic limit. If X is
very large, the all-loop spectrum of gauge theory is required for a comparison with
the string theory result, even in the BMN limit, and hence wrapping interactions
will matter, since we consider J to be large but still finite. Wrapping corrections
for a chain of fixed length L appear at the loop order A*/ and therefore they
are exponentially suppressed with the size of the chain in perturbative super
Yang-Mills theory. This type of behaviour can be easily seen to generate BMN-
violating terms, but the exact structure of such terms is very hard to determine.
These modifications of the spectrum due to wrapping are also known as finite-size

effects.

Meanwhile, the idea that the string spectrum could also be determined by
a Bethe ansatz was being considered as well. In [29] it was proved that the
excitations of the string sigma model and the magnons of the super Yang-Mills
spin chain shared the same symmetry and hence that the S-matrices of the two
theories were identical, up to some technical details. This led to the conclusion
that the Bethe equations determining the string theory spectrum should be the
same as those associated with the gauge theory spectrum.

In [30], Arutyunov, Frolov and Staudacher (AFS) proposed a set of Bethe
equations which should determine the quantum spectrum of string theory on R x
S3. In the thermodynamic limit, these equations reduce, by construction, to the
integral equations previously found in [24], correctly describing the semiclassical
spectrum. They also yield the first quantum correction, O(1/.J), in the general
case of M excitations corresponding, on the gauge theory side, to Y-impurities
inside the trace, correctly reproducing the results for M = 2, 3 obtained in [21, 22]

through direct quantisation.
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The new distinctive feature of these Bethe equations was an extra factor mod-
ifying the S-matrix describing the scattering of elementary excitations, which was
crucial in providing the correct quantum correction to the spectrum at O(1/J).
The authors then proposed that such a factor should also be included in the gauge
theory BDS ansatz in order to account for wrapping interactions and correctly
reproduce the string spectrum at strong coupling A > 1. They could not give a
general expression for this factor but, using their results on the string side, they

conjectured an approximate expression in the large A limit.

In [31], the all-loop asymptotic Bethe ansatz, extending the BDS ansatz to the
whole psu(2,2[4) algebra, was formulated on the grounds of symmetry consid-
erations leading to a proposal for the complete magnon S-matrix, including the
extra factor discussed in [30], which was called the dressing factor. The latter
was meant to allow to interpolate between the weak and strong 't Hooft coupling
regimes, but its general expression was still unknown, apart from the fact that
it was expected to reduce to 1 + O(A?) in the A < 1 limit, since BMN scaling
had already been found to hold up to the 2-loop level, and to match the AFS
expression at large A. The magnon dispersion relation obtained from these Bethe
equations is the same as the BDS dispersion relation.

It was later proved in [32] that supersymmetry constraints determine the S-
matrix completely, except for the dressing factor, so that it has to match the above
conjecture. It was also shown to satisfy the Yang-Baxter equation, which is a self-
consistency requirement for factorised scattering, and hence for integrability.

This situation is similar to the case of integrable two-dimensional relativistic
field theories, where the S-matrix of elementary excitations is fixed by the symme-
tries of the theory, together with unitarity, the Yang-Baxter equation and crossing
symmetry. The latter is associated with the presence of anti-particles and relates
scattering processes which differ from each other by charge conjugation of one of

the particles involved.

In order to improve the knowledge of the dressing factor at strong coupling,
the first one-loop corrections O(1/J) to the AFS result in string theory were
computed in [33] in some particular cases. A conjecture for the complete one-
loop result for all sectors was given by Hernédndez and Lépez in [34]. Evidence

supporting this conjecture was given in [35] and also in [36, 37], where a procedure
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for the semiclassical quantisation of the algebraic curves describing the spectrum
of the string sigma-model was introduced. This procedure, while allowing to
rigorously prove the validity of the one-loop conjecture, proved to be difficult to
apply to higher orders.

The only other apparent way of determining the dressing factor was through
crossing symmetry (as the S-matrix already satisfied the constraints of super-
symmetry, unitarity and factorised scattering). In [38], the crossing equation for
the AdSs x S° S-matrix was determined, overcoming difficulties related to the
absence of conventional relativistic invariance (which is broken in the usual light-
cone quantisation due to gauge fixing). It was then necessary to find a solution to
this equation with the properties of reproducing the AFS and Hernandez-Lopez
results at strong coupling A > 1 and of reducing to 1 + O(A3) at weak coupling.

Such a solution was proposed by Beisert, Herndndez and Lépez (BHL) in
[39] in the form of a power series in 1/v/A. Shortly afterwards, Beisert, Eden
and Staudacher (BES) [40] found its perturbative expansion in A < 1 and then
showed that it had the correct behaviour 1 + O()\?). At this stage, the result
was still asymptotic and hence only valid in the limit J — oo, so that wrapping
corrections in perturbative gauge theory could not be computed from it.

In the same paper, the authors also derived a representation of the general
solution in terms of scattering kernels, the so-called “BES magic formula”, which
was later rewritten as a double contour integral on the complex plane through an
inverse Fourier transform in [41], where it was also shown that it presented the

expected set of singularities.

1.4 The all-loop asymptotic Bethe ansatz in the

s[(2) sector

Before its final proof was obtained through the crossing equation, the Beisert-
Staudacher all-loop asymptotic Bethe ansatz was also widely tested in the sl(2)
sector, both at strong and weak coupling. The operators in this family have the
following structure:

Tr (D**ZD**Z ... D% Z) (1.8)

where D stands for either D, or D_, the light-cone components of the covari-

ant derivative which carry conformal (or Lorentz) spin +1 and —1 respectively.
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Typically, operators with only one type of derivatives are considered, e.g. D,
in which case we also have S = 227:1 sj. The twist J of the operator equals the
number of Z fields inside the trace and coincides with the total R-charge.

This sector had already been investigated in previous works. First of all, the
scaling dimension of the QCD analogue of the twist-two operator was shown to
diverge like log S as S — oo at one loop in the perturbative regime [42]. Some
arguments were successively presented in [43, 44], indicating that the logarithmic
scaling should persist at all loops. In [43], it was also proved that the scaling

dimension of the twist-two operator at large spin can be written as
A=5+2+2(N\)logS+... (1.9)

where T'(A) is the so-called cusp anomalous dimension, which appears in the
divergences associated with Wilson loops with cusps [45].

On the string side, the s(2) sector is represented by strings living in AdS3 x S*.
Gubser, Klebanov and Polyakov (GKP) [46] considered a folded string rigidly

rotating in AdSs; and studied its classical spectrum in the large S limit, obtaining
E=5+2I'(A\)logS +... (1.10)

Since motion on the S* can be neglected in this limit (S+.J ~ J for fixed finite J),
this was identified as the string dual of the twist-two operator for large angular
momentum?. The two results (1.9) and (1.10) then yielded the leading order term

of the cusp anomalous dimension at weak and strong coupling:

roy) = { 2400\ for A< 1 1)

AL O for A> 1

The generalisation of this analysis to operators of twist J was extensively
studied in [47, 48, 49], where it was found that the logarithmic term has a coeffi-
cient KI'(\), with K any integer between 2 and .J. This result can be summarised
as

A=S+J+ f(A)logS+... (1.12)

where f(A) is called the wniversal scaling function due to the fact that it is

independent of the twist, at least when the latter is finite, both at weak and

2More precisely, the large S spectrum of this string is indistinguishable from that of the

proper string dual of the twist-two operator, which lives in AdS3 x S*.
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strong coupling. In [49], the logarithmic scaling was found to hold also in the J ~
log S regime, although in this case the scaling function depends on an additional
parameter j = L/log S; f(},j) is also known as the generalised scaling function.
The universal scaling function was calculated at weak coupling up to three
loops O(\3) analytically [50], exploiting a previous QCD calculation [51], and up
to four loops O(A?) numerically [52, 53]. At strong coupling, the GKP result
providing the leading classical order O(v/A) was extended to one loop O(1) in
[54] and to two loops O(1/v/)) in [55, 56] through string theory computations.

All of these results were reproduced by the asymptotic Bethe ansatz. An
integral equation, known as the BES (Beisert, Eden, Staudacher) equation, for
the determination of the spectrum of long operators starting from the asymptotic
Bethe equations was proposed in [57], and later refined in [40] by including the
dressing factor. This equation was based on scattering kernels like the “BES
magic formula” for the dressing phase and, in [40], it was also used to obtain the
first four orders of f(A) in the limit of small 't Hooft coupling A. All the terms
coincide with the results obtained from direct computation in [50, 52, 53]. A
four-loop analytic computation of the dilatation operator for the su(2) sector [58]
was also found to be compatible with some features of the expansion obtained
from the BES equation.

At strong coupling, expanding the BES equation in powers of 1/ VA is a much
harder task due to technical complications. The O(v/A) term was first computed
numerically [59] and then analytically [60, 61, 62, 63]. The O(1) term was ob-
tained in [64] and [65], while the O(1/v/)) and a recursive procedure for the
following terms were given in [66] and [67]. Again, the results matched those

obtained from direct string theory calculations.

The generalised scaling function was also studied in detail. Freyhult, Rej and
Staudacher (FRS) [68], employing the same methods used to obtain the BES
equation, introduced an integral equation determining f(A,7) from the asymp-
totic Bethe ansatz. In [69], this equation was rederived and Taylor-expanded in
the limit of small j for all values of the 't Hooft coupling. It was also understood
that, in the same limit, the FRS equation is equivalent to the equation yielding
the energy of the O(6) sigma model [70], confirming the observations of [71].

Away from this limit, the generalised scaling function was also studied in the

14



j ~ VA > 1 regime. The general structure of the expansion in 1 / VA was pre-
dicted from the connection with the O(6) sigma model [71], while the coefficients
were first computed from string theory in [72]. These were later rederived di-
rectly from the asymptotic Bethe ansatz equations and a discrepancy in one of
the two-loop coefficients with respect to the string theory calculation was found
[73]. The ABA result was confirmed exploiting the relationship with the O(6)
sigma model [74] and using the FRS equation [75]. The string theory calculation
was later corrected and complete agreement with the Bethe ansatz result was

established also at the two-loop order [76].

1.5 Further developments

The inversely Fourier-transformed version of the BHL/BES solution obtained in
[41] was proved to satisfy the crossing equation [77]. Moreover, nearly at the
same time, the crossing equation was solved in general in [75] and the double
integral representation was identified as the solution with the minimum number
of singularities in the physical strip. Thus, the all-loop asymptotic Bethe ansatz,
together with the BHL/BES dressing factor, was finally proved to determine the
planar spectrum of gauge theory operators with large R-charge at all values of
the 't Hooft coupling .

Extending this result to finite R-charge, i.e. to operators of finite length, away
from the asymptotic limit, requires taking wrapping interactions into account.
In the context of the AdS/CFT correspondence, finite size corrections were first
studied in [78], in the framework of integrable field theories. Since then, two
different approaches to this problem have been considered.

The first approach, introduced in [79], exploits the Liischer method [80], which
is applicable to generic field theories in two dimensions. This procedure was suc-
cessfully employed in many cases, among the most recent of which are the wrap-
ping corrections to the scaling dimension of the Konishi operator at four [81] and
five [82] loops. The results coincide with the corresponding direct diagrammatic
gauge theory calculations, which have been carried out up to four loops [83, 84].

The second approach is based on the interpretation of the finite length of an
integrable system as the inverse of the temperature in a copy of the same system

with space and time interchanged, which is due to Zamolodchikov [85, 86]. This
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procedure, originally proposed for the AdS/CFT correspondence in [78], was
already known as the Thermodynamic Bethe Ansatz (TBA) from the analysis
of other integrable systems. In particular, Destri and DeVega [87] had already
given an alternative formulation in terms of non-linear integral equations. In the
case of AdS/CFT, the TBA was first applied to the so-called mirror model [88],
which is equivalent to string theory on AdSs x S°, then to the su(2) Principal
Chiral Model [89], and finally to the full AdS/CFT system [90]. This approach is
conjectured to yield the full planar spectrum of N = 4 super Yang-Mills theory
on R x S3, for any operator length and at arbitrary values of the 't Hooft coupling
A

In [90], it was checked that the TBA reduces to the asymptotic Bethe ansatz
in the large length limit, and the same method was used to compute the wrap-
ping correction to the scaling dimension of the Konishi operator at four loops in
perturbative gauge theory. The calculation was extended to five loops in [91, 92].
All the results are compatible with those obtained through the Liischer method.

In [93, 94], by studying the TBA equations for the mirror model, an equivalent
set of finite-difference equations, known as the Y-system, was obtained. The Y-
system was then analysed numerically at strong coupling [95] and the results
were compared to the corresponding coefficients from the string theory expansion
[96]. A discrepancy was found in one of the higher order terms. The spectrum
of strings moving in AdSs x S' [97] and in the full AdSs x S® target space, as
predicted from the algebraic curve formalism [98], was also correctly reproduced

up to one loop through the Y-system.

1.6 Topics covered in this thesis

The research presented in this thesis focuses on the analysis of semiclassical strings
in AdS space (more precisely in AdS3 x S* and pure AdSs), in the limit of large
angular momentum S, which will be carried out employing two methods, namely
the finite-gap formalism and the direct analysis of explicit solutions. The former
is of particular importance, since it is believed that finite-gap solutions are in
fact generic, and therefore predictions obtained through this technique should
describe the general behaviour of strings in AdS.

The results derived through both methods agree, leading to the conjecture

that any string moving on this background should develop a certain number of
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Figure 1.1: A generic spiky string displaying both “large” and “small” spikes.
The circle represents the boundary of AdSs.

spikes (or cusps) at large S, corresponding to solitonic objects on the worldsheet,
and that the dynamics of these string solutions can be understood in terms of
the dynamics of their spikes.

In particular, spikes branch out into two different sectors: “large” spikes,
which become infinitely long, approaching the boundary of AdS in the large S
limit, and correspond to static solitons, and “small” spikes, which instead remain
of finite length and are associated with solitons propagating along the background
of the “large” spikes, as shown in Fig. 1.1. “Large” spikes are responsible for
the leading diverging behaviour of the spectrum E — S, while “small” spikes
yield a finite subleading contribution Eg,. It is possible to associate a conserved
momentum FP,, with each “small” spike and then to determine the dispersion
relation Fgo(Pao)-

Both types of cusps are closely connected to the description of the operators in
the dual gauge theory sl(2) sector, in the large conformal spin S limit. In partic-
ular, the one-loop spectrum of such operators is determined by the Hamiltonian

of the quantum SL(2,R) spin chain, which may be diagonalised by exploiting its
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parametrisation in terms of objects known as holes, which yield additive contri-
butions to the total energy. As S becomes infinite, holes display two types of
behaviour: “large” holes have a diverging energy, whereas “small” holes maintain
a finite energy.

“Large” holes correspond to highly excited spins in the chain, which may be
treated semiclassically. It is possible to show that a spin vector may be associated
with each “large” spike of a given string solution and that such spin vectors
are in a one-to-one correspondence with the highly excited spins in the gauge
theory chain. Therefore, “large” holes correspond to “large” spikes. We have
successfully tested this mapping on several explicit solutions, including a family
of approximate solutions described in terms of a large number of parameters,
which should be able to reproduce the large S behaviour of a generic string in
AdSs.

“Small” holes correspond to spins which are not highly excited and therefore
are still quantised in terms of a set of Bethe equations. They may be interpreted as
quasi-particles carrying energy Fjoe and momentum Fp... Based on our results,
we make three conjectures.

Firstly, due to the fact that the “small” hole dispersion relation Fyoje(Phole)
matches the “small” spike dispersion relation in the large momentum limit, we
propose that “small” spikes are the string theory duals of “small” holes, extrap-
olated at strong coupling.

Secondly, since the above agreement only holds up to the familiar discrepancy
in the prefactor, which is A/47? on the gauge side and \/X/27T on the string side,
we conjecture that the proper prefactor for the dispersion relation of these objects
at generic values of the coupling ) is given by the cusp anomalous dimension I'(\).

Lastly, we hypothesize that the “small” spikes are continuosly connected to
the small quadratic transverse fluctuations of strings in AdSs, or, in other words,
that a “small” spike is simply the large-momentum and large-energy version of
a quadratic fluctuation. All three conjectures have recently been proved true in
[99], where the interpolating behaviour of these objects between weak and strong
coupling was derived.

We will now analyse the above points in greater detail.

According to the AdS/CFT conjecture, strings living in AdSs; x St are dual

to gauge theory operators in the sl(2) sector, which can be represented in terms
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of an SL(2,R) spin chain. As explained earlier, this sector was studied, both
on the gauge and on the string side, in order to determine the universal scaling
function in the hope of reproducing it through the asymptotic Bethe ansatz with
the inclusion of the dressing phase.

The one-loop spectrum of the corresponding scaling dimensions in gauge the-
ory was given in [49] in terms of algebraic curves, in a variety of large spin .S and
large twist J limits. In particular, the case S — oo with a finite, fixed J was not,
strictly speaking, in the range of validity of the asymptotic Bethe ansatz.

The interpretation of the operator (1.8) in terms of the spin chain model
associates each Z field inside the trace with a site of the chain, and each derivative
acting on that field with an excitation (or magnon) at the corresponding site, so
that there are always S magnons. The spin chain is diagonalised by the SL(2,R)
Bethe equations determining the rapidities of the magnons, which then yield the
spectrum. Each magnon has a different rapidity, which must be chosen among a
set of possible values. It turns out that there are always J unassigned values, or
in other words J holes in the rapidity distribution, which, like magnons, may be
treated as quasi-particles. The system can be equivalently described in terms of
magnons or holes, and in both cases the total energy is given by the sum of the
energy of the individual quasi-particles.

Due to the fact that there are always S magnons and J holes, the latter provide
the most convenient parametrisation in the S — oo, J = const. limit considered
here. As mentioned above, at large S holes may either yield a diverging O(log S)
contribution to the total energy, in which case they are called “large” holes, or
instead yield a finite O(S°) contribution, so that they are named “small” holes.
The only constraint here is that there must always be at least two “large” holes.

“Large” holes correspond to the spins of the quantum SL(2,R) chain which
become highly excited as S — co. The leading order contribution to the spectrum
can then be described in terms of a shorter semiclassical SL(2,R) chain, which
only contains these highly excited spins. The semiclassical analysis maps this
system to an algebraic curve [49], which is in fact rather similar to the curves en-
countered in the string theory finite-gap construction. Semiclassical quantisation
is then imposed directly on the moduli of this Riemann surface.

“Small” holes correspond instead to spins at lower levels of excitation, which
are therefore not visible at the leading semiclassical order and rather appear as

small excitations, carrying conserved energy and momentum, which are quantised
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in terms of Bethe-type equations.

The resulting spectrum is given by

A
Vgauge:A—S—J:R (J-M)lOgS+HK(ll,...,ZJ,M,1>

M

+Y EP+0(1/5)| , (1.13)

j=1

where M = 0,1,...,J — 2 is the number of “small” holes. We therefore see
that the scaling dimension lies in a band of possible levels, where the specific
level is determined by the number J — M of “large” holes. The quantity Hg
represents the subleading contribution to the spectrum generated by the “large”
holes, encodes the full dependence on their associated moduli /; and corresponds
to the Hamiltonian governing the dynamics of these holes. The I; correspond to
the filling fractions associated with the branch cuts on the Riemann surface and,

according to the semiclassical quantisation conditions, they must be integer.

The leading log S part of this spectrum had already been reproduced in semi-
classical string theory at A > 1 through the finite-gap analysis [49, 100], where
S > 1 corresponds to angular momentum in AdSs; and J ~ v/A to angular mo-
mentum on S*. In [101], this result was extended to include the subleading O(S?)
term in the case of no “small” holes present (i.e. M = 0):

VA

Vstring = £ — 8 — J = o [KlogS+ Hg(ly,...,lxk-1)+Cx+...] . (1.14)
Specifically, the Hamiltonian Hyg is the same, while Ck is a constant which is
independent of the moduli. The spectrum of the string solutions is still described
in terms of an algebraic curve, which, in the large S limit, factorises into two
separate Riemann surfaces: the first, ¥, has genus K — 2, while the second,
3, has genus 0. All the filling fractions l;, which must be integer due to the
semiclassical quantisation conditions, are associated with the branch cuts of the
first surface.

The main difference with respect to the gauge theory result is in the overall
factor, which is O()\) on the gauge side and O(v/A) on the string side and corre-

sponds to the leading contribution to the cusp anomalous dimension at weak and

strong coupling, respectively. This suggests that configurations with the same
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moduli /; on both sides should be identified as dual states in the dictionary of
the correspondence.

Another difference is that here the integer K > 2 is in fact unrelated to J, and
hence a complete correspondence with the SYM spectrum requires us to choose
K=J.

There is strong evidence [57, 40] that this result could also have been obtained
directly from the asymptotic Bethe ansatz, at least for the case J = 2, due to the
fact that the lowest dimension in the band is independent of J and can therefore
be evaluated in the limit J — oo, which then allows the use of the asymptotic
Bethe equations. For fixed J > 2, none of the operators with K > 2 is covered
by this property, but the fact that the spectrum (1.14) is also independent of .J
may indicate that it still holds true, at least in the large S limit.

A map between string theory and gauge theory degrees of freedom was also
proposed in [101] in order to shed further light on the agreement between the
two spectra. The SL(2,R) spin chain has one degree of freedom, in the form of
a three-vector £; € sl(2,R), associated with each of its sites. Both the algebraic
curve and the Hamiltonian Hy of the chain are determined as functions of these
parameters.

Such a discrete system can be extracted from a continuous string in the fol-
lowing way. The key hypothesis is that, as the angular momentum on AdS space
becomes large, any string exhibiting the above spectrum should develop K “large”
spikes. As S — oo, the latter approach the boundary, while the worldsheet charge
density for £+ S becomes J-function localised at the spikes:

Ar0) = X3 L — o). (1.15)

where o}, represents the worldsheet position of the k-th spike. The coefficients of
these d-functions can then be decomposed onto the Lie algebra s[(2,R) and the
components L: should be identified with those of the three-vectors £, of the spin
chain:

L) L) LE < iLi (1.16)

The main argument in support of this hypothesis is the fact that it accounts
precisely for the matching of the two spectra (1.13) and (1.14). In fact, it is
possible to show that, with the above identification and under the assumption

of d-function localisation, the algebraic curve obtained from the string theory

21



Figure 1.2: The GKP string is a folded straight line which rigidly rotates around
its centre of symmetry, which coincides with the centre of AdSs. Its length is
controlled by a parameter and becomes infinite in the large S limit (see the plot

on the right-hand side). The arrows indicate the direction of rotation.

finite-gap construction, more specifically ¥, matches the curve associated with
the gauge theory spin chain, which also implies that the corresponding spectra
are identical.

A more qualitative interpretation of this relationship between the degrees of
freedom stems from the fact that the spikes, as they approach the boundary in
the large S limit, trace lightlike geodesics. These can be associated, in the gauge
theory picture, with Wilson lines, which represent highly energetic gluons. The
arcs of string joining the spikes are then identified with the chromomagnetic flux

tubes connecting the gluons.

In [1], the above proposal was tested on two explicit spiky string solutions which
had already appeared in the literature: the GKP folded rotating string [46] (see
Fig. 1.2) and the symmetric spiky string found by Kruczenski [102] (see Fig.
1.3), which has spikes at the vertices of arbitrary regular polygons. Furthermore,
a family of approximate solutions, which become exact in the S — oo limit, was
also constructed, describing spikes with arbitrary angular separations between
each other (see Fig. 1.4).

For all these string solutions, the expected -function localisation was observed
and exploited in order to compute the algebraic curves and to show that they

represent specific points in the moduli space of the gauge theory curve, thereby
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Figure 1.3: The Kruczenski spiky string consists of an arbitrary number of spikes
which rigidly rotate around the centre of AdS3. The angular separations between
consecutive spikes are all identical. The spikes approach the boundary of AdSs

in the large S limit, exactly as in the GKP case.
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Figure 1.4: The general patched solution, with arbitary angular separations be-
tween consecutive spikes. This string is also rigidly rotating around the centre of

AdS5 and, as usual, the spikes approach the boundary for S — oo.
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confirming its agreement with the finite-gap curve. Once the moduli on the gauge
side were identified in terms of the string parameters, it was possible to calcu-
late the corresponding spectra (1.13). As predicted, these matched the spectra
E — S obtained from the explicit string solutions, directly from first principles
calculations, up to the usual replacement of the prefactor.

These results support the map between the degrees of freedom in the two

theories and the identification of “large” holes with “large” spikes.

We now move on to discuss the concept of “small” spikes.

The GKP string, which so far has attracted our attention as an approximate
dual of the twist-two operator in gauge theory, has another interesting feature:
Alday and Maldacena [71] showed that it is a valid starting point for semiclassical
quantisation and computed the full spectrum of small fluctuations. Since the
string becomes infinitely long in the S — oo limit, we can expect that it will
also admit solitonic excitations carrying finite O(\) energy Fy., as opposed to
the O(1) energy of small fluctuations, and exhibiting factorised scattering.

This is suggested by the analogy with the BMN vacuum case discussed earlier.
While on the string side this object is represented as a rotating point-particle, on
the gauge side it corresponds to the operator Tr (Z7), which becomes infinitely
long in the asymptotic J — oo limit. Its excitations (magnons), corresponding
to insertions of Y fields inside the trace, undergo factorised scattering and their
energies are given by the BDS dispersion relation (1.6). At strong coupling, the
energy of a magnon becomes O(v/) (1.7) and in fact corresponds to a solitonic
object in string theory, the Giant Magnon identified by Hofman and Maldacena
[28], which is continuously connected to the small fluctuations above the BMN
point-particle.

According to Pohlmeyer reduction [103, 104, 105], the string equations of
motion and Virasoro constraints on R x S? are equivalent to the sine-Gordon
equation, which is known to be integrable. String solutions describing Giant
Magnons correspond to multi-soliton configurations of the sine-Gordon field and
the solitons can be seen to be in a one-to-one correspondence with the Giant
Magnons, thus confirming the solitonic nature of these objects.

In [2], this picture was reconstructed in the case of the GKP vacuum. In fact,
explicit string solutions representing the corresponding solitonic excitations had

already been found in [106]. They describe “small” spikes propagating along the
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Figure 1.5: The two-soliton solution, describing two “small” spikes propagating
along the infinite GKP string. As the string rotates around the centre of AdSs,
the two cusps approach each other, collide and then move asymptotically towards

the endpoints on the boundary.

straight GKP string, extended up to the boundary in the radial direction, so that
it has infinite energy and angular momentum (see Fig. 1.5). Strings in AdSs3
are Pohlmeyer-reduced to solutions of either the sinh-Gordon, the cosh-Gordon
or the Liouville equation. The solutions described in [106] are associated with
multi-soliton configurations of the sinh-Gordon field and, more specifically, the
worldsheet position of each “small” spike coincides with the position of a soliton.
This confirms that the cusps undergo factorised scattering.

As expected, each spike adds a finite O(v/A) contribution Fy(v) to the quan-
tity E — S with respect to the vacuum value. Here v, with |v| < 1, represents the
worldsheet velocity of the soliton associated with the cusp. Every spike also car-
ries a conserved momentum P, (v), which is canonically conjugate to the world-
sheet position of the spike and, together with the energy and upon elimination

of the parameter v, yields the dispersion relation:

E(v) = g—j{%log (%) _ m}
Po(v) = VA {Q — Tan™! (g)} ,

o

(1.17)

where the branch of the inverse tangent is chosen so that —7/2 < Tan ‘2 < +m/2

for all real values of . The discrete semiclassical spectrum can be obtained by
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imposing the momentum quantisation condition:
P - 2logSe2n Z. (1.18)

The above dispersion relation is in general non-relativistic, due to the residual
gauge fixing implemented in the construction of the string solutions, which breaks
the Lorentz invariance of the sigma model in conformal gauge. The relativistic

behaviour is however restored in the low momentum limit (Jv| ~ 1):
5
FEs ~ |Pei| + O (P;;) : (1.19)

Hence, at low momentum, the spikes become relativistic particles with a mass
which is small compared to v/X. These properties are shared by the only trans-
verse mode present in the spectrum of quadratic fluctuations of a string moving
in AdSs [71]. Rather than conjecturing the appearance of a second transverse
mode, it seems reasonable to hypothesize that the spikes are in fact continuously
connected to the standard quadratic fluctuations, exactly as it happens in the
case of the Giant Magnons. The appropriate mass term for the cusps, giving
them the same mass as the transverse mode, should then be introduced by the
leading quantum correction, O(\%), to the semiclassical dispersion relation (1.17).

This is the third conjecture concerning “small” spikes, which we mentioned
earlier in this section, and which was confirmed in [99].

The large momentum Py, > 1 (i.e. v < 1) limit of the dispersion relation
(1.17),

A
Ey = % log |Pst| + O (PY)) , (1.20)

sol

shows that “small” spikes become “large” when their worldsheet velocity van-
ishes. This also suggests that “large” spikes should be associated with static
solitons. This idea is in fact confirmed by the results of [107], which show that
the spikes of the symmetric Kruczenski string coincide with static solitons. As
we will see later, the GKP string may be obtained as a particular limit of the
Kruczenski string, which also provides the fundamental building blocks for the
general patched solution, and hence, this result applies to all the explicit string
solutions with “large” spikes studied here.

Furthermore, (1.20) coincides with the dispersion relation for the “small” holes
of the gauge theory spin chain in the limit of large momentum P, > 1, in which

they become “large”, modulo the familiar replacement of the prefactor \/(47?)
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with v/A/(27), as in the usual interpolation of the cusp anomalous dimension
from weak to strong coupling. This agreement also includes the semiclassical
quantisation condition for the momenta, although this was only checked in the
case of two “large” holes and J — 2 “small” holes.

This result motivates the first and second conjectures on the “small” spikes,
namely that they should represent the same objects as the holes of gauge theory,
at strong coupling A > 1 and at large momentum, and that, in the correspond-
ing dispersion relation, the prefactor interpolating between the weak and strong
coupling regimes should be given by the cusp anomalous dimension I'(\). Both
these conjectures were also confirmed in [99].

For this reason and due to the similarities with the Giant Magnons in R x 52,
the name “Giant Holes” was proposed for these solitonic excitations above the

GKP vacuum.

Furthermore, in [3], the finite-gap analysis of [101] was extended to the general
case M # 0 in which “small” spikes are present. The main difference with respect
to the M = 0 case lies in the fact that the surface 3 loses branch cuts, so that
its genus is now K — M — 2, while 3, despite remaining of genus 0, acquires
M simple poles. The cuts on the first surface are still associated with integer
filling fractions and, as in the previous case, control the leading order behaviour
of the spectrum. The poles on the second surface instead generate subleading
excitations in the spectrum, whose dispersion relation is in fact identical to the
“small” spike dispersion relation (1.17).

The resulting spectrum is given by:

VA

Vstring = B — 5 —J = o (K —M)log S+ Hicay(ly, -5 lx—nr-1)
M
+3° Bu(v;) + Ccoan + .|, (121)
=1

generalising (1.14) to include the presence of “small” spikes. All the previous
results concerning 35 still apply, and hence it still matches the gauge theory al-
gebraic curve, leading to the previously mentioned identification between “large”
spikes and “large” holes. Again we need to set K = J in order to achieve this

agreement.
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An important aspect of this result is the fact that, since the dispersion rela-
tion (1.17) is obtained through the finite-gap construction, “large” and “small”
spikes should appear in generic strings in AdS at large angular momentum. Fur-
thermore, the above spectrum encompasses completely general solutions with

arbitrary numbers of “large” and “small” spikes.

Finally, we will also present some as yet unpublished work (also in collaboration
with N. Dorey) concerning some string solutions living in AdSs-pp-wave space,
which are obtained by applying an AdS3 boost to the GKP vacuum and its excited
states with one and two “small” spikes. These solutions appear as arcs of string
with endpoints on the boundary of AdS3; and drooping towards the interior and
the excited states also display one or two “small” spikes propagating along the
background arc. The dispersion relation of the excitations agrees with the Giant
Hole dispersion relation (1.17), up to a multiplicative factor in the expression for
the energy, which depends on one of the additional parameters introduced by the
pp-wave limit.

By virtue of the interpretation of such arcs of string as the chromomagnetic
flux tubes connecting two highly energetic gluons located at the endpoints, such
string solutions may be of interest, as they represent excited states of the two-

gluon system.

1.7 Outline

The remainder of this thesis is structured as follows.

In chapter 2 we review the main results concerning the gauge theory spin
chain, which allows to diagonalise the one-loop dilatation operator in the sl(2)
sector. Starting from the quantum chain, we discuss the semiclassical limit of
large conformal spin S, in which the spectrum is determined by an algebraic
curve and described in terms of “large” and “small” holes. We also discuss the
quantisation conditions for the semiclassical spin chain associated with the “large”
holes and the quantisation conditions for the “small” holes.

In chapter 3 we review two integrability methods: Pohlmeyer reduction, in the
special case of the sinh-Gordon/cosh-Gordon/Liouville connection, which applies
to string theory in pure AdSs, and the finite-gap construction, which applies to

string theory on AdSs x S'. In particular, the discussion of the second method
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will culminate with the formulation of the spectral problem, i.e. the definition
of the spectral curve and the set of constraints placed upon it, which, if solved,
would yield the semiclassical spectrum of a very large class of string solutions
moving in this space.

In chapter 4 we discuss the large AdS3; angular momentum limit of the finite-
gap construction, showing that the spectral curve factorises into two separate
Riemann surfaces and computing the semiclassical spectrum up to O(S°) and
O(V/A). We argue that the moduli associated with each surface control a specific
branch of the spectrum and that the latter coincides with the spectrum of the
gauge theory spin chain, while one of the two Riemann surfaces matches the
gauge theory spectral curve. Furthermore, we discuss an interpretation of this
spectrum in terms of the appearance of two types of cusps on the corresponding
string solutions, with “large” and “small” cusps being the respective duals of
“large” and “small” holes in the spin chain. The material discussed in this chapter
essentially amounts to the results of [3].

In chapter 5, based on [1] and [2], we test the above interpretation on several
explicit solutions displaying either “large” or “small” spikes. We study the former
in order to apply the proposed procedure for extracting a discrete set of degrees
of freedom, in the form of spin vectors, from the “large” spikes on the string
side. Then, we use these spin vectors in order to reconstruct the first Riemann
surface ¥ and, equivalently, the gauge theory spectral curve, thereby confirming
the identification between “large” spikes and “large” holes. The second class
of solutions is instead of interest since, apart from providing us with explicit
examples of “small” spikes with the dispersion relation predicted from the finite-
gap analysis, it allows us to argue that the “small” spikes are in fact the AdSs
relatives of the Giant Magnons living in R x S2?. Furthermore, we develop a
procedure which allows to construct a more general patched solution, albeit only
at infinite angular momentum, containing both an arbitrary number of “large”
spikes and (subject to limitations) an arbitrary number of “small” spikes.

In chapter 6, we discuss some solutions living in the pp-wave region of AdS3
space. We explain how they are obtained from certain explicit solutions consid-
ered in chapter 5, namely those involving “small” spikes. We also compute the

corresponding conserved charges, reobtaining the Giant Hole dispersion relation.
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Chapter 2

The gauge theory integrable spin

chain

2.1 Basic setup

The action of the N/ = 4 super Yang-Mills theory in 4-dimensional spacetime is
defined as

1 1 1 o
5= [atats {(F + 5000° - Jahulon o]0 )
_ . 17 ) 17 _ L _
+Weo DM, — §QYM\I/aanb6a5 (07, W] — §gYM\1/go—;bea5 [, \Irg]} (2.1)

where we have the following ranges for the spacetime vector indices u,v =
0,...,3, for the internal vector indices ¢,7 = 1,...,6, and finally for the spinor
indices o, 3, ¢, 8 = 1,2 and a,b = 1,...,4. The components of the vector field
A, and of the spinors ¥, ,, U ,,, together with the scalar fields ¢;, are all in the
adjoint representation of the gauge group SU(N), while o and ¢* are the chi-
ral projections of the gamma matrices in four and six dimensions respectively.

Finally, the covariant derivative D, and the field strength F),, are given by

DM = 8u_igYM[Aw ] FW = ig;]lw[DM, D,,] = auAV_aVAu_igYM[Auv AV]-

(2.2)
The bosonic component of the global symmetry group PSU(2,2|4) of the theory
includes the conformal group SO(2,4) and the group of rotations of the scalar
fields SO(6). The conformal invariance, which forces all the fields to be massless,

survives at the quantum level, so that the coupling constant gy, is not renor-
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malised and its S-function vanishes to all orders of perturbation theory. Super
Yang-Mills theory is therefore called a conformal field theory (CFT).

For the purpose of defining the dictionary of the AdS/CFT correspondence
in the planar limit, the objects we need to consider on the gauge side are the

gauge-invariant single-trace local operators

Or(x) = Tr i, (€)X (2) - - X ()], (2:3)

which can be constructed out of any combination of the fundamental fields:
Xi € {gzﬁj,\lla,\flb,Fm,,DM}. The scaling dimensions of these objects can then

be calculated by examining the corresponding two-point correlation functions:

1
lz —y[?A"

(O1(2)O1(y)) ~ (2.4)

Since these operators are renormalised in the quantum theory, their dimensions
receive quantum corrections, which, in the perturbative regime, can be organised
in terms of a double expansion in the 't Hooft coupling A and in the genus of the
corresponding Feynman diagrams. In the planar limit, this reduces to a power
series in A, due to the suppression of all the higher genus terms by inverse powers

of the rank N of the gauge group:
AN = AT+ () = Af+ ) AN (2.5)
k=1

The classical contribution A/ is given by the sum of the classical scaling dimen-

sions of the fundamental fields appearing inside the trace:
[Au] =[] =1 (Vo] =5 (2.6)

while the term ~/()) is usually referred to as the anomalous dimension.
A very useful tool in the computation of the scaling dimensions in super
Yang-Mills theory is the dilatation operation D, which is a Cartan generator of

the psu(2,2|4) symmetry algebra. It acts linearly on the operators,
DoOs(z) =Y D1,04(x), (2.7)
J

its eigenvalues are the scaling dimensions and it also preserves all the other con-

served charges (J;, S;) associated with global symmetries.
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For small values of the 't Hooft coupling, the dilatation operator can be com-

puted perturbatively in the planar limit:
D=) D, D, = O(\"). (2.8)
n=0

Due to the huge level of operator mixing, it is in general very hard to diagonalise
the dilatation operator, even at one loop. However, the restrictions imposed by
the preservation of the Lorentz spins S; and R-charges J; lead to the identification
of closed sectors, i.e. families of operators which only mix with each other under
the action of the dilatation operator, thus simplifying the problem.

The simplest class of operators we can study is given by the chiral primaries
Tr 72t Tr Y72 Tr X7, (2.9)

defined in terms of the complex scalar fields Z = ¢1 + i¢e, Y = ¢35 + iy,
X = ¢5 + igg, each of which carries one unit of R-charge J;, Jy and J3 re-
spectively. As mentioned in the introduction, these operators are BPS and hence
their anomalous dimensions vanish, so that their scaling dimensions are simply
equal to their R-charges. The BMN vacuum can be chosen to be any of the above
operators, in the limit of very large R-charge, e.g. Tr Z7t, J; > 1.

If we allow two different types of complex scalars inside the trace, we obtain
one of the three equivalent copies of the su(2) sector, corresponding to objects of

the following type, up to permutations of the elementary fields:
Tr (Z7'Y72)  Tr (Z7'X75)  Tr (Y2X5) (2.10)

Operators representing elementary scalar excitations of a single type over the
BMN vacuum, e.g. Tr (ZZZY ZY ZZ ... Z) lie in the su(2) sector.

2.2 The sl(2) integrable spin chain

The sl(2) sector consists of single-trace operators containing only one type of
complex scalar field and only one of the light-cone components of the covariant
derivative inside the trace. Among the various possible choices, we are interested

in the following version of the s[(2) sector:
Tv (D ZD2Z ... D Z). (2.11)
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This operator carries a single Lorentz spin S = 37_,s; (each derivative con-
tributes one unit) and a single R-charge J, equal to the total number of Z
fields. The twist is defined as the classical scaling dimension minus the total
spin, Ag — 5 = J.

The operators in this sector can be identified with configurations of the Heisen-
berg XXX _ 1 spin chain. Each Z field inside the trace corresponds to a site of
the chain, so that its total length equals J. Every site carries a representation of
SL(2,R) with quadratic Casimir equal to —1/2. Finally, each derivative acting on
a Z field is interpreted as a single excitation (also known as magnon) of the spin
at the corresponding site. In this picture, the ferromagnetic vacuum coincides
with the BMN vacuum Tr Z”.

The 1-loop contribution to the anomalous dimension of operators in the sl(2)

sector is proportional to the XXX _1 spin chain Hamiltonian:

1
2

A
Y(A) = @fi"lxxx_l/2 +O(N\?) (2.12)

Hence, the diagonalisation of the dilatation operator in this subsector reduces
to the problem of finding the energy spectrum of the spin chain, which, as a
consequence of the integrability of the Heisenberg model, can be solved by the
algebraic Bethe Ansatz technique!.

A quantum spin variable ﬁ,f, LY for k=1,...,J, satisfying appropriate com-
mutation relations, is associated with each site of the chain. These variables are
then used in order to introduce a Lax matrix Ly(u) at each site of the chain,
given by

. — . 0
L, u—1iL]

Li(u) = (“HEQ iy ) € SU(1,1). (2.13)

The monodromy matrix of the chain is then defined as the ordered product of all

the Lax matrices,

Q(u) = Ly (uw)Lo(u) ... Ly(u), (2.14)

and its trace yields a tower of conserved quantities g;:

ty(u) = Tr[Li(u)la(u)...Ly(u)
= ) Fqpu 4. Fqutq. (2.15)

!The remainder of this chapter is based on the results of [47, 48, 49] and references therein.
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The conserved charges were shown to commute in [16], leading to the conclusion
that the quantum spin chain is integrable. From this point, the algebraic Bethe

Ansatz equations can be derived by imposing the Baxter equation,

(u n 5) Qu+i) + (u - g)m S = Qus(w),  (216)

where the Baxter Q-operator Q(u) is a polynomial whose degree has to be equal
to S, as a consequence of the large-u behaviour of the equation:

(w — M) (2.17)

S
=1

k

(we have omitted the overall normalisation factor). The variable u is usually called

the spectral parameter. Substituting (2.17) into (2.16), several poles appear on

the left-hand side of the Baxter equation. However, since we know that ¢ (u) is

a polynomial, we have to impose the cancellation of these apparent poles. This

requirement forces the roots \; to satisfy the same Bethe equations which can be
derived directly from the algebraic Bethe Ansatz:

Ak + % 2 Ap—Aj—i
CE =R

1#

Each Bethe root A\, represents the rapidity of an individual magnon, which is
interpreted as a quasi-particle carrying a conserved energy Ej and a conserved

momentum 6y,:

1 . A\ — &
B, = e =2k 3 (2.19)
3

Furthermore, it can be shown that all the roots have to be different from each
other: A\ # A;, for k£ # j. The total energy and momentum are given by the sum
of the contributions from each magnon and can also be expressed in terms of the

Baxter operator:

~ 1 @6 @) o_TTMs_ Q0
o _;9 ) 2 o _ 3 _ @)
D 16 BT = Mg | S verss by iy

(2.20)
The cyclicity of the trace over the colour indices in (2.11) imposes e = 1, while
the total energy FE yields the 1-loop contribution to the anomalous dimension,

through equation (2.12).
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In the general quantum case, the standard approach is then to solve the Bethe
equations (2.18) and compute the energy of the spin chain from (2.20).

For the purpose of this thesis, we are mainly going to study the large spin
limit S — oo with J fixed, in which these equations become increasingly hard
to solve, due to the diverging number of magnons. However, as we will see in
the next section?, it is possible to determine the spectrum in terms of the roots
of the monodromy ¢;(u), which are more convenient objects to study, since their

number remains constant and equal to J.

2.3 Spectrum at large S

In the limit S — oo, with J fixed, we define the parameter

1
S+

n= —0. (2.21)

In order to determine the spectrum as S becomes infinite, it is possible to con-
struct an asymptotic solution of the Baxter equation (2.16), which is valid in the

region u ~ O(n°):

QW = Q- (-3) + Q- (5) (2.2

where
J . .
, D(Fiu + iuy)
Qi(u) =27 || =7——3% (2.23)
3'1;[1 r <:Flu + 5)
and u;, for j =1,...,J, are the roots of the monodromy of the spin chain,
J
tr(u) =2 | | (u—u;). (2.24)

J=1

In the large S limit, the number of magnons becomes infinite. The constraint
imposing that the Bethe roots (or magnon rapidities) must all be different from
each other acts as an exclusion principle, forcing the rapidities to fill a Dirac
sea. It can be shown, however, that there are always J holes in the rapidity
distribution. Like magnons, such holes can be interpreted as quasi-particles, and

the numbers u; then acquire the meaning of their associated rapidities.

2The discussion will be based in particular on sections 2.2 and 3.3 of [49].
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The energy eigenvalues of the spin chain can now be computed by evaluating
(2.20) on the asymptotic solution (2.22), which yields:

J
E = 2log2+>» EM°

j=1
E]}?Ole = 9 (% + iu]) + (% — z'uj> — 2(1) (2.25)

where the contribution £} is interpreted as the energy carried by the j-th hole,
and ¢(x) = d[log'(z)]/dx.

In order to link the behaviour of the holes to the behaviour of the conserved
charges ¢;, we need to introduce the semiclassical expansion. First of all, we
rescale the spectral parameter by introducing u = x/n and we rewrite the mon-

odromy as
77)‘] z @ | 3 s
=(—-) ty|l-]|=2+=+=+...+—, 2.26
7(x) <$ J<77) +x2+x3+ +$J (2.26)

where g, = ¢yn~*. We then assume that the rescaled charges can be expanded in

powers of n:

. A0 ~(1

qkzq,i)+nq,(€)+.... (2.27)
Note that, in general, some charges may scale slower than g, ~ n™% ~ S* in the

large S limit, which implies that the corresponding coefficient d,go) will vanish.

Hence, we will indicate the highest non-vanishing coefficient as qAS()z s With M =
0,...,J —2 (one may check that the charge cjéo) never vanishes). We can now

expand 7(z) as well, and the leading term is given by:

0L,

By rearranging (2.26), we obtain:
E(u) = — (207 + Goa” 2 + ..+ ) (2.20)
J\u) = T]J T Q2 . qr, .

which implies that the u; coincide with the zeros of the polynomial on the right-
hand side. As n — 0, the coefficients ¢; = cjj(p) + O(n) vanish for j = J — M +
1,...,J. Thus, we are left with J — M roots z;, j = M,...,J, which remain
finite as n — 0 and M roots z;, 7 = 1,..., M, which vanish in the same limit.
This translates into u; = x;/n ~ S as S — oo for the first set of solutions, and it

can also be checked that either u; = O(1) or u; — 0 for the second set.
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We call the diverging u; ~ S, yielding a contribution Epge ~ logS to the
total energy, “large” roots (or “large” holes) and the finite u; “small” roots (or
“small” holes)?, with energy O(S?).

It is only a matter of algebra to expand Epge(u;) on the “large” roots and
then eliminate the latter in favour of the charges (j(-o). By (2.12), the spectrum of

J
1-loop anomalous dimensions is thus given by

A 0 e 1 1
v = H{(J—M)logs+long_M+§jzl [w (§+iuj> + <§ —iuj)}
— JY(1) + .. } +0(\?), (2.30)

where the dots indicate terms which vanish in the limit S — oo and, up to a
moduli-independent constant, the contribution of the “large” holes is given by
(J — M)log S +logq'”,,.

The “small” roots u; are quantised by imposing the condition that the function
Q™) (u) be regular on the real axis in its region of validity u ~ O(n°). This
requires the residues of all the poles of @, (u) and Q_(u) located in that region
to vanish. Note that the poles at u = u; for u; a “large” root are outside this
region, and thus these quantisation conditions do not apply to the large roots.

The result is a set of M Bethe-type equations, one for each “small” root,
which also receive contributions from the large roots. By approximating these

equations as S — oo in the case of two “large” holes (J — M = 2), one obtains
8Uj IOgS = 27'(']{]' s kj S/ s (231)

which will be helpful later.

The interpretation of these results in terms of the spin chain is the following.
As S — o0, J — M > 2 spins become highly excited, so that the corresponding
spin vectors L£; become classical variables. These spins are associated with the
“large” holes and are responsible for the leading diverging O(log S) contribution
to the spectrum of the chain. Their dynamics are governed by the Hamiltonian

HJ_M = IOg Ci(]O_)M

30ur definition of “small” holes is slightly different from the definition given in [49], according

to which “small” holes have instead a vanishing rapidity which is O(1/log S).
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The remaining M spins remain instead in a low-level excited state, and there-
fore need to be treated quantum mechanically. They are associated with the
“small” holes, which are in fact subject to the quantum Bethe-type equations
mentioned just above, and they yield a subleading O(S°) contribution to the
spectrum.

While the matter is essentially closed concerning the “small” holes, we still
need to find appropriate semiclassical quantisation conditions for the “large” holes
(recall that the Bethe equations do not apply to the “large” holes). As we will

see below, these are described in terms of an algebraic curve.

We are now going to focus our attention on the classical spin variables, whose
dynamics can be represented in terms of a classical spin chain with J — M sites.

The Lax matrix is defined as in (2.13), while the monodromy matrix becomes

so that the corresponding rescaled monodromy is given by 7y(z) as in (2.28).
We notice that, as M increases by one unit, we lose a Lax matrix in (2.32) and
correspondingly the highest conserved charge in (2.28) vanishes.

The quadratic Casimir can be neglected at leading order in this limit, so that

the spin components satisfy
Ly Ly + (L) =0, (2.33)

for k =1,...,J, up to O(1/S) corrections. The quantum commutation relations
of the spin chain, arising from the s[(2, R) Lie algebra, translate into the following

Poisson brackets:
(L5, L0} = 2060 LY (LY, L5} = Hidp L . (2.34)

As a consequence of these Poisson brackets, it is possible to show that the charges
g; are in involution?, {¢;,¢;} = 0, 4,7 = 2,...,J. The existence of this set of
conserved charges in involution implies that the classical spin chain is integrable.

In the special case of a highest-weight configuration, which satisfies

Y ri=o0, (2.35)

4This follows from the general result of [16], which proves that the charges commute in the

quantum case.
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it is possible to show that

J J J
G2 = —(S+§) (S+§_1>_Z

~ 52 as S — o0, (2.36)

which implies (jéo) = —1. In the following, we will discuss results which hold

for both highest- and non-highest-weight states, the only macroscopic difference

between them being the value of ¢, and (jéo).

In order to introduce the algebraic curve, we first express the Baxter operator

in terms of the eikonal phase S(z):

X S(z)

S
Q (5) — SR S =Y log( — 1) (2.37)

We then assume that the function S(z) also admits a semiclassical expansion in

powers of 7, as the one we saw in equation (2.27) for the conserved charges:
S(z) = So(z) +nSi(x) + ... . (2.38)

At this point, we substitute the expansions for S(x) and for the charges into the

Baxter equation (2.16) and solve it at leading order in 7, obtaining:

2cosp(z) = 10(x) p(x) = Sy(x). (2.39)

The function p(x) is known as the quasi-momentum and we can use the left-hand
side of the previous equation in order to study its analytical structure. p(z) has
2(J — M) — 2 square root branch points at 79(x) = £2 and a logarithmic branch
point at x = 0. Consequently, p(x) has an infinite number of possible values at
each point on the complex plane, which are related to each other by sign changes
and shifts by integer multiples of 2.

The differential dp(x),

AW
dp = r=Tpy dz, (2.40)

(or, equivalently, the first derivative p’(z)) has a simpler structure, since, while it
has the same square root branch points as the quasi-momentum, the singularity at
the origin becomes a simple pole. Hence, dp can be made single-valued on a two-

sheeted hyper-elliptic Riemann surface I';_,; defined by the following function:
Ty y=1/4—12(x). (2.41)
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Figure 2.1: The branch cuts for the quasi-momentum p(z) and the differential
dp(x). Above each branch point 27 the value To(x(j)) is indicated. The cross

represents the origin and the dots indicate omitted cuts.

This surface is usually called the spectral curve.

Because of the fact that the charges cjj(.o) appearing in (2.28) are determined
by the monodromy ¢;, of the spin chain, according to (2.15), it can be shown that
they only take such values that the (J — M) — 2 points at which 75 = 2 and the
(J — M) points at which 7p = —2 are all real. Together with the fact that 7o(x)
approaches 2 from below as x — +o00, while its only singularity is a pole at the
origin, this implies that the square root branch points have to arrange themselves
in consecutive pairs on which 7y takes the same values, starting with 7y = —2 on
the two outermost pairs, and then alternating between 79 = 2 and 79 = —2 on
the successive inner pairs, until the origin is reached. This pattern accounts for
2(J — M) — 4 branch points. The two remaining branch points are located at the
two sides of the origin = 0 and the corresponding values of 7y may or may not
coincide, depending on the parity of the leading diverging power (1/x)’~.

We label the branch points as x(f), for 7 = 1,...,NT, from infinity to the
origin on the positive real axis, and similarly as x(,j), for j =1,...,N™, on
the negative real axis. Note that both N* and N~ are always odd and that
Nt + N~ = 2(J — M —1). A consistent branch cut structure for dp(z) is
obtained by connecting the two branch points belonging to each pair together,

defining intervals of the type

D i N+t -1
;o= PP forj=1,, =
— @i (2)) - N~ -1
I = [z 7227, forj=1,..., 5
Iy = %7, 207 (2.42)

so that the genus of the Riemann surface is (J — M) — 2. This is illustrated
in Fig. 2.1. The same cut structure is also acceptable for the quasi-momentum
itself, although in this case the origin is a logarithmic branch point and the cut

Iy must necessarily touch it.
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This choice of the branch cuts is peculiar in the sense that it is known that the

S Bethe roots A\, are always real and condense along the cuts [ f, Iy as S — o0.

Having an infinite number of possible values at each point on the complex
plane, p(z) becomes single-valued on a Riemann surface T,_n with an infinite
number of sheets, as opposed to the two-sheeted spectral curve I';_,;. These
two surfaces should not be confused with each other. We are now going to select
an individual branch of the quasi-momentum, specified by the two conditions
p(o0) =0, p(:vgrl)) — 7 and corresponding to a single sheet on I';_,; and then to
identify this sheet with the upper sheet of I';_,,;, defined by the sign choice for

the leading behaviour dp ~ —dz/z? as ¥ — oo. We call this the physical sheet.

Once the reference sheet has been established, p(x) may be computed on its

whole Riemann surface as

pa) = [ v, (2.43)

oot

where oot is the point at infinity on the physical sheet and the integral is carried
out along a regular contour connecting that point to the other endpoint x lying on
[';_y. The notation z* only applies to the two-sheeted surface I';_j;, where the
points 7 and 2~ lie on the upper and lower sheet respectively and correspond
to the point x on the complex plane. Due to the definition of the physical sheet,
we can identify all the points of the upper sheet of I';_,; with the points of the
corresponding sheet of I M, so that we may actually say that the above integral

starts at co™.

However, there are in general infinitely many possible duals in T';_j; for the
two sheets of T';_j; (see Fig. 2.2) and therefore, depending on which cuts the
contour crosses, the final endpoint of the integral (2.43) may lie on several different
sheets of I';_ s, even though it is uniquely specified on I';_,. This point will be

made clearer shortly.

By starting, for instance, at a point close to oo™ near the positive real axis
and then following the variation of p(x) from its initial value p(co™) = 0 as z

moves along a contour leading to the various square root branch points without
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Figure 2.2: Schematic representation of the Riemann surfaces associated with
p(z) and dp(z). Red sheets are dual to the upper sheet of I';_,;, while blue
sheets are dual to the lower sheet. The physical sheet on both surfaces is marked
as “PS”.

crossing any cuts, it is possible to show that, on the physical sheet,

. : Nt —1
p(mfj)) = pa? ) =mnj forj=1,..., 5
+ Nt +1
) = m—g
. - N-—1
p(x(fj)) = p(xQ,(] 1)) = —7j for j=1,..., 5
(N7) N™+1

(2.44)

3

plal ') = — 5

These values determine the A-periods and the B-periods of the differential dp(z):

for the former we have

7{ dp=0, ]{idpzo, V7, (2.45)
[e75) a;

where the A-cycles oz;—L, aq encircle the cut [ ]i, Iy on the physical sheet, respec-

tively. For the latter we obtain instead
NE*+1
2 Y

/ dp = +27j forj=1,..., (2.46)
+
o

where the B-cycles ﬁc start at oo™, cross the cut I ]i and then reach oo™, on the
lower sheet. Note that the two innermost contours y(y+41)/2 and y(y-41)/2 Cross

the cut I to the right and to the left of the origin, respectively. (See Fig. 2.3).
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Figure 2.3: The A-cycles and B-cycles on I';_;.

Specifically, the above A-periods indicate that the cut structure shown in Fig.
2.1 is appropriate for p(z), since it does not pick up a monodromy if = follows
a contour encircling a cut. The B-periods instead imply that, when = follows a
contour starting on the upper sheet at x* and ending on the lower sheet at the
corresponding point = and crossing a single cut [ ji, the initial and final values

of p(z) are related as follows®:
p(z™) +p(z™) = £275 . (2.47)
Equivalently, the discontinuity of p(x) across a cut is given by
p(x +i0) + p(x — i0) = £2715 , (2.48)

forx € I ]i As for I, we have to split it at the origin into two adjacent cuts,
(N7) 0]

(N=+1)/2 = [x
the other cuts.

and I(J§V++1)/2 = [0, :E(,Nﬂ], which then behave exactly as all

Due to the fact that p(z) changes sign every time we cross a cut, we may say

that the sheets of T';_j; which are reached after crossing an even number of cuts

SFor a proof of this fact, see (3.101) and the comments below.
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are “dual” to the upper sheet of I';_;;, while the remaining sheets are “dual” to
the lower sheet. It is also clear that, because of the cut-dependent constant shift
acquired by p(x) after each crossing, there are an infinite number of sheets on
I';_1%. This kind of behaviour is, as we might have expected, a variation of the
analytical structure of the inverse cosine function.

As we mentioned above, the Bethe roots condense along the cuts as S — oo.

In particular, from the definition of S(x) we immediately obtain

S'z)=n)_ o (2.49)

=1 A

which then implies that the integral of S’(x) along the A-cycles is proportional

to the total number lj[, lo € Z* of roots condensing along the corresponding cut:

I N*—1
f;i S'(x)dr = 2minly ~ 2mé forj=1,..., 5

l
%S/(x)dx = 2m'n1022m'§0 (2.50)
o

By exploiting the fact that the sum of the integrals along all the A-cycles is
homologous to an integral around oo™, one can show that the filling numbers lji,

lp have to satisfy
N”-1 NT-1
b+ Y L+ > =S (2.51)
j=1 k=1

which is just a restatement of the fact that the total number of Bethe roots is
equal to S.

Furthermore, it is possible to show that the following additional constraint
must hold:

Nerl N_2+1
JiE =Y iy =0, (2.52)
j=1 i=1

where the filling numbers l(iNi +1)/2 correspond to the contributions to [y from the

two halves of the cut I lying at the two sides of the origin (lerﬂrl)/2 + l(_N*—l—l)/Q =
lo)-

SFor this to be true, it is enough to assume qéo) # 0, since then there are always at least the

* with different

two branch points at the sides of the origin, which introduce two cuts I (N£11)/2

associated periods (N* = 1).
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Finally, by substituting in the leading behaviour of S’(z) in the large S limit

from (2.39) and integrating by parts, we may re-express the filling numbers as:

1 £ Nt _1
- dp ~ L forj=1....
omi Jor ' T s T Ty
1 I
- dp ~ —. 2.53
27 aox b S ( )

The importance of these relations lies in the fact that, since the lj[ and [y have to
be integers, they provide the semiclassical quantisation conditions for the mod-
uli Q;O) of the curve I';_j; which we were looking for. Once we impose these
conditions, the spectrum of the “large” spike Hamiltonian H;_y/(l;) = log Ci(}oj Y

becomes discretised.

In summary, equation (2.30), together with the quantisation conditions for the
“large” holes (2.53) and for the “small” holes (given by (2.31) in the case M =
J — 2), yields the semiclassical spectrum of the one-loop anomalous dimensions
of operators in the sl(2) sector in the limit of large Lorentz spin S, with fixed
R-charge J.
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Chapter 3

Integrability methods in

semiclassical string theory on

AdSs and AdSs x S1

In this chapter we will briefly review two techniques which exploit the integrability
of the string theory equations of motion, specialising to the cases of AdS; and
AdSs x S*, respectively. Pohlmeyer reduction allows to link solutions of the
equations of motion to solutions of simpler two-dimensional models. The finite-
gap method allows instead to construct very general classes of solutions to the

equations of motion and to determine their spectra in terms of algebraic curves.

3.1 String theory basics on AdS; x S!

AdSs space is a 3-dimensional hyperboloid embedded in R%*?2, defined by the

following constraint:
X X'=-X-Xi+ X3+ X;=-1 (3.1)

The bosonic part of the string theory action on AdSs; x S!, in conformal gauge,

is then defined in terms of the embedding coordinates X, as:

I= —4—\/X dodr [G 0, X" 0" XY + A (G X" XY + 1) + 0,p0"¢) (3.2)
T

where ) is the t’Hooft coupling, ¢ is the angular coordinate along the S*, G, =
diag(—1,—1,1,1) is the R*? metric, and the worldsheet indices are contracted

with the 2-dimensional Minkowski metric 7y, = diag(—1,1).
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Once we eliminate the Lagrange multiplier A, the equations of motion for this

action become:
0,0"X,, — (6,1X”(9“X,,)Xﬂ =0
0,0% = 0. (3.3)

We fix the residual gauge symmetry by demanding that the solution to the de-

coupled equation for the coordinate ¢ take the following form:

J
Q= ﬁr (3.4)

If we introduce the light-cone worldsheet coordinates o*

= (1 £ 0)/2, we can
write the Virasoro constraints as:

2
DL X", X, — —JT (3.5)

AdS3 can also be parametrised by the global coordinates (t,p,¢), with p > 0,

which are related to the embedding coordinates as follows:

Xo = coshpcost
X7 = coshpsint
Xy = sinhpcos¢
X3 = sinhpsin¢. (3.6)
In terms of these coordinates, the AdS3 line element is:
ds®> = — cosh? p dt* + dp* + sinh® p d¢*. (3.7)
Another useful coordinate system on AdSs is given by the complex coordinates
Zii
Z, = Xy +iX, = coshp e
Zy = X, +iXs=sinhpe”. (3.8)
It allows us to rewrite the AdSs; constraint, the equations of motion and the
Virasoro constraints as:
Z1 — | Zo) = 1 (3.9)
0,0°Z; — (=0 Z10°Z) + 0,220 Z2) Z; = i=1,2 (3.10)

e}

0121017, — 0129017y = (3.11)

S
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The string action (3.2) is invariant under global time and angular translations:
t—t+a, = ¢p+b, o - p+c. By Noether’s theorem, the associated conserved
charges are the energy A!, the AdS3; angular momentum S (also referred to as

“spin”) and the S' angular momentum J:

A = 2—\/X/d0' Im(ZlaTZl)
™

S = ﬂ/da Im(ZQQTZz)
27

J = Q/da D, (3.12)
2m

where the integrals are carried out over the entire range of o (e.g. o € [0, 27| for

a closed string).

3.2 AdS; sinh-Gordon connection

3.2.1 Pohlmeyer Reduction on AdS;

Pohlmeyer’s reduction procedure establishes a relation between soutions to com-
plicated systems of second order differential equations and solutions to simpler
equations, such as the sine- and sinh-Gordon equations (including their complex
versions) or the Liouville equation. In the specific case of AdSs, it connects the
o-model equations to the sinh-Gordon, cosh-Gordon and Liouville equations. In
this brief review, we follow [108] and [106]. In order to restrict ourselves to pure
AdSs5 space, we have to impose J = 0, but otherwise all the conventions of the
previous section still apply?.

The initial system we are going to reduce is given by the AdSs string equations
of motion (3.3) and the Virasoro constraints (3.5).

The first step is to define an orthogonal basis for R?? in terms of X and
its derivatives. Let’s first consider the set of vectors {X,0,.X,0-X}: the first
has negative unit norm (by the AdS3 constraint (3.1)) with respect to the R?*?

scalar product, whereas the other two have vanishing norm (by the Virasoro

In the following, we will always indicate the energy of a string solution as A, since this

quantity is expected to match the scaling dimension A on the gauge side.
2Pohlmeyer reduction on AdS3 x S' leads to the complex sinh-Gordon equation, but we will

not need to consider this case for the purposes of this thesis.
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constraints). As we can easily see by differentiating the AdSs constraint, X is

orthogonal to the other two vectors:
X, 0. X" =0. (3.13)

Furthermore, the scalar product of the remaining two vectors, 04 X,0_X*, can
only vanish at isolated points on the worldsheet, since its vanishing turns the
AdS3 equations of motion into the flat space equations of motion. Therefore, the
set of vectors {X, 0, X,0_X} is linearly independent except possibly at isolated
points on the worldsheet. This will be enough for our purposes.

We then add one last element B, which we require to be a unit vector orthog-

onal to all the other vectors in the basis:
B,B" =1, B, X" =B,0, X" = B,0_X"=0, (3.14)
and thus we define our basis to be:
e; = (X,0,.X,0_X,B),. (3.15)

We also introduce the following functions:

a = In(-0;X,0_X") (3.16)
u = B,0IX" (3.17)
v = B,0*X" (3.18)

and we then rewrite the equations of motion (3.3) in terms of a:
0,0_X, = —“X, (3.19)

It is now only a matter of algebra to check that a suitable B is given by the
following expression:
B, = e “€upX"0_X0, X" (3.20)

0123

where €,,,, is the anti-symmetric Levi-Civita tensor (and e = €p123 = 1 in

R2?).
Some useful identities can be obtained by differentiating the Virasoro con-
straints (3.5):

0+ X, 0,0_X" = 0 (3.21)
0. X, 05 X" = 0. (3.22)
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Now we can start the derivation of the differential equation satisfied by . By
directly differentiating its definition (3.16), we obtain:

dra = —e 02X, 0_-X" (3.23)

O_a = —e *0°X,0,X" (3.24)

Then, we can differentiate any of these two equations again and obtain the second

derivative of a:

010_a = —e *[e (91 X, 0-X")(0” X,,0. X*) + 0,02 X,,0, X" + 92 X,,05 X "]
(3.25)
where we have rewritten all the first derivatives of « according to (3.23) and
(3.24). At this point, we need to decompose 97X and 92X on the basis (3.15).
The components can be obtained by evaluating the scalar products of these two
second derivatives of X with all the basis vectors. In particular, the component

on X must vanish because of (3.13) and the Virasoro constraints:
OEX, XM = 0.(0+ X, X") — 0:X,0: X" =0 (3.26)

and the components on B are just u and v by definitions (3.17) and (3.18).
Finally, one of the two components on 9, X and 0_X also vanishes because it
equals the LHS of (3.22). The result is then:

X, = —(e7*0_X, 01 X", X, +uB, = 0,00, X, +uB, (3.27)
X, = —(e7%04X,0°X")0_X,, +vB,=0_ad_X, +vB, (3.28)

This allows us to compute the scalar product between 93 X and §* X in terms of

the scalar products of the basis vectors:
O X, 01 X" = —e *(0_-X,0% X*") (04 X, 0> X*) + uv, (3.29)
which we can then substitute back into (3.25) to find:
010_a = —e *[0,0° X,0, X" + wv). (3.30)

We only need to evaluate one last term, and we can do this by differentiating the

equations of motion, in the form (3.19),
0.0>°X, = —0_ae"X, — e*0_X,, (3.31)
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and then taking the scalar product with 0, X:
0,0> X,0, X" = e*. (3.32)

Thus we have:
0;0_a+e” +uve * =0, (3.33)

which is the general equation of motion satisfied by «. It is now clear that if
uv = 0 for the string solution considered, then « satisfies the Liouville equation.
However, in order to understand the connection to the sinh- and cosh-Gordon
equations, which appear when uv # 0, a few more steps are required.

First of all, we calculate 9_9% X and ;9% X from equations (3.27), (3.28) and
(3.19), by differentiating once:

0-9°X, = 0,0-a0,X, —e*0,aX, +0_uB, +ud_B,
= —e“0;aX, —e"0:X,
0.0°X,, = 0,0_a0_X, —e*0_aX, + 0,vB, +vd, B,
= —e"0_aX, —e“0_X,, (3.34)

where we have replaced 0,0_X,, with —e*X, in the first and third line, according
to (3.19). Now, by taking the scalar product of both sides of both equations with
B, and noticing that:

B,0.B" =0, (3.35)

as a consequence of the fact that B has a constant norm (3.14), we find:

o_u = 0 ie. u=u(o

Jdyv = 0 e v=uv(o"). (3.36)

& =a— = Injullv], (3.37)

e = . (3.38)



When we substitute this back into equation (3.33), we obtain:

0, 0_6 + +/|u||v|[e® + sgn(uv)e™®] = 0. (3.39)
Finally, we perform the following residual gauge transformation® on the world-
sheet:

:/1/2|u(g+)|da+, o~ :/\/2|v(a—)|da_, (3.40)

from which we deduce:

Oy =\/2uld,, 8- =/2v|0_. (3.41)

We then express (3.39) in terms of these new worldsheet coordinates and obtain:
A A 1 . .
010_& + 5[6‘“ + sgn(uv)e ] =0, (3.42)

which reduces to the sinh-Gordon equation when uv < 0 and to the cosh-Gordon
equation when uv > 0.

In summary, every string solution defines, through (3.16), a function a(t,0)
which satisfies the sinh-Gordon, the cosh-Gordon or the Liouville equation. Con-
versely, starting from a specific a7, o) solving one of these equations, it is pos-
sible, through an integrability technique known as inverse scattering transform,
to construct a solution X,(7,0) to the string equations of motion and Virasoro
constraints such that e* = -0, X,0_X*. While the details of this procedure are
beyond the scope of this thesis, we are going to be interested in certain string
solutions which were obtained in this way in [106], starting from some simple

solutions of the sinh-Gordon equation that are reviewed in the next section.

3.2.2 Review of sinh-Gordon soliton-type solutions

We list here, for later convenience, some well-known solutions to the sinh-Gordon

equation, all of which have u = 2,v = —2. It then follows from (3.37) that:
& =a—In2. (3.43)

We will write all the solutions in terms of a and of the original worldsheet variables
(1,0), without the coordinate transformation (3.40), which only amounts to a

rescaling of 0, o0~. In these coordinates, the equation which & satisfies is (3.39):

0+0_& + 4sinha = 0. (3.44)

3Note that, as ¢ = 0, we do not use the gauge-fixing condition (3.4) when we work in pure
AdSs.
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The simplest solution we are going to consider is the vacuum solution:
Gp=0 or oy=In2. (3.45)
The one-(anti)soliton solution is:
@55 = In2 & In[tanh?®(y(o — v7))] (3.46)

where v = 1/v/1 — v2, the plus sign is associated with solitons (s) and the minus
sign is associated with antisolitons (5). We notice that both these solutions have
a single vertical asymptote, located at o, s(7) = v7. We identify the (anti)soliton
with the asymptote: o, 3(7) is then the worldsheet position of the (anti)soliton
as a function of worldsheet time and v is its velocity. Therefore, the solution
diverges to (+) — oo in the vicinity of an (anti)soliton.

The two-soliton scattering solutions are:

h X — coshT?
toss = In241n |:UCOS cos }

vecosh X + cosh T
vsinh X — sinh 712
vsinh X +sinh T

P ln2j:1n{ (3.47)

where X = 2vo, T' = 2v7y7, and the (minus)plus sign is associated with two
(anti)solitons in the first equation, while both sign choices are associated with
one soliton and one antisoliton in the second equation. These solutions are in the
centre of mass frame, i.e. the (anti)solitons have equal and opposite velocities
4v. Sinh-Gordon solitons and anti-solitons can be thought of as quasi-particles

which undergo factorised scattering.

3.3 The finite-gap construction on AdS; x S*

The finite-gap method relies on the expression of the string equations of motion
in terms of a Lax connection and an equivalent linear system. The former can be
used to define a Riemann surface which encodes the spectrum of a very general
class of string solutions. The latter yields the solutions themselves, although the
procedure required to obtain them is rather involved and will not be discussed
here, as the results presented in the next chapters only concern the spectrum.

Our review mainly follows [25] and [109].
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3.3.1 Initial setup

First of all, we introduce the parametrisation of AdSs in terms of an element g
of the group SU(1,1) = SL(2,R),

YARRNVZ,
g={ 2" 7). (3.48)
Zo

which is easily seen to satisfy all the SU(1, 1) properties:

; 1 0
g'Mg = M, M =

detg = 1 (3.49)

both of which are a consequence of the fact that Z; and Z, satisfy the AdSs
constraint (3.9). For a closed string, ¢ must satisfy the following periodicity
condition:

g(1,0 +2m) = g(7,0). (3.50)

The Lie algebra su(1, 1) associated with this group is defined as the space of 2 x 2

matrices m satisfying:
Trm =0, ml = —MmM. (3.51)

We choose the set of generators s = (—ios3, 01, —09)*, A =0, 1,2, (where the o,
are the Pauli matrices) as the basis for this vector space, and then introduce the
metric nap/2 (where n = diag(—1,1,1)). The basic properties of the generators
are given by

[s4, 58] = —2e*P e ps? (3.52)

and
Tr(s4s%) = 2p4P. (3.53)

The decomposition of a vector in the Lie algebra onto the basis is then:

A A_B
‘/ ‘/ ‘/ — . .54
= VasS = 277AB S ( 1 Z 9 Z (35 )

If we define the su(1, 1)-valued right current j,
Ja =9 '0ag, (3.55)
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and then express the o-model action (3.2) in terms of it (after removing the La-
grange multiplier by imposing the AdSs constraint on Z;, Zs), we obtain the
SL(2,R) Principal Chiral Model action (plus the decoupled term for the S* an-

gular coordinate):

) 1
I= —% d’o {ﬁTr(jaj“) + 0,00%p| . (3.56)

In this form, the action is invariant under left and right multiplication by a

constant SU(1, 1) group element Uy /Ug:
g—ULg, 9 — gUk. (3.57)

The associated conserved currents are

a \/X a a \/X -
Jp=—--1, Jr=—7-7% (3.58)

where the right current j, was defined in (3.55) and the left current [,, given by

lo = (0ag)g™", (3.59)
is related to the right current by the following transformation:
lo = gjag™". (3.60)
The equations of motion are equivalent to the conservation conditions
0yj_ +0_jr =—20,=0, Ol +0_l, =-20", =0, (3.61)

and the two currents also satisfy flatness conditions as a direct consequence of

their definitions:
Oyj- —0_jy —[j—,j+] =0, Ol — 0l +[I-,14] = 0. (3.62)

The corresponding left and right conserved charges are:

QL = Q dUlT ) QR = ﬂ deT‘ (363)
47 47

Their components on s, which generates the Cartan subalgebra, are related to

the energy A and AdS3 angular momentum S of the string:
QA =A-9, 2=A+S8. (3.64)
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A useful property is given by:

1 _ _
—§Trj2 = detj, = 0,210,271 — 0,720, 2 (3.65)

(where the first equality is just a consequence of the general su(1, 1) matrix struc-
ture (3.54), and j2 indicates the matrix square of j,), which allows to express the
Virasoro constraints (3.5) in terms of the current:

2
~

1
—§Trj:2t = det jy = (3.66)

3.3.2 Integrability

The integrability of string theory in AdSs is a consequence of the existence of a

one-parameter family of Lax currents (also known as Laz connections)*

To(x,7,0) = l(j*-+j>

2\1—z 1+«
RV
mra) = 5 (25 - 2), (3.67)
whose flatness condition
0T — 0Ty — [T, T4] = 0 (3.68)

is equivalent to the equations of motion. Specifically, if the equations of motion
are verified, then J(z, 7, 0) is flat for all values of the spectral parameter x, and
vice versa.

The Lax connection allows the introduction of the auziliary linear system:
00 + Tu(z, 7,0) |V (2,T,0) =0, fora =0,1 (3.69)

where ¥ (z,7,0) is a 2 X 2 complex matrix.

The consistency condition for such a system, namely [0, + 7,0, + J,] = 0, is
equivalent to the flatness of J and thus the system itself linearises the equations
of motion.

The monodromy matriz is then defined as:

Q(':C’ T, U) = Pexp/ ja(x, 7-/, U/) dO'/a (370)

[v(7,0)]

4In the following, we will often use the notation V, = Vj, V, = V; in the (7,0) coordinate

system.
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where Pexp indicates the path-ordered exponential,

b
Pexp/ f(z)dz = lim ela T I @de I f@dr o fy flayde

e—0

m [1+ ef(a) + O()][1+ef(a+e) +O()]. ..

li
e—0
[1+ef(b—¢€)+ O()], (3.71)
and [y(7, 0)] is the homotopy class of a closed path (7, o) with base point (7, ),
winding once around the closed string worldsheet. By the non-Abelian version of
Stokes’ theorem, if J is flat, then, for any simply connected domain D, we have
Pexp | To(x,7',0") do’ = 1. (3.72)
oD
Hence, the path-ordered exponential of 7 along any curve lying on the worldsheet
will only depend on its endpoints (even if they coincide) and on its homotopy class
(or, equivalently, on its winding number).
Another important consequence of Stokes’ theorem is the fact that, as we vary

the base point (7,0) to (7/,¢’), the monodromy matrix evolves by conjugation:
Qz,7,0")=UQ(x,7,0) U, where U = Pexp/ja(x,T’, o')de" (3.73)
¥

and 4 is any curve connecting the two base points (7, 0) and (77, ¢’) with vanishing
winding number (see Fig. 3.1).

A convenient choice of contour for the monodromy matrix is the following:
o421
Qz,7,0) = Pexp/ T, (x,7,0") do’ (3.74)

where we now integrate along a circle of constant 7 on the worldsheet, starting
and ending at the point o.

The parameter x is complex in general, but Q(z,7,0) € SU(1,1) only for real
x. However, due to the fact that J is traceless, €2 will always be unimodular
(detQ(z,7,0) = 1, Vx € C). We are now going to study the eigenvalues of
2, which, by (3.73), are independent of (7,0) and which we will indicate as
+ip(

ti(z) = () where the quasi-momentum p(x) satisfies

Tr Q(z,7,0) = 2cosp(x) (3.75)

and is thus naturally defined only up to sign changes and shifts by integer multi-
ples of 2. Moreover, for x € R, we have cosp(x) € R, but this only implies that,

o8



(7, 0)

Figure 3.1: An example of the path 0D along which Stokes’ theorem is applied.
Paths with negative signs are run along in the opposite direction with respect to
the definition of the path-ordered exponential yielding the corresponding matrix,

and hence they generate its inverse.
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in general, p(x) is either real or pure imaginary (up to shifts by 27n) on the real
axis.

As a 7-independent function of the spectral parameter, the quasi-momentum
represents an infinite tower of conserved charges associated with the classical
motion of the string, among which we will find the energy spectrum. But first

we will determine some general properties of p(z) in the next section.

3.3.3 Analyticity and asymptotics

The monodromy matrix satisfies the following system of differential equations:
(00 + Ta, Uz, 7,0)] =0, Va , (3.76)

and hence, by Poincaré’s theorem on holomorphic differential equations, it is
holomorphic for z € C\ {+1, —1}, while it has essential singularities at x = %1,
as we can see from the fact that 7 has simple poles there. In order to determine
the leading behaviour of p(x) near these two points, we first need to approximate
the Lax current:

_ljﬂ:(Ta U)

jg<I,T,U): 2 ZE:F]_

+O0((xF 1)), as r — +1. (3.77)

Since Tr j+ = 0, due to the fact that j, € su(1,1), and det j. = J*/\ by the
Virasoro constraints (3.66), we find that the diagonal form of the components of

the right current can be written as

vi(1,0)jx (7, 0)vit (T, 0) = ii03. (3.78)

VA
We may then use this result in order to diagonalise the monodromy matrix at
leading order, which is achieved by introducing uy(z,7,0) = vo(7,0) + O((z F

1)%):

S
ui(m’T’J)Q(ZE’T7O>U:T:1($77—70-) = exXp _l 7

R Ol )]

asr — +1.  (3.79)

Therefore, the quasi-momentum has simple poles at z = +1, together with branch

points located where the discriminant
D =4 —[Tr Qx, 7,0)]* = 4sin® p(x) (3.80)
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has simple zeros® and therefore it only becomes single-valued on a Riemann sur-
face which has in general an infinite number of sheets (as follows from the struc-
ture of the inverse cosine function). Each sheet will correspond to a particular
sign choice for p(x) and to a particular shift by 27n, n € Z. Following the usual
procedure, we identify a reference sheet, or physical sheet, by making a specific
choice:

) 1

p(z) = WCES! +O0((x ¥ 1)), as v — *£1. (3.81)

Note that, since the discriminant has essential singularities at * = 41, it must

have an infinite number of zeros accumulating at these points. This, however,
does not necessarily imply that there is an infinite number of branch points, since
most of these zeros may have even multiplicity; we will refer to multiplicity two
zeros as “double points” (zeros of higher even multiplicity can be thought of as
multiple coincident double points).

Another important remark is the fact that, since cosp(z) = £1 at the branch
points, the latter are necessarily of the square-root type, in the sense that, if x
follows a path that circles around one of them twice, there is no variation of p(z)
between the initial and final points.

We now move on to considering the asymptotic behaviour of the quasi-mo-
mentum at infinity. As before, we start by expanding the Lax current:

To(x,7,0) = —ijO(T, o)+ 0 (%) ) as T — 00, (3.82)

and then proceed to expand the monodromy matrix as well:

1 o+2m 1
Qz,,0) 1— —/ Jo(r,0")do" + O (;)

x
1 4r 1
x\/XQR+O(x2) , as T — 00 (3.83)

In the case of a highest-weight string configuration, the vector of the components

of Qr on the su(1,1) generators is parallel to s%:
Qr = %(A +8)os (3.84)

whereas all the other equivalent solutions can be obtained by applying arbitrary
left and right SU(1, 1) rotations: g — UpgUg, with 9,Ur = 9,Ur, = 0, Va. In

5More generally, odd-multiplicity zeros would also identify branch points, which are how-
ever considered unphysical, and hence one usually places the additional constraint that the

discriminant may not have zeros of odd multiplicity greater than 1.
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the following, we will restrict ourselves to highest-weight solutions. We therefore

obtain i At S ,
Qz,7,0) = —% ;r 03+O(;) . asT — oo (3.85)
which yields
2 1 1
p(z) _W(A+S)E+O(P) , as T — 00, (3.86)

where we have made conventional choices for the branch of the quasi-momentum
which define the physical sheet (e.g. p(co) = 27n %+ 27(A + S)/(2v/A) on other
sheets).

Finally, the asymptotic behaviour of the Lax current near the origin x = 0 is

given by:
TJo(x,7,0) = jo(1,0) — xj (T, 0) + O(a:2) , asx — 0, (3.87)

which we can now substitute into the usual definition of {2 to obtain:
o+2m

Qz,7,0) = g (1,0)Pexp {—x/ (1,0 )do’ + O(2?)| g(,0 +2m). (3.88)

If we use the periodicity of the SU(1,1) group element (3.50) and then expand

the remaining path-ordered exponential for small z, we find:
o427
g(r,0)Qx,7,0)g H(r,0) = 1— x/ L (1,0")do" + O(2?)

= 1- x4—\/7%QL + O(2?)

21

= 1—a2"=(A—S)os+ O(z?), asx — 0,
(3.89)
where again we are considering a highest-weight solution.
Thus, we have
2m 9
(A= S)x+ O(z7), asx — 0, (3.90)

p(x) = _ﬁ

which is used as one of the defining conditions of the physical sheet.

3.3.4 The spectral curve

The Riemann surface associated with the eigenvalues of Q, ti(z) = e*®®) has

two properties which make it complicated to study: firstly, it has an infinite
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number of sheets and, secondly, it has essential singularities located at x = +1
on all its sheets. In fact, it is more convenient to consider the Riemann surface
Y corresponding to p/(x), which instead only has double poles at z = 41 and
two sheets, since it only maintans the sign ambiguity of p(z), while it loses the

arbitrary shift by 2mn.

It has been proved (see section 3.1 of [109] and references therein) that this

surface, which is called the spectral curve, can be written as:
Yoyt = H(x - z;), (3.91)
j=1

where the branch points x; correspond to the infinite zeros of the discriminant D
(3.80), which, as we saw in the previous discussion, accumulate at z = +1. From
now on, we are going to restrict ourselves to the case in which only 2K of these
zeros have multiplicity one, while all the others have multiplicty two, becoming

double points, so that the spectral curve takes the following hyper-elliptic form:

2K

S yi@) =] - ), (3.92)

j=1

having K branch cuts and therefore genus K —1. String solutions associated with
this class of spectral curves are known as finite-gap solutions. Strictly speaking,
with this restriction in place, we are unable to describe directly surfaces with
an infinite genus. However, it is believed that these should be recovered as the
K — oo limit of a K-gap solution, and that therefore finite-gap solutions are
completely generic. Hence, the following analysis will yield results which should

apply to all the possible string solutions in AdSs x S' in the large S limit.

We now introduce the meromorphic differential dp = p/(z)dz, which inherits
all its analytic and asymptotic properties from p(z). Such properties were studied
in the previous section, and determine the behaviour of the differential near the
poles, near the origin and at infinity. As we did in the case of the gauge theory
spin chain (see Fig. 2.2), we choose the physical sheet (or upper sheet) on ¥ so

that dp corresponds to p(z) on the physical sheet of its own Riemann surface, as
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it was defined above. Thus we have:

mJ dx
dp = ——=——=+0((zF1)"), as x — +1,
p NNCESIE ((zF1)°)
2m dz 1
dp = —W(A—kS)ﬁ—kO(E), as r — 00,
2
dp = ——(A—S)dz+0(z), asz—0, (3.93)

VA
on the upper sheet of ¥, while all the signs flip on the lower sheet. We are also
going to use the usual notation, according to which ™ and x~ identify the point
above x on the upper and, respectively, lower sheet of the spectral curve.

Apart from the double poles at = +1, the only other singularities of the
differential are the branch points x;, which are of the square root type.

The most general meromorphic differential with the required branch points
and double poles is given in terms of the function y(x), of a generic holomorphic

part f(z) and of a particular singular part g(x):

dp = dps + dps — —%x[f(x) + gla)

K-2
flz) = Z Cyat

=0

oy Y- Y Y-
9(@) = \/X{(x—l)z f e T @oD * <x+1>] - (399)
where p
— y(+1 d e . 3.05
w=yE) =g (3.95)

The corresponding branch cut structure is the same that applies to y(z): the
points x; are divided into pairs and each pair is then joined by a single cut Cr,
for I =1,..., K, such that

dp(z+¢€)+dp(x —e€) =0, (3.96)

where x € C; and € is an infinitesimal shift orthogonal to the cut. We may also
equivalently say that dp(z™) = —dp(xz™).
This choice of cuts is also appropriate for p(x), since, as we saw above, its
branch points coincide with the z; and all of them are of the square root type.
As in the case of the SL(2,R) spin chain, the pair (X, dp) allows us to recon-
struct p(x) as the Abelian integral

p(z) = / ) dp, (3.97)

oot
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(a) (b)

Figure 3.2: (a) Two-sheeted representation of the A-cycle A; and of the B-cycle
B associated with a given cut C; on X. (b) Equivalent representation of the
cycles on the complex plane; the dashed part of the contour lies on the lower

sheet.

which starts on the physical sheet of ¥. Again, by choosing an integration path
which crosses the appropriate cuts, we may place the point x at which p is eval-
uated on any sheet of its Riemann surface, although, from the point of view of
dp, the path always lies on the two-sheeted spectral curve.

The set of conditions (3.93) must be supplemented with period conditions for
each cut, which are once again determined by the behaviour of p(z). For each cut
C;, we define an A-cycle Aj, which encircles the cut and no other singularities,
and a B-cycle By, which starts at oo™, crosses the cut, and ends at oo™ (see Fig.
3.2).

Due to the fact that the variation of p(x) is zero along an A-cycle, since the

cycle does not cross any cut, all the A-periods must vanish:
f dp =0, for7=1,..., K. (3.98)
Ar

On the other hand, while p(co™) = 0 since oo™ is always chosen to be located on
the physical sheet of the Riemann surface of p(z), oo™ may lie on different sheets,
depending on the cut we crossed, and hence, by (3.85), p(co™) € 27Z in general.
Thus the B-periods are given by

/ dp = p(oco™t) — p(oo™) = 27ny , n; € 7, (3.99)
By

where the integers n; are called mode numbers. This also implies that p(z;) =
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p(xj41) = mng at the two branch points connected by Cz, and that the disconti-

nuity of p(z) across a cut is given by:
p(x +€) + p(x —€) = 2mny, (3.100)

for x € Cj, or equivalently that, for any contour starting at ™ on the physical

sheet and ending at x~ after crossing a single cut, we have:
p(z®) +p(z~) =27mn; . (3.101)

This may be seen, for instance, by choosing the contour so that it touches the

point z* and then splitting the B-period into two contributions:

xt 0o~
2y = / dp +/ dp, (3.102)
oot ot

where the contour corresponding to the first term lies completely on the upper
sheet (drawn in red in Fig. 3.3(a)), while the contour of the second term lies
on both sheets (drawn in blue). We then bring the part of the second contour
which lies on the upper sheet to the lower sheet and vice versa, which, by (3.96),
requires us to change the sign of dp (first step of the next equation). Equivalently,
we flip the direction of the contour (second step of the next equation, also see
Fig. 3.3(b)) and finally apply (3.97):

zt oot xt x
2mny = / dp — / dp = / dp +/ dp=p(xz")+pla”). (3.103)
oot z~ oot oot

At the double points & we also have p(Zy) = ngm, ng € Z, which is exactly
what happens at the branch points, with the difference that p(z) does not pick up
a monodromy if z circles once around Z;. In fact, double points can be thought
of as collapsed cuts, whose branch points have become coincident.

It is known [26] that the mode numbers are in a 1-1 correspondence with the
elements of the set {C;, #x}, i.e. that each mode number is either represented
by a single cut or by a single double point and this accounts for all the zeros of
the discriminant, accumulating at * = 4+1. Double points correspond to mode
numbers which are “turned off”, while cuts represent mode numbers which are
“turned on”. As more and more mode numbers are excited, the genus of X
increases, and the corresponding family of string solutions acquires additional

moduli, as will shortly become apparent.
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(a) (0)

Figure 3.3: (a) The standard B-cycle for the cut C;, chosen so that it touches the
point . (b) The rearranged version of the B-cycle, where its second half has

been swapped from one sheet to the other and has undergone a direction flip.

In fact, we see from (3.94) and (3.92) that the differential has 3K — 1 param-
eters {z;,C;}, for j =1,...,2K and [ = 0,..., K — 2. Once we impose the 2K
constraints (3.98) and (3.99), we are left with K — 1 independent parameters,
which represent the moduli.

The spectrum A — S of these string solutions is encoded in (X, dp) through
(3.93) and is a function of the moduli, which, at the classical level, vary in a
continuum. In order to move on to the semiclassical level, appropriate Bohr-
Sommerfeld quantisation conditions must be imposed. These were studied in
[110] and can be formulated as integrality constraints on the so-called filling
fractions associated with the cuts: S; € Z*, for I = 1,..., K, with

1 VA 1
Si=—— — | dp. 3.104
! 2mi Am J 4, (a: i a:) P ( )

The K filling fractions, subject to the level-matching constraint,

K

> nSi=0, (3.105)
=1
were also shown to constitute a valid parametrisation of the moduli space, which
therefore has dimension K — 1. The total angular momentum in AdSj is also
related to the filling fractions, according to

$=3"5;. (3.106)

Nt
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In summary, the semiclassical spectrum of the family of K-gap solutions,
A=AlSH ;,...,8;/2,5;/2] , (3.107)

is determined by a genus K — 1 hyper-elliptic spectral curve Y, equipped with
a differential dp which has two double poles and K branch cuts on the complex
plane, together with specific analytical and asymptotic properties (3.93), and
must satisfy the period conditions (3.98) and (3.99). The moduli S have to be
integers due to the semiclassical quantisation conditions.

For this semiclassical description to be valid, we need the conserved charges
A, S and J to be O(v/)), with A > 1. Note, however, that, when we will later
consider the S — oo limit of the finite gap construction, J will be kept fixed and

finite, albeit large.

Finally, it is interesting to compare the differential of the quasi-momentum in
gauge theory to the same object in string theory. There are several similarities
between the two versions of dp: their associated Riemann surface is hyper-elliptic
in both cases and the cut structure is identical, including the fact that cuts can
collapse into double points, although the branch points have to lie on the real axis
in the spin chain case, while there is in general no constraint on their position in
the string case, as long as they do not overlap with other singularities. Further-
more, all the A- and B-periods coincide, with the exception of those associated
with the cut .

The singularities are however different: while dp has a simple pole at the origin
on each sheet on the gauge side, it has two double poles at x = +1 on both sheets
on the string side. Consequently, the quasi-momentum develops a logarithmic
branch point along Iy in the first case, and it has no other singularities other
than the square root branch points; the number of double points is also finite
for finite J. Logarithmic branch points are instead absent in the second case,
which is the reason why there are no cuts with the properties of Iy on the string
side. Furthermore, two simple poles appear, acting as accumulation points of a
numerable infinite set of double points.

Most importantly, in the case of the semiclassical spin chain, the quasi-
momentum p(x) is known from the start, and all the properties of the corre-
sponding spectral curve can be directly inferred from it. On the string side,

instead, the general theory yields a generic form for the spectral curve and then
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places analytical, asymptotic and period constraints on the differential, leaving us
with the task of determining it. Solving this so-called spectral problem is usually

very hard, due to the transcendental nature of the period constraints.
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Chapter 4

The large spin limit of the

finite-gap spectrum

In this chapter, we will consider the limit S — oo with J = O(\) > 1 of the
finite-gap spectrum discussed in the previous chapter, with [101] and [3] as our
main references. The main result of [101] is the derivation of the fact that the
spectrum of finite-gap strings in a fairly general large S limit reproduces the
“large” hole contribution to the spectrum of the SL(2,R) spin chain. The limit
considered in [3] is more general and yields a second branch of the spectrum,
which may be associated with a family of quasi-particles. The corresponding
dispersion relation matches the one associated with “small” holes, in the limit of

very large momentum.

4.1 Setup

We will now focus on K-gap solutions with all the branch cuts lying on the
real axis, outside the interval [—1, 1], which means that only classical transverse
oscillator modes with positive spin S = +1 are activated. Therefore, such string
solutions are expected to correspond to gauge theory operators in the s[(2) sector
with only covariant derivatives of the type D, appearing inside the trace, as in
(2.11).

For simplicity, we are going to consider K to be even and the cuts to be
equally distributed between the two regions © < —1 and x > 1, although the

results still apply if these restrictions are lifted.
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Figure 4.1: Initial configuration for the surface ¥. (a) Branch points and cuts.

(b) A-cycles. (c) B-cycles. The double poles at = +1 are indicated as crosses.

We label the 2K branch points as follows:

gl MY < GUEME o <MD < 0 < g
alf M > QM s s g s D s > 0 > 1 (4)
where M = 0,..., K — 2 must be even' and we also assume the two innermost

branch points to be symmetric with respect to the origin, i.e. bﬁ? = +4b, with

b > 1. The spectral curve is then expressed as

M K—M-1
S:oyt =@ - [ - o) I[ (@-d?)@-a®) (42
j=1 k=1

and the cuts and their corresponding standard A- and B-cycles are in turn re-
spectively relabelled as C;E,Aic and Bf, for I = 1,...,K/2, as shown in Fig.
4.1.

Note that, assuming that the double points 4, also lie on the real axis?, accu-

mulating at = 41 from both sides, we recover a pattern which is very similar to

! As we will see shortly, M acquires the meaning of the number of cuts whose endpoints both
migrate onto the Riemann surface Y5 and has to be even in our symmetric setup. However,

our results also hold when this number is odd.
2This is actually the case when we consider the SL(2,R) spin chain, and hence it seems
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what we saw on the gauge side. In fact, by essentially the same reasoning, relying
on the fact that cosp(z) is real for x € R, one may check that the mode numbers
associated with the cuts and the double points have to start at —1 on the left-
most branch point or cut and at +1 at the rightmost object. Then, as we move
inwards, approaching the double poles, the mode numbers respectively decrease
and increase by one unit when we move from an object to the next, eventually
diverging towards —oo and +o0o due to the infinite number of double points. As
in the case of the semiclassical spin chain, there is an underlying conventional
choice in the initial definition of the branch of the inverse cosine: p(z¢) = —,

_M_l),ik}. With the opposite

where xy represents the leftmost object in {a(_K
convention, p(xg) = +m all the signs of the mode numbers would be reversed.
The important point here is that there is a general restriction on the way in
which we may choose the mode numbers, demanding that they be monotonically
decreasing (respectively, increasing) as we approach the pole at x = —1 (x = +1)

starting from C; (C{"). This has an impact on the period conditions, which are

% dp =0 f dp = 2mn7. (4.3)
A Bf

I

relabelled as

Taking the restriction into account, we choose to activate only the lowest possible
oscillator modes, which is achieved by fixing ny = +1, I = 1,..., K/2. This also
implies that all the double points are located inside the interval = € (—b,b).

The filling fractions are rewritten as

1 VA 1
Si = _ LV X (:1: - —) dp, (4.4)
‘AI

211 4r T

for I =1,..., K/2. They are subject to the level-matching constraint

K/2

> (nfSf +n;Sr)=0 (4.5)

=1
and they are related to the total AdS3 angular momentum:

K/2

S=> (8 +58;). (4.6)

I=1

reasonable to impose the same condition while we try to reobtain the same spectrum from

string theory.
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4.2 The large S limit

4.2.1 General discussion of the limit

In the following we are going to consider a specific behaviour of the branch points
which results in a factorisation of the spectral curve ¥ into two separate Riemann
surfaces, joined by two contact points. For the purposes of the subsequent anal-
ysis, it is convenient to rearrange the A- and B-cycles in a non-canonical con-
figuration before we take the limit S — oo. The new equivalent configurations
of the A-cycles and of the B-cycles are shown in Fig. 4.2(a) and 4.3(a) respec-
tively. In particular, we define AF = ?ﬁ Af, for I = (K — M)/2,...,K/2,
and Ay = fﬁz@M)/z(Aj + A7), together with B = Bk e — B&*M)/Q’
By =By, — By and Bf =Bf — B/, for [ = (K — M)/2+1,...,K/2.

The new period conditions for dp on ¥ associated with this new configuration

are given by

K—-M
7{ dp =20 7{ dp:27mf:j:27r[ for I'=1,..., -1
AT B 2
I I
j{ dp=0 ]{dp:—Qﬂ(K—M)
A B
y{A dp=0 j{ dp =7n(K — M)
Al m Ble_m
2 2
K—-M
7{ dp=0 jI{ dp = 2w for I = +1,...,K/2. (4.7)
A% B 2
We now introduce a scaling parameter p, and impose
af) = paf (4.8)

for j =1,2,...,K — M — 1. We then take the limit p — oo with @/, b7 and b
held fixed. Thus we are dividing the branch points into “large” (agf)) and “small”
(bg )). This is a generalisation of the limit considered in [101], which in the present
notation corresponds to M = 0.

The “large” branch points move towards infinity on both sheets, while the
“small” branch points remain close to the origin and to the double poles. As
the regions in the proximity of the two groups of singularities become infinitely

separated, the spectral curve factorises:
Y 2 UN, (4.9)
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Figure 4.2: (a) The rearranged A-cycle configuration on . (b) The A-cycles on
$1; the marked point indicates the simple pole at 2 = 0. (c) The A-cycles on Sy
the marked points indicate the double poles at x = 1. All dashed lines extend

to infinity along the real axis.
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Figure 4.3: (a) The rearranged B-cycle configuration on ¥. Dashed blue lines
indicate paths on the lower sheet throughout the picture. (b) The B-cycles on
3; the marked point indicates the simple pole at 2 = 0. (c) The B-cycles on o
the marked points indicate the double poles at x = 4+1. The black dashed lines

extend to infinity along the real axis.
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where ¥ is the area containing the “large” branch points and the two points
at infinity (co®), while 3, contains the “small” branch points, the four double
poles (x = 1%, x = —1%), the two origins (z = 0%) and all the double points.
This process can be visualised by “blowing up” one of the handles of the original
surface until the tubes at its sides, connecting the two regions, squeeze into two
contact points, as shown in Fig. 4.4.

If we introduce the rescaled spectral parameter & = x/p, > then corresponds
to the region ¥ # 0, whereas %, is represented by all the finite values of z, i.e.
x # 00. The two variables x and & represent the coordinate systems which we will
use to parametrise the two surfaces. Some notable points after the factorisation
are the two contact points (respectively located at # = 0% and x = co®) the two
points at infinity on ¥ (lying on ¥ at # = oo*), the four double poles on ¥ (lying
on 3y at z = 1% and at z = —1%) and finally the two origins on X (lying on N
at x = 0%).

The key point is that the periods of the differential dp must be preserved
during this process. This requirement will determine all of the crucial properties
of the two new surfaces emerging after the factorisation. The situation on 3,
will turn out to be almost identical to the one discussed in [101], and hence the
derivation will proceed in the same fashion. The behaviour on %, will instead
become rather complicated due to the larger number of “small” branch points
migrating onto that surface with respect to the M = 0 case. In fact, we previously
modified all of the cycles involving at least one of the “small” branch points in

order to deal with the period conditions on the second surface more effectively.

As p increases, due to the progressive separation of the two groups of branch
points, only a subset of the initial cycles remains on each of the two resulting sur-
faces after the factorisation. Fig. 4.2(b) and 4.3(b) show which cycles survive on
21 (which contains the a(ij)), while Fig. 4.2(c) and 4.3(c) show the configuration
for 3, (which contains the bg) ). Fig. 4.5 shows the labelling of cuts and branch
points on the two surfaces.

The limit p — oo and the associated migration of the branch points also
modify the expressions for y and dp on 3, and 5. On the first surface,
) K—M-1

2 = (7 —al)@—a), (4.10)
k=1
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Figure 4.4: The factorisation of the finite-gap spectral curve: ¥ — %, U 3y, in
the special case K =9, M = 4. Note that the behaviour of X5 as shown here is
only conjectured for the time being, and in fact it will turn out to be different

(see Fig. 4.8).
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Figure 4.5: The surviving branch cuts and branch points on % (a) and on 3,

(b).

we have the following limiting form of the differential:

~ K-2

d ~
dpr =~ 3 Gt M (4.11)

Wy

The C} have been rescaled as follows:

é K—I—-1 for 1 > M
CZ:{ e e (4.12)

CpK—M=1 " forl < M

This ensures that dp; has a simple pole at £ = 0 and that none of these parameters
disappears from both dp; and dps due to suppression by negative powers of p.
The first property is crucial to the construction of an explicit solution p;(Z) in
closed form, while the second simply ensures full generality in that we do not lose
any free parameters, while we are still free to set the rescaled C; equal to zero if
we want.

As we can see from Figures 4.2(b) and 4.3(b), the differential is subject to the

following period conditions, which are inherited from ¥ (4.7):

K—-M
?{ dpr =0 fdﬁlzzmli:izﬂ for I =1,..., —1
+ + 2
‘AI BI
A B
Ja{ dp, = (K — M). (4.13)
G
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OIl 22,

,’:]:

¥y (2% — b%) )z — by, (4.14)
=1
we find instead
dx ~ mJ [ (1) J2(—1) gs(1) | 9p(=1)] da

dp Cia' — — - - - — (415
- nglz; " \/X[(l"—l)Q (z+1? 2-1 z+1] % (4.15)

with Q? = 72(0). The corresponding period conditions are given by:

K—-M
7{ dps =0 ]{ dps = 27 for I = +1,...,K/2,(4.16)
A% BE 2
J J

as shown in Figures 4.2(c) and 4.3(c).

Only one period condition from the original set (4.7) remains, namely

]{A dp=20, (4.17)
A

+
K—M
2

which involves the only cycle that survives both on f]l and on 532. As we have
just seen, the original spectral problem for (X, dp) has reduced to two almost
separate spectral problems (X1, dp;) and (X, dp,). The constraint (4.17) then
provides the only relationship between these two problems and we will therefore
refer to it as the “matching condition”. The associated A-cycle, which is pinched

by the expanding handle on the surface, is shown in Fig. 4.6.

4.2.2 Explicit solution on 3

The key difference with respect to the case of dp on X is that dp; only has a
simple pole at # = 0 on both sheets of 3, instead of two double poles on each

sheet:

K — Mdi
i o0, (4.18)
7 xr

dp1—>:i:

where the residue of p}(Z) at & = 0 is determined by the period condition (4.13)
on the cycle 5’, which imposes Cy = —iQ(K — M). If we integrate this relation,

we obtain the asymptotic behaviour of p;(Z) near the origin:

K —
m(@) — + log & as T — 0 (4.19)
i
and thus, on one sheet, we have
exp(%ipy (%)) = (2)TEM  as i -0, (4.20)
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Figure 4.6: The A-cycle which is pinched at the contact points, providing the
only period constraint which links the two otherwise separate spectral problems

on 2, and Y after factorisation.
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while one of the £ must be replaced with F on the other sheet. Hence, the

function
F(#) = 2081 (7) = exp(ifa(£)) + exp(—if (7)) (4.21)

has a pole of order K — M at & = 0 on both sheets. Furthermore, since the
periods of dp; are normalised in integer units (which means that p; changes sign
and is shifted by an integer multiple of 2 whenever we cross a cut), f(Z) has
no branch cuts, and it is therefore analytic on the complex plane, with its only
singularity given by the pole. The behaviour of p;(Z) at infinity can be obtained
by integration from that of dp;:

() ~ : as T — oo (4.22)

f(Z) =2cospi(T) 22+ = as ¥ — oo (4.23)

where we have defined G, = —C% .

The most general function f(z) satisfying these analytic constraints is given
by the following expression, parametrised in terms of K — M — 1 undetermined
coefficients ¢;, j = 2,..., K — M:

o 1 G2 q3 drK—M

This yields an explicit form for p;(%) = cos™*(f/2) and its differential:

~ / 1
dﬁlz—id—x Py (5) : (4.25)

It is now only a matter of algebra to cast this expression into the previous form

(4.11) in order to read off the equation defining the spectral curve:
. 3 F2(K—M) 1
510 gi= i [IP’%{_M (E) — 4] (4.26)

and of the rescaled coefficients:

~ (K = Ddr—
C=————— 4.27
A& (427)
forl = M, ..., K —2. In this way, we have expressed the solution in terms of the

K — M — 1 new parameters ¢;, j = 2,..., K — M, which represent the moduli on
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1. One can also check that the period conditions (4.13) are indeed satisfied, so
that this is a genuine solution to the spectral problem on this surface.

With reference to Fig. 4.4, ¥, is the surface on the left-hand side of the
bottom picture. Its main features are the K — M — 1 branch cuts and the two

singular contact points with ¥y, which are located at & = 0F.

4.2.3 Explicit solution on ¥,

The following argument relies on the evaluation of the matching condition, at
first only at leading order and using the explicit solution (4.25), which allows us
to obtain a simpler expression for the differential dp, in terms of a single unde-
termined coefficient. Then this new expression is used to evaluate the constraint
up to the first subleading order so as to fix the last coefficient. The required cal-
culations lead to cumbersome expressions and involve several technical problems.
Therefore, they have been relegated to appendix A.1.

By imposing the matching condition (4.17) at leading order, it is possible
to show that the two innermost branch points on Y5 have to collide with the

neighbouring double poles, i.e. that b — 1 so that?:

1

where € = 1/p.

We now focus our attention on the A-cycle conditions on . First of all,
we notice that, due to the fact that the double poles at x = +1 have vanishing
residues, b — 1 does not imply that the contours are pinched at these singularities.
In fact, even before the limit p — oo is taken, we are free to rearrange the cycles
so that they cross the real axis along the interval —1 < x < 1, where clearly there
can be no pinching (see Fig. 4.7(a)). It then follows that, even in the p — oo
limit, the contours fl? do not touch any of the singularities of the differential.
Therefore, the only diverging contribution the integrals receive comes from the
factor 1/4/1 — b2 inside the integrand. For them to vanish, a second infinite

contribution must arise in order to compensate.

3The result (4.15) still holds even though we now have a diverging factor 1/v/1 — b2 coming
from g4 (£1), since corrections to that limit are suppressed by inverse powers of p and hence a

logarithmic divergence is too weak to make them O(p?).
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(%) \(2) \(1) \(1) \(2) \(%)

cl c’ c cy cy cy

Figure 4.7: (a) The A-cycles on Y, with the double poles inside them. (b) As
p — 00, the A-cycles become pinched at the points cij), forj=1,...,M/2.

This can only happen if all the branch points on 5 coalesce in pairs as p — 00:

0 o

pED B )

pM=1) () (%)

+ , O — Cy (429)

The differential then develops a simple pole at each collision site cg) and all the
A-cycles are pinched at one (and only one) of these poles, as shown in Fig. 4.7(b).
Correspondingly, the genus of 3 reduces from M to 0:

go(z) — Va2 —15b2 (x—cgf))(:v—c(_j)) as p — 00

1
= Val— 02 u(a). (4.30)

We can visualise the effect of this process with the help of Figure 4.8. As the
two surfaces separate from each other, the “handles” on 3, (which lies on the
right-hand side) collapse and each of them is replaced by a simple pole on each

sheet, represented as a pair of blue dots in the picture.
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Figure 4.8: The complete description of the factorisation ¥ — 31 U, in the
special case K =9, M = 4. As p — oo, the handles on the second surface collapse
and are replaced by pairs of simple poles, indicated as blue dots. Meanwhile, the
double poles collide in pairs with two branch points, and thus we are left with

two double poles overlapping with branch points in the final picture.
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This qualitative reasoning is already sufficient to determine the explicit form
of dps. In particular, if we take into account the behaviour of all the branch
points on this surface, we can write:

)
=

where the dots denote terms which vanish in the limit considered?* and

R N ' VPN 2 S RO )
he) = G2 () Q;Cl +\/X\/1—752<x_1 x+1>

de + ... as p — 00 (4.31)

(4.32)

is an analytic function which has simple poles at x = +1 and x = cgf), for
j =1,...,M/2. The limit of h(x) as x — oo and its residues at z = +1 can
be computed directly, while the residues at x = cg) are determined by the B-
period conditions in equation (4.16). h(x) can then be determined by analyticity
constraints, yielding an explicit form for the differential of the quasi-momentum:

M

dpy = dwy + dib + Y _(dw] + dw;) (4.33)
j=1
where we have defined
2 d
dwy = T J x

_TAW(:@ —1)2

PR VA G LS B
dwj = - 0
2 m—ci] ,’]72—1

K-—-M dx

? 22 -1

dow =

(4.34)

Finally, we can use this result in order to impose the matching condition up
to O(p°) (see appendix A.1), which allows us to obtain the value of the only

remaining unknown coefficient:

21 J . . -
VWi —i(K — M)log p —ilog(Gr—nm) — %

—_
'Mw\a

[T(CSZ)) +T(Y - R

1

J

(4.35)

4Strictly speaking, this is only true if corrections to (4.29) are O(e®) for some o > 0, so that
the logarithmically diverging factor 1/ v/1 — b2 cannot generate O(1) terms. It is possible to use
the final explicit form of dp, in order to retrospectively check that this is the case. We discuss
this in A.2.
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where R is an undetermined moduli-independent constant and

T(c) = log <Z;\/%) . (4.36)

Now that b has been eliminated by the matching condition, we observe that the
only free parameters left in the final form of dp, are the M positions of the poles,
c(ﬁ, for j =1,...,M/2, which thus represent the moduli on ¥5. Adding these to
the K — M — 1 moduli from ¥, we obtain a (K — 1)-dimensional moduli space
of solutions.

As we can see in Fig. 4.8, the final configuration of s after the factorisation

+ and

is characterised by two singular contact points with 34, located at z = oo
M simple poles on each sheet (represented as blue dots). As the branch points
approach x = 41 the four double poles above these points collide in pairs and the
resulting differential dw, exhibits two double poles which coincide with branch

points at x = +1.

4.2.4 Semiclassical spectrum

Now that we have the explicit form of the differential of the quasi-momentum on
both surfaces, we can apply the asymptotic relations (3.93) to (4.25) and (4.33)

respectively®, obtaining

VA
A+S>~—\/—G 4.37
+ o G2 p (4.37)
and
NG ks
\ 2 : ,
A— S~ o (K — M)log p+log(gx—nm) + Z (G(c&f)) + G(c@)) + const.
j=1
(4.38)
where the constant is moduli-independent and we have introduced
1 c+Vet—1 2 -1
G(c) = =1 — . 4.39
(0= gios (Va1 ) - (4.89
We notice that A + S diverges faster than A — S and hence
A
A:Sz\/—_ —G2 p, (4.40)

47

5We recall that the point z = oo on X lies on 3 after the factorisation, while z = 0 on &

migrates to 22.
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which then implies

A—SQ\Z/—X (K — M)log S + log (%)
T

+ i (G(CSZ)) + G(C@)) + const. | (4.41)

where the constant is again independent of the moduli.

In order to complete the picture, we need to implement the semiclassical quan-
tisation conditions, which require the filling fractions, defined in equation (4.4),

to be integers.

On X, we consider the filling fractions which are associated with the cuts Cli,
for I =1,...,(K — M)/2—1, and Cy. After changing variables to # = z/p and

approximating the integrand at leading order as p — oo, we impose

K—-M
2

—1

idp, = I forI=1,...,

27TZ V —q2 AE

dp = 1 4.42
zm\/_—q2 P rdb = o (1.42)

with l;c, lo € Z", which leads to the discretisation of the moduli of that surface:
G = §;(IF,1o), for j = 2,..., K—M—1. In particular, note that the filling fraction
ly is actually the sum of two separate contributions from the cuts C(+K_ M)/2 and
C(_K_M)/2 which collide at £ = 0 in the large S limit: [y = lZFK_M)/Q + l(_K_M)/Q,
with

B ‘AK M 2

However, if we want to have as many filling fractions as moduli, we have to

combine lZLK—M)/2 and l(_K_M)/2 into g.

On X, we redefine the remaining filling fractions by replacing the contours
AT with ,Zlf, for I = (K — M)/2+1,...,K/2. We may compute the relevant
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contour integrals at leading order by using the explicit expression for dp, (4.33)°:

. 1 1 .
Sji — _Q_' ]{Ai (x + E) dp = S(cg)) €Z (4.44)
'AK

5 —0-1)
for j =1,...,M/2, where
S(e) = VA {\/c2 —1+tan™* (;1)} (K —M)logp. (4.45)

42 2

We now analyse the relation between the filling fractions and the total angular
momentum S (4.6) and the level-matching condition (4.5). Each term in the
various sums involved is a contour integral, which we have already evaluated above
at leading order. In particular, we have changed variables to & = x/p for the filling
fractions Sy, for I =1,..., (K — M)/2, while we have rearranged the remaining
filling fractions according to: SF = fﬁ St for I =(K—-M)/2+1,...,K/2,
without changing variables.

At this point, we notice that, in the large S limit, the first set of contributions,
corresponding to (4.42), diverges as Sf ~ S, for [ = 1,..., (K — M)/2, while
the second set of contributions (4.44) diverges slower, S’Ii ~log S, for I = (K —
M)/2+1,...,K/2. Therefore, we may neglect the latter at leading order, and
thus (4.6) yields:

KEM
S = (Sf+S;) . (4.46)
=1
Similarly, (4.5) can be written as:
KEIM
(ISf —18;) =0, (4.47)
=1

where we have substituted nf = 41 for the mode numbers. Hence, the total spin

and the level-matching condition only involve the filling fractions associated with

6This step requires particular care: the contours are pinched at the poles c(ij), and hence
the filling fractions must be regulated. For this purpose, before we take p — oo, we convert

into an open chain starting at b(in_l) on one side of the cut,

the integral along Ali{/z,(
(i2j71)

Jj—1)
intersecting the real axis between the double poles, and ending at b
the cut, for j = 1,..., M/2. We then write bfj_l) = c(ij) F n(ij), according to (4.29), and use

(4.33) to compute the integral. Finally, the behaviour of the regulator 77&_3 ) can be determined

on the other side of

by imposing, at leading order, the A-period condition involving the same contour fl}t{ J2—(j—1)7
again by turning the latter into an open chain and using (4.33). In fact, this last step is carried

out in (A.21) and (A.24).
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3, after the factorisation. In particular, notice that those filling fractions may
only cancel at leading order, leaving an arbitrary subleading O(log S) contribution
which would then allow the filling fractions on ¥ to violate the level-matching
condition.
In conclusion, the semiclassical spectrum of this class of finite-gap solutions
in the large S limit,
A=Al 1, SF], (4.48)

forI=1,...,(K—M)/2—1and j=1,...,M/2, is controlled by two Riemann
surfaces 3 of genus K — M — 2 and ¥ of genus 0, respectively parametrised by
the moduli ¢;, j = 2,..., K —M and c(f), k=1,...,M/2. The spectrum is given
by (4.41) as a function of the moduli, which are discretised by the quantisation
conditions (4.42) and (4.44), associated with the filling fractions on both surfaces.

As a final remark on the derivation, the case we have considered here is that
of equal total numbers of branch cuts on the two halves of the real axis, and of
equal numbers of cuts moving to ¥y from these two regions. We have restricted
ourselves to this case for simplicity, but the above reasoning still applies when
these restrictions are lifted. Therefore, the result generalises to

VA

A= =2 [(K M)logS+log< QK>M )+ZG ) + const. | (4.49)
T —q2) 2

with no parity restrictions on either K or M (M =0,1,..., K —2). The quanti-

sation conditions become

1
Sy = dpy=1;€Z*  forI=1,.... K—M—1

: 2mm L "

S, = S(Wez, forj=1,....M, (4.50)

where, with this labelling, the cut C; contains the origin and thus is the result of
the collision of two separate cuts, C; and C;, so that S; = S;” + S| . Lastly, the

total AdS angular momentum is given by

K-M-1

S= > 1, (4.51)

I=1
and the level-matching condition reads:

K-M-1

Z nily +nilf +nil (4.52)

1=2
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where the mode numbers are chosen according to the usual criterion (i.e. n; = £1
on the two outermost cuts and then, as we move inwards, the number increases

in absolute value by one unit for each consecutive cut).

4.2.5 Interpretation

The interpretation of the first two terms in (4.49), which are associated with ¥y,
was given in [101]. The main idea is that strings in this family should develop
K — M spikes, which approach the boundary of AdSs; as S increases towards
infinity. Each section of the string containing a spike becomes infinitely long
and hence yields an infinite contribution to A — S, given by (vV/A/27)log S at
leading order, while the O(v/), S°) corrections are represented by a function of g
and Gx_ . Spikes behaving in this way were thus called “large” spikes and they
account for the leading branch of the spectrum, which corresponds to the surface
3.

The extended analysis of [3], which we have discussed above, found the second
branch of the spectrum represented by the third term in (4.49) and corresponding
to 3. It consists of excitations of order O(v/), S°), each of which is associated
with a simple pole in the differential of the quasi-momentum on ¥, located at
z = ¢Y). The proposed interpretation is that such excitations should correspond
to solitonic objects moving along the string with worldsheet velocity v = 1/c.
They should appear as “small” spikes, in the sense that they do not stretch up to
the boundary in the large S limit, propagating on the background of the “large”
spikes, as shown in Fig. 4.9.

Moreover, both “large” and “small” spikes should correspond to solitons of
the complex sinh-Gordon equation”, which emerges from Pohlmeyer reduction on
AdSs x S, and should therefore undergo factorised scattering, also due to the

fact that classical string theory on this background is integrable.

We are now going to make the quasi-particle interpretation of the “small” spikes
more precise. From the spectrum (4.49), we immediately see that each solitonic
excitation carries an amount of energy

A1 1++V1—22
Ei(v) = \/—_ —log| ——— | — V1 —v?| , (4.53)
2m |2 1—+/1—22

"This conjecture is based on the properties of some explicit solutions displaying this type of

behaviour. We will discuss this point in the next chapter.
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Figure 4.9: “Small” spikes propagating on a background of “large” spikes. The
specific solution illustrated corresponds to the case K = 9, M = 4 and to the

curve shown in Figure 4.8.
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where, due to the original ordering restrictions placed on the branch points of
¥, we have [c¥)] > 1, Vj, and hence —1 < v < 1. When v = +1, the energy
vanishes and thus the spike disappears: this corresponds to |c¢| — 1, so that the
associated simple pole on >, collides with one of the branch points (which are
already coincident with the double poles).

In the opposite limiting case, v — 0, the energy diverges and the simple pole
at x = ¢ = oo leaves 532 and migrates onto 21. It is hard however to look at
this phenomenon after the surface has factorised, since the contact points are
singular. If we instead consider the surface ¥ before the limit S — oo is taken,
the process v — 0 should make two more branch points move towards infinity
as p diverges, with the effect of transferring one of the moduli from Sy to 3,
thereby increasing the genus of the latter by 1. Hence, the “small” spike becomes
a “large” spike when its velocity vanishes. Consequently, “large” spikes should
always correspond to stationary solitons on the worlsheet.

The conserved momentum carried by the excitations may be extracted from
the quantisation conditions (4.44), but we first need a leading order estimate of
the length of the string. Since we have no explicit expression for this class of
finite-gap solutions to work with, we are going to rely on the results of [1] and
[2], which will be discussed in the next chapter. Here, it will be sufficient to say
that several explicit solutions that show the behaviour we predicted above have
a length that equals, at leading order, N log .S, where N is the number of “large”
spikes present. We will therefore assume that this is also the case for a generic
finite-gap string in the family we are considering.

We now wish to interpret the constraint S(c¢) € Z as the Bohr-Sommerfeld
quantisation condition for a particle of momentum P(c) in a box of length L ~

(K — M)log p. Such a condition would read

P(c)L/(2m) € Z, (4.54)
leading us to the identification
P.(c)L
— . 4'
o S(e) (4.55)

This allows us to introduce a conserved momentum associated with each excita-
tion, which we now express as a function of the velocity v:

ANIET gy (V=)

27 v )

P (v) (4.56)
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where Tan™! is the principal branch of the inverse tangent and we have chosen
the origin of the scale of momenta so that P, (£1) = 0, which is justified since,
as we have just seen, Fy,(+1) = 0 and hence the excitations disappear for these

extremal values of the velocity.

Another important point is the comparison of the string theory result (4.49)
with the semiclassical spectrum of the SL(2,R) spin chain (2.30). The main
result of [101] is the fact that, if J — M = K — M, i.e. J = K, and we identify

the charges of the spin chain with the moduli on ¥ in the following way:

¢ =4 (4.57)

then the “large” hole branch of the gauge spectrum precisely matches the “large”
spike branch of the string spectrum, modulo the usual replacement of the prefac-
tor \/4m? with v/A/27, according to the leading behaviour of the cusp anomalous
dimension (1.11), and up to the moduli-independent constant.

Assuming the finite-gap solution satisfies the highest-weight condition for both
the left and the right current, with the identifications (4.57) and if we rescale the

spectral parameter as

= = - 4-
T N i (4.58)

I (4.26), expressed as a function of 7/, is identical to the spectral curve of the spin

chain (2.41), provided we identify 7’ with the gauge theory spectral parameter®

and we define

dp1(T) = dpgauge(i’/) ) pi(T) = pgauge(j/) . (4.59)

Note that we expect qéo) =

—1 for a highest-weight configuration of the spin
chain, due to (2.36), and that this is correctly reproduced by (4.57). On the
other hand, this also means that, while the gauge theory spectral curve only has
K — M — 2 moduli in the highest-weight case, the string theory curve maintains
the full set of K — M — 1 moduli, with the extra modulus ¢, essentially not being

mapped to the gauge theory side due to the above rescaling.

8Basically this follows from the fact that 7o(x) from the spin chain coincides with P(1/z")
from ¥, if identify & with #’. The two curves (2.41) and (4.26) look slightly different since they

are written in different reference forms. In order to see that they match, one should compare

(2.41) with /4 — P2(1/7).
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Moreover, the quantisation conditions (2.53) and (4.50) (upper equation only),
with the associated relations to the total angular momentum (2.51) and (4.51)
and level-matching constraints (2.52) and (4.52), also coincide due to the above

rescaling of the spectral parameter.

As far as the other branch of the spectrum is concerned, the remaining terms
of (2.30) are certainly different from the last term of (4.49). However, we may
compare the “small” spike dispersion relation Ey,(Psor) from (4.53) and (4.56)
to the “small” hole dispersion relation. The latter is obtained by identifying
the momentum carried by each hole, interpreted as a quasi-particle, from the
semiclassical quantisation condition, i.e. the Bethe-type equations. While these
are hard to solve in general, in the special case J —M = 2 (i.e. two “large” holes),
they take the form (2.31):

8ujlog S = 27k; , ki €Z. (4.60)

If we now assume that the holes are propagating along an object of length 2log S,

then the momentum is given by:
Poole(u) = 4u (4.61)

while the energy is given by (2.25):

Bhole(w) =9 (% + Zu) + 1 (% — w> —2¢(1) . (4.62)

Then the dispersion relation Eyge(Phole) has the following behaviour in the limit

Prole = 4u > 1:

A
Fhole = ys 10g | Prote| + O (Pase) - (4.63)

With the standard replacement of \/47? by the cusp anomalous dimension I'(\),
this precisely matches the large momentum (P > 1) form of the “small” spike
dispersion relation Eg,(Psor). It is therefore reasonable to conjecture that these
solitonic excitations of the string worldsheet are dual to the gauge theory holes,
and that the generic object that reduces to “small” holes at A < 1 and to “small”
spikes at A > 1 should have the above large-momentum dispersion relation with

an interpolating prefactor given by I'()).
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Finally, it is important to mention that the gauge theory spectrum may also

be recovered from the finite-gap spectrum through the rescaling

#=— - Y2, (4.64)

0) (_1)j qj

4 - ~ N L

(—G2)>

dﬁl(j) = _dpgauge(i'/)
ﬁl (:i) = _pgauge(ij) . (465)

This introduces an extra log(—1)X~" term in A — S, which can however be ab-
sorbed into the definition of the moduli-independent constant. More importantly,
the cut configurations of the string theory and gauge theory spectral curves are
now related by a reflection with respect to the origin (and of course by the usual
rescaling by v/—@). For example, in order to reproduce a gauge curve I'jc_pr with
the central cut containing the origin plus a single additional cut on the positive

real axis, with mode numbers

/ dpgauge = 27 ’ /+ dpgauge =27 ) /+ dpgauge =47 ’ (466>

71 71 Y2

we need to define 3, with the central cut and one extra cut on the negative real

axis, with mode numbers

/ dﬁl = _27T7 /
B B

This is shown in Fig. 4.10.

The extra minus sign in the last two equations (4.65) has the effect of swap-

dﬁl = —471', / dﬁl =27. (467)
Bl

1 2

ping the two sheets while mapping 1 to I'x_j: this ensures that, despite the
reflection, the filling fractions remain positive and that the B-periods are canoni-
cally defined (i.e. positive periods for cuts lying on the positive real axis) on both
surfaces.

The sign change *+ — —x, together with dp — —dp, is equivalent to the
parity transformation ¢ — —o: (x,dp) corresponds to performing the finite-gap
construction in the coordinates (7,0), while (—x, —dp) is obtained by working
with (7, —0). (4.65) may in fact be derived by comparing the results of the

procedure in these two coordinate frames. Therefore, the rescaling (4.64) only
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Figure 4.10: An example of the reflection occurring between f]l and 'k when
a minus sign is introduced in the rescaling of the spectral parameter. (a) Cut
configuration on %;. (b) Corresponding cut configuration on I'x_y;. The origin

is marked on both curves.
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amounts to choosing a different gauge in string theory, which has no physical
implications on the finite-gap solutions considered.

Although the choice (4.58) is the most intuitive in the framework of the pre-
vious analysis, we will see in the next chapter that the alternative (4.64) allows a
smoother identification between the string theory and the gauge theory degrees

of freedom.

4.2.6 Non-highest-weight extension

Another point worth mentioning is the relationship between the highest-weight
conditions on the two sides.

On the string side there are two highest-weight conditions, associated with the
right and left current. The former should be identified with the highest-weight
condition (2.35) for the spin chain. The reason for this comes from the fact that,
as we will see in section 5.1.1, the string counterparts of the spin vectors L
may be extracted from the large S behaviour of the right current and hence its
highest-weight constraint becomes equivalent to (2.35).

As some of the explicit string solutions which we will consider in chapter
5 do not satisfy one or both of the highest-weight conditions, it is necessary
to study the corresponding modifications to the finite-gap spectrum. In fact,
the only changes with respect to our previous analysis occur at the level of the

asymptotics of the monodromy matrix (3.83) and (3.89):

1 4m 1
Qz,1,0) = 1—EWQR+O<E> ) as T — 00
4
g(r,0)Qz,7,0)g" H(r,0) = 1— x\/—gQL +0(z?), asx — 0, (4.68)

where Qg and @), are no longer diagonal. However, a non-highest-weight solution
is always related to a highest-weight solution by an appropriate global SU(1,1)
rotation, so that the non-diagonal charges of the former may be expressed as
the matrix conjugates of the diagonal charges associated with the latter. In

particular, the transformation rules

g = ¢=Ug'gUr
j = J=UrjUg'
I - I'=U,1U;" (4.69)
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imply
Qr=Ux'QxUr and Q. =U;'Q,Uy., (4.70)
where ' .
Q' = %(A’ +Sos  and Q) = %(A’ — o (4.71)
are the charges of the highest-weight solution. These are related to the charges
of the non-highest-weight state by a rescaling

A+S=(A"+8)(ol*+18) A-S=(Q"=5) Iy +Io")  (472)

which depends on the parameters of the rotations performed:

Up = (?‘ ﬁ) U, = (7 5), (4.73)
B a d v

with |a|? — |8|> = 1 and |y]* — |§]*> = 1. We may therefore write

i I e i e E
Qr = §(A+S) . la?-+8] Qr = §(A—S) 23 RTRe I I
“lapEr L “hEapE A
(4.74)

We can then immediately see that the eigenvalues of the monodromy matrix in

the two asymptotic limits (4.68) are given by

2 1 1
plx) = V—}(A’—FS')——%—O(;) : as T — 00
2m
r) = ——=(A' =S8Nz +0(z?), asx — 0, 4.75
p(z) \/X< ) (%) (4.75)
so that (4.37) becomes
VA —
A+ 8= 2/~ @(laf + |5, (4.76)
yielding the following result for the spectrum:
A—S~ \/—Xu +2[0%) { (K — M) log S + log Gx—nr + i@((;@)
2m - =

— (K — M)log [\/—(12(1 + 2|5|2)] - Const.} L (4.77)

where the moduli-independent constant is unchanged with respect to (4.49).
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Case 1: subleading violation of the left highest-weight condition. Sup-
pose @} is subleading with respect to Q% ~ A — S. This requires

79

_— 0 <« ) 0 4.78
AR+ o= (4.78)

as S — oo. This implies that the extra factor appearing in (4.77) may be Taylor-
expanded and thus any corrections to (4.77) will be additive, and not multiplica-
tive, so that the leading behaviour of the spectrum is preserved. By (4.72), we
obtain

A—-S

A -8 = TP = (A= S)[1—-2[6]*+O(|6]M)], (4.79)

which implies that all corrections vanish in the large S limit if
|6)*(A = S) =0, as S — 00 . (4.80)

Note that the violation of the left highest-weight condition at leading order (i.e.
|0] = 0) has potentially dramatic consequences on the spectrum, since it changes

the leading logarithmic behaviour.

Case 2: subleading violation of the right highest-weight condition.
Similarly to the previous case, if QF is subleading with respect to Q% ~ A+ S,
we have
]
af? +B[?
as S — oo. However, we are only interested in the logarithm of A + S, and we
find

-0 < |f|—=0 (4.81)

A+ S

log A’ =1 _
og A"+ S 0g(1_|_2|ﬁ|2

) — log(A + 5) — log[L — 2/ + O(|8")] , (4.82)

so that

4m po
log p =~ log S + log (ﬁ) ~log /= — logl1 — 21812 + O(BM)],  (483)
in the large S limit. Thus, the condition 3| — 0 is sufficient to guarantee that
all the corrections to (4.77) vanish. Hence, a subleading violation of the highest-

weight condition for the right current does not modify the spectrum.
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Case 3: violation of the right highest-weight condition at leading order.
Let us now consider the case @} ~ Q% ~ A+ S. This implies

b

arpr — 00 @ B0, (4.84)

Note that this exhausts all the possible cases for the right current, since, as we

can easily see from the above expression, QL /(A + S) may not diverge (i.e. the

+ component may not dominate over the 0 component of the right charge).
From (4.76) and (4.77), we then obtain (assuming (4.80) is satisfied)

A-S XE{U?—MH%S+kg< QKM )

R (V=@ (L + 2B

M
+ ZG(C(j)) + const.} . (4.85)
j=1

The above spectrum, together with the spectral curve and the filling fractions,

matches the corresponding gauge theory results if we identify

q(o) _ (il)jgj

’ (V=) (1 +2|8?)7

L # R

v i\/—q~2(1+2|5\2)_i47r5$
dpgange(T') = £dp1(Z)

Pgauge(T) = £p1(7). (4.86)

Note that the relationship between the original spectral parameter x and the
final rescaled parameter Z’ expressed in (4.86) is in fact the same as we found
in the highest-weight case (see (4.58) and (4.64); only the relationship with 7 is
different).

Furthermore, we observe that in this way we have introduced an extra modulus

qAéo) on the gauge side, which is determined by the parameter 5 of the SU(1,1)

rotation, )
i) = 4.87
LI R 0
We also correctly find (jéo) = —1if |B] = 0 as S — o0, i.e. when the violation of

the highest-weight condition is negligible.
It is important to notice that, despite the similar notation, qg‘)) and ¢, are

not related to each other. ¢ is an extra modulus of the string theory finite-gap
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solution which is not mapped to the gauge side, regardless of whether the highest-
weight condition for the right current is satisfied or not. déo) is instead the gauge

theory equivalent of the rotation parameter .

In summary, at the cost of these extra complications, the gauge theory semi-
classical spectrum may also be reproduced from the finite-gap construction when
the two highest-weight conditions are violated, although this must happen at
subleading order for the left charge.
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Chapter 5

Explicit solutions in AdS3 in the
large S limit

This chapter is devoted to the analysis of some families of explicit solutions living
in AdS3 which exhibit the behaviour corresponding to the “large” and “small”
spikes discussed in the previous chapter. Although these strings have no motion
on S%, they may still be compared to the finite-gap result, due to the fact that
we are going to work in the limit of large AdS5 spin S, with a constant angular
momentum J on S'. Since J remains finite, albeit large (J = O(V/A) > 1),
the motion along S! is negligible at leading order when S becomes infinite, and
thus the semiclassical spectra of strings in AdS; x S* and in pure AdS5 become

degenerate in the limit considered.

5.1 “Large” spikes in AdS;

In this section, based on the results of [1], we will study the large S behaviour of
some well-known explicit solutions in AdSs, namely the GKP string [46] and the
Kruczenski spiky string [102], together with an approximate family of solutions,
which however becomes exact when S diverges. All these objects have “large”
spikes, which approach the boundary of AdSs3 in the large angular momentum
limit, and their spectra reproduce the “large” spike contribution (associated with
the surface fll) to the finite-gap spectrum (4.49), thus providing evidence in
support of the conjecture of [101]. None of these solutions describes “small”

spikes.
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5.1.1 General “large” spike behaviour in AdS; x S!

In this section, we will assume to be able to work in a gauge such that the AdSs
global time ¢ coincides with the worldsheet time 7. This will be the case with the
simpler N-folded GKP solution, but not with the Kruczenski solution. We will
deal with the ensuing complications in due course, but for now we will restrict

ourselves to the simplest case in order to better clarify the key ideas involved.

A spike (or cusp) is defined as a discontinuity in the spacelike unit tangent
vector to the string, which may in fact occur on a smooth worldsheet, provided

that all the components of the tangent vector vanish at the cusp:

ao' p<7—7 J)|o’:0’0 = O = 80' ¢(T7 U)|a’:oo ’ (51>

for a spike located at 0 = oo(7) on the worldsheet. This condition will always
be satisfied in the gauge we will use, but it may be spoiled by a coordinate
transformation on the worldsheet if it is singular at the cusp and it may therefore
not hold for other gauge choices.

As we have already seen in section 4.2.5, the “large” spikes should approach
the boundary of AdS; (i.e. their radial coordinate should diverge) in the limit
S — o0, each yielding a contribution of (v/A/27) log S to the quantity A — S. In
addition to postulating this, the conjecture of [101] also proposes an explanation
for the fact that the spectrum of a system with a continuum of degrees of freedom
such as string theory coincides, as S — oo, with the spectrum of the gauge
theory spin chain, which has a discrete set of degrees of freedom, given by the
components £ of the spin vector at each site. Note that here we are referring
to the semiclassical spin chain which only involves the highly excited spins and
is discussed in terms of equations (2.32)-(2.36).

The key idea is that, as S becomes infinite, the charge density for A + 5,
corresponding to the timelike component of the right current j,(7,0), should
become d-function localised at the spikes (for a normalised spacelike coordinate

o such that g(o) = g(o + 27)):
g K1
A A
ji(r,0) = —= L 6(oc — o), as S — 00, (5.2)
p

where L7 represents the component on the generator s of the su(1,1)-valued

quantity L,, and we have labelled the positions of the spikes as o,,, with m =
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0,...,K — 1 for a generic string with K “large” spikes (and M = 0 “small”
spikes). We also expect the component j,(7,0) to be subleading with respect to
J-(1,0). Note that (5.2), together with the fact that

Y 2T
A+S:Z_— doj?(r,0) ~ 25, as S — 00, (5.3)
T Jo

implies that j.(7,0) ~ S.
The vectors L,, represent a discrete set of degrees of freedom emerging from

the string worldsheet at large S. They should be identified with the gauge theory

spin vectors according to
L) < LY LE il (5.4)

for k =0,..., K — 1. This identification is mainly supported by the fact that it
allows to reproduce the spin chain spectral curve from the string side, as we will

see shortly.

First of all, we notice that, for a highest-weight string solution, since A ~ S —

oo in our limit, the following properties must be satisfied!:

K1 S
Z L,=10 ) nABLﬁngL =0, (55)
m=0 0

for m = 0,..., K — 1. The first equation, taking the normalisation of L,, into

account, is just the highest-weight condition (3.84) for the right charge, which,
through (5.4), turns into the highest-weight condition (2.35) for the spin chain.
The second equation instead reproduces the quadratic Casimir constraint (2.33)

and can be seen as a consequence of the Virasoro constraints (3.66), which, in

AdSs x S, read:
1, R
—=—Trji =detj. = —. (5.6)

2 VA
If we now take the limit S — oo, due to the fact that we expect j,(7,0) ~ S while
J and X\ are held fixed, we can approximate the right-hand side of the equation
with zero, obtaining:
Tr [j3 (7, 0)] = 0, (5.7)

Here we use a column vector notation for the components of the Lie algebra-valued quantity

L,, on the three generators s.
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where we have used the fact that j, is subleading with respect to j., or alterna-
tively the spike condition (5.1), which implies j, (7, 0y,) = 0.

By substituting in equation (5.2), decomposing j. onto the generators s as
in (3.54) and using the property (3.53), we see that the only way in which this
condition can hold is that the spin vectors satisfy the second equation (5.5).

We now proceed to compute the monodromy matrix of the string solution.

For definiteness, we are going to choose a base point with o = 0:
2m

Qz,7) = Pexp T, (x,7,0") do’
0

— Pexp B /027r <j+($’7’ o) _ -, O,)> da’] . (58

11—z 1+=z

Since j, ~ S — oo in the limit considered, we have to rescale the spectral
parameter as x ~ S in order to keep the exponent finite. The approximate form
of the monodromy matrix as S — oo then becomes:
1 27

Q(x,7) =~ Pexp [_E/o doj. (T, 0’):| : (5.9)
where it is important to notice that the exponent is in general O(1), while we
have neglected vanishing corrections. This prevents us from expanding the path-
ordered exponential as we did when we studied the large-r asymptotics of the
monodromy matrix (this is a large S limit, not a large-x limit). We can, however,
replace j, by its limiting form (5.2) as S — oo. The resulting sum of d-functions in
the integrand converts the path-ordered exponential into a finite ordered product

of exponentials:

= 47 1
Qz,7) ~ H exp [———LflanABl : (5.10)
m=0 \/XSL’

where we have also expressed L, in terms of the su(1, 1) generators, according
to (3.54). We then observe that:

1
(napLisP)? = 51 napLALB =0 (5.11)
as a consequence of the fact that the generators s = (—io3, 01, —02)* satisfy
R (5.12)

and of the second property (5.5) of the spin vectors. Therefore, the series expan-

sion for the exponential in (5.10) actually truncates at the linear term:

K-1
1
Qz, 1) ~ H []I+ EnABLisB] , (5.13)

m=0
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where we have defined a rescaled spectral parameter u = —zv/\/(47S). Note
that the rescaling coincides with (4.64), so that u = &’ should be identified with
the rescaled gauge theory spectral parameter (indicated as x in chapter 2).

Finally, we rewrite (5.13) as

1 K-1
2w) = o [T Lntw (5.14)
where: Lo -
Ly (u) = (“ re ) . (5.15)
o u—ig

We now notice that L,,(u) and Q(z,7), as defined just above, are respectively
identical to the Lax matrix (2.13) and to the monodromy matrix (2.32) of the
semiclassical spin chain (up to an overall factor v=% and up to a rescaling by
a factor of 9), provided that K = J (with M = 0 in (2.32), since there are no
“small” spikes and thus no “small” holes) and that the spin vectors on the two
sides are identified as in (5.4). In particular, by comparing with (2.15), (2.26)
and (2.28), we see that the trace of 2(u) yields precisely the rescaled monodromy
70(z) of the semiclassical spin chain? (which is where the extra factor of S becomes
important). Therefore, by working at leading order in S, we can compute the

gauge theory quasi-momentum p(u):
Tr Q(u) = 2 cosp(u) , (5.16)

from which we obtain the semiclassical spectrum and the spectral curve.
Finally, as mentioned in [101], the Hamiltonian formalism for the Principal
Chiral Model yields the following Poisson brackets for the spin vectors L (which

are in turn derived from the brackets for j.(7,0)):
{L, LY} = —26"P“6 5 Loy . (5.17)

These reproduce the corresponding brackets (2.34) for the gauge theory spin

vectors®.

2Recall that u in this chapter is equivalent to the x of chapter 2, while the u of chapter 2

has no equivalent here.
3As explained in [101], the analysis of the Hamiltonian structure is actually rather com-

plicated and requires several assumptions, but the previous discussion at least provides some
evidence that the proposed identification (5.4) may be correct. Further evidence comes from
the consistent results obtained by the direct analysis of explicit string solutions, which will be

the object of the next sections.
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Hence, the identification (5.4) allows to reproduce the degrees of freedom of
the semiclassical spin chain and their behaviour on the string side in the large

AdS3 angular momentum limit.

In the next sections we will study three families of spiky strings in AdS5 in the
large S limit. The strings have “large” spikes only and hence should correspond
to finite-gap solutions with M = 0. They all display the J-function localisation
of the right current in the form (5.2), which we will exploit in order to compute

the monodromy matrix of the spin chain, through the rescaling

AwS™

From the monodromy matrix, we will obtain the quasi-momentum p(u), the spec-

(5.18)

tral curve 'k, including all its moduli d,(co), for k = 2,..., K, and the semiclas-
sical spectrum, including the filling fractions for the first two families. We will
then compute the quantity A — S through elementary string theory techniques
and compare it to the gauge theory spectrum (2.30), finding agreement up to
O(v/\, S°) and up to a moduli-independent constant. The latter should therefore
coincide with the constant appearing in the finite-gap spectrum (4.49) and its
value is consistent for all the string solutions considered.

As a final observation, note that, ideally, we would want to compute the
general monodromy matrix, quasi-momentum and spectral curve for the explicit
solution and for any value of S. Then, we would be able to take the large .S limit,
observe the factorisation and only at this point, by introducing the appropriate
rescaling (4.64) and identifications, see that 3 reproduces the dual gauge theory
results (up to the cusp anomalous dimension and the extra moduli-independent
constant appearing in the spectrum).

Unfortunately, the standard finite-gap computation method would require us
to directly solve the auxiliary linear system (3.69), which is a very hard task
to accomplish. What we will instead do through the procedure we described
above, is to introduce the rescaling (4.64) right from the start, in the form (5.18),
and then compute the monodromy matrix, quasi-momentum and spectral curve
by approximating them in the large S limit. This will effectively allow us to
circumvent the computational problems associated with the general procedure,
at the cost of restricting ourselves to studying 3; only, and only after the final
rescaling (4.64).
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Therefore, all the results will be obtained in the form which reproduces their

gauge theory duals. In particular, the spectral curve will be given in the form

(0)  +(0) ~(0)

- 1 1 D) ds 9K

¥ t+-=Px (- )=2+"32+2+ ... + 5 5.19
1 + K(u) togtos etk (5.19)

(recall that the eigenvalues of the monodromy matrix are tL = exp(Lip(u))).
Similarly, the filling fractions, which are obtained from (4.50), will reduce to the
gauge theory expression (2.53):

S
lj = ——— wdp forI=1,..., K—1. (5.20)
2w Ar

Moreover, the spectrum (4.49) will become

X
A—S= % (K log S +10gfY) + Cuaring + -] + O (VX)) . (5:21)

where the dots indicate vanishing subleading corrections and Cigying is the moduli-
independent constant (after absorbing the extra log(—1)% due to the identifica-
tion (4.65)). We will thus be unable to compute the extra string modulus g,
through this procedure, which will prevent us from computing the complete ex-
pression for 3.

Another feature of this technique is that, since we are bypassing the interme-
diate steps connected to & by jumping directly to &’ = u, the rescaling (5.18) is
the same both when the solution is a highest-weight state and when the highest-

weight condition for the right charge is violated at leading order.

5.1.2 The N-folded GKP string

General properties

We will now discuss a generalisation of the string solution which was first pre-
sented in [46]. We start with the following ansatz*: t = 7, p = p(d), ¢ = ¢+ wT.
The corresponding solution to the equations of motion and Virasoro constraints
is

p(6) = —iam(ig|vV1 — w?), (5.22)

4In the following we reserve the notation (7,0) for worldsheet coordinates with periodicity
o — o + 2m. These are related to the present worldsheet coordinates (7,&) by a rescaling we

will describe below.
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which lies in the interval p(5) € [0, p1], where coth p; = w with w > 1. In the
limit w — 1, we have p; — +00 and the upper bound is lifted. In order to study
the shape of the solution, we consider

cothp(e) = + , (5.23)

sn (wa |i)

which is periodic in & with period® (4/w)K(1/w) = 4L, but does not have a
definite sign. If we restrict ourselves to the first half-period ¢ € [0, QE], we see
that p increases from zero to its maximum value p; at & = L and then returns
to zero at & = 2L. Since ¢ does not depend on &, the corresponding snapshot of
the string at constant global time ¢ is given by two identical overlapping straight
line segments stretching out of the origin of AdS; in the radial direction.

We can then glue two more overlapping segments extending in the opposite
direction by adding another half-period (with & shifted backwards by 2L in order
to keep p > 0) and shifting ¢ by m. This describes the original folded rotating
GKP string which consists of two overlapping straight segments rigidly rotating
around the centre of AdS; and has two spikes, located at ¢ = L and & = 3L.
The N-folded version has N overlapping pairs of segments (two for each “fold”),
and is obtained by allowing & to range over N periods®:

p = p (6—[(6)(213)) , where [(¢) = [i]
2L
b = ot wi ¢o + wT if [() is even (5.24)
¢o+wT + 7 ifl(5) is odd
with & € [0,4NL]. The plot is identical in both cases (since additional folds
overlap with the initial string) and is given in Fig. 5.1.
We define:
4N

L=4NL="K
w

as the period of the coordinate 7, together with the shorthand notations

G, =6 —1(5)(2L)

5In this chapter we will widely use the notation K(k) and E(k) for the elliptic integral of
the first and second kind respectively. The shorthand notation K and E will instead represent
specific values of these integrals for particular choices of the elliptic modulus k&, which will
be different for each family of string solutions discussed. See appendix B.1 for conventions

associated with elliptic integrals and elliptic functions, such as the elliptic sine sn(z|k).
SHere [X] denotes the greatest integer less than X.
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Figure 5.1: The GKP string appears as a straight line segment of finite length,
rigidly rotating around its midpoint, which coincides with the centre of AdSs.

The spikes are located at the endpoints of the segment.

and

sos(l) xex(l), 29

which we will use throughout the rest of the discussion of the GKP solution.

The N-folded string has K = 2N cusps, that is two for each fold of the string,
located at the tips p = p; of the line segment, which we can identify with the

following worldsheet positions:

Gm=02m+1L, m=0,...,K—1. (5.26)

One may check that the associated sinh-Gordon field (3.16) through Pohlmeyer
reduction is in a K-soliton periodic configuration, where the worldsheet positions

of the solitons coincide with those of the spikes.

As w — 1, py tends to +00, and hence the spikes touch the boundary of AdSs
and the string becomes infinitely long. As we will see in section 5.2, the solitons
and the spikes are “pushed away” at infinity in this process, so that the exact
solution of the equations of motion and Virasoro constraints at w = 1 corresponds
to the sinh-Gordon vacuum (3.45). The next string solution we will consider, the

symmetric spiky string, will also display this type of behaviour.
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Conserved charges

The energy and the angular momentum of the solution (5.24) can straightfor-

wardly be computed from (3.12):

\/X 2L 1 \/_X w

A = 2N— do—F——F =K E
27 J, 7 e wé*‘%) T w?—1
1 2L 2 |1
S - 2N\/—X—/ daSHQ(Mf “;)
2T w 0 dn® (wo, ;)
VAT w?
= — E-K 5.27
T [wZ—l } (5:27)

As we could expect due to the periodicity of the integrands, the values are just
N times the original GKP values, as they appear in [107].

The large S limit corresponds to w — 1. Both A and S diverge in this limit
and, if we define

w=1+n,
with 17 > 0, then their leading behaviour as n — 0 is given by

Va1

so that each spike contributes v/A/(27n) to the leading order term. By expanding
up to O(n°®), we obtain the spectrum

KV ( oS ) KV
= log +
o KV o

which exhibits the usual logarithmic growth with the angular momentum that is

A—-S (3log2 — 1) + O(nlogn) , (5.29)

also found for the operators lying in the sl(2) sector of Super Yang-Mills theory

in the large conformal spin limit.

Spectral curve for large S

We now proceed to compute the monodromy matrix and the dual gauge theory
spectral curve for the N-folded string solution discussed above. As we saw in
the previous section, our starting point is the time-like component of the right

current j, which we are going to compute in the rescaled coordinate system (7, o),

(r.0) = T (7.6) = 7 (7.5)
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such that now the periodicity is the standard ¢ — o + 27. This is important
in order to keep the period of the spatial worldsheet coordinate finite as w — 1,
which then allows us to see the expected d-function localisation. We find

2]

0 _ 2KK [1+ Len? (wo,
Jr(1,0) = W dn? (wa* 1)

w

2KK 1 sn (woy 1 )

where o, is just 7, written as a function of ¢. In the new coordinates, the spikes

(5.30)

T w? do® (wo,

are located at

o = (2m + 1)~

o m=0 K1 (5.31)

The next step is to take the limit w — 1 so that the angular momentum S of
the solution diverges. As explained earlier, the key point here is that, as S — oo,
the charge density is dominated by the vicinity of the cusp points ¢ = o,,. To

demonstrate this we expand around the m-th cusp point setting:
. 1A T
0O=0m,+0, with |o] < e (5.32)

which is equivalent to o, = L + 6 KK/(mw) for each m. We can then use the

quarter-period transformation formulae for the elliptic functions appearing in

(5.30) to get:
sn | wo, — ] =cd|—0c|—
w T w T w
1 KK |1 / 1 KK
dn (wa* —) = dn (K + —0 —) =4/1— — nd (—6
w w T

w T
As we are interested in the limit w — 1, we can use the standard series expansions

for cd(z]k) and nd(z|k) in powers of (k — 1) (see for instance [111]), with

1 KK
—) = sn (K+—5'

l) (5.33)

w

KK |
—0

™

(5.34)

z =

and k = 1/w. Note however that K ~ —(1/2)In(w — 1) for w — 1. This implies
we must consider a limit where not only £ — 1, but also 2 — +o00, depending on
the sign of 6. However, since |z| = KK|o|/7m < K, i.e. z is always within the first
quarter-period in both directions, one can check that higher order terms remain

suppressed. We thus consider only the lowest order terms in these series, which
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give the leading behaviour of j, near each spike as:

2KK 1
7 ncosh? (%6)
2KK 1
1 ) m -
T,0)+1yi(1,0) ~ (—=1)"™ —
J.(1,0) +ij:(7,0) (=1) T 1cosh? (%J)

it o) ~

(5.35)

Here the factor (—1)™ comes from the extra m which is added to ¢ every other
period, as specified in (5.24), and consequently affects the contribution of every
other cusp.

If we now use the identity

1 1
lim————~=9¢ .
€50 2€ cosh® (%) (@) (5.36)
and eliminate ¢ in favour of o according to (5.32), we find the J-function locali-

sation of the right charge density exactly as defined in (5.2), with
(—1)m*t m=0,..., K—1. (5.37)

It is now easy to check that the spin vectors satisfy the required properties (5.5).
This also implies that the highest-weight condition for the right charge is satisfied
at leading order. There may be non-vanishing subleading corrections, but, as dis-
cussed in section 4.2.6, these have no effect on the leading semiclassical spectrum,
up to the order O(v/, S°). By similarly approximating the left current (7, o), it
is also possible to check that @)} vanishes as n — 0, so that the GKP solution is

a highest-weight state with respect to the left charge as well.

We then proceed to calculate the Lax matrices from (5.15),
+ L —_1)ymL
Lo (u) = ( CE = .K> : (5.38)
(D" u-%
and the monodromy matrix from (5.14),
1
Qu) ~ U—K[L(u)] : (5.39)

where we have exploited the fact that L,,(u) only depends on the parity of m
and we have defined L(u) = Lo(u)L4 (u).
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It follows that the eigenvalues of {2 can be expressed in terms of the eigenvalues

of the matrix L(u), which can be evaluated explicitly as:

2 1 u?
2
Finally we can write the trace of the monodromy matrix as

5., .5
Tr Q) = #
u

= 2Tk (,/1 — ﬁ) = 2cos {Ksin_l (Kiu)} . (5.41)

where T (y) is the Chebyshev polynomial of the first kind:

Tw(y) = 1 {(y + zﬂ)k + (y - @M)k} = cos(karccosy) . (5.42)

2

This is a polynomial in y of degree k. The above result yields the quasi-momentum
through (5.16):

p(u) = Ksin™! (KL) : (5.43)

u

A similar result was derived using different methods in [64].

We may rewrite the string theory spectral curve as follows:

~ 1 1 1
DI t+ = Py (E) = 2cos [K sin~! (K_u)} . (5.44)

As anticipated at the end of section 5.1.1, the above expression is already in the
appropriate form (5.19) for comparision with the gauge theory spectral curve I'.
We then find that the limiting string theory curve for the N-folded GKP solution
corresponds to a particular point in the moduli space of the gauge theory curve

where the conserved charges qu(go) take the particular values:

k k
o <%) S Isin [g(jm —jl)} . k=24,...,K, (545)

1<j1<j2<...<Jp <K =1

where jx+1 = 71 and we notice that q,(f) = 0 for odd & (the normalisation (jéo) =1

is checked in appendix B.3).
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To characterise more precisely the spectral curve associated with this string
solution it is useful to determine the pattern of the branch points, which coincide
with the simple zeros of the discriminant (3.80) D = 4 sin® p(u):

4 4 5 2
Du) =4 (ﬂ - ﬂ) Uk, (1 - ﬂ) ’ (5.46)

where Uy(y) is the Chebyshev polynomial of the second kind:

) = 5 [+ T= ) ™ - (o)

sin[(k + 1) arccos y]

= - ) (5.47)
sin arccos y
The zeros of the discriminant can then be determined as:
_ 1 .
u=*ty simple
U= 00 double (5.48)
U:iﬁ(%‘,), k’zl,,%—l double

The double zero at infinity is a common feature of spectral curves of the form
(5.19), while the presence of the remaining K — 2 double zeros together with
the two branch points indicate that the curve has degenerated to genus zero. In
particular, all of the outer cuts have collapsed into double points and the only cut
left is the one extending from u = —1/K to u = 1/K along the real axis, touching
the origin (see Fig. 5.2). Accordingly, the quasi-momentum has a logarithmic
branch point at = 0 and two square root branch points at u = +1/K and is

analytic everywhere else. Correspondingly, we have

dp(u) = S e , (5.49)

uy/u? — %

which displays a simple pole at v = 0 and two square root branch points at
u = £1/K and is made single-valued by the same cut as we just introduced for
p(uw).

We also calculate the filling fraction associated with the cut: this is given by
(5.20). As we saw earlier, the filling fraction corresponding to the cut touching
the origin should be split into separate contributions from the two parts of it
lying at the sides of the origin, which coincide with the intervals [—1/K, 0] and

[0,1/K]:

SRE N e B l+_£/* du___$
Vo omi a1 /r_% 2 Yomi /r_% 2

116

(5.50)



Figure 5.2: The cut and branch points configuration on the surface ¥ for the
N-folded GKP string. The distribution of the branch points is symmetric with

respect to the origin.

We notice that I] +1; = S and that, since the double points are symmetric with
respect to the origin, the mode numbers associated with the two halves of the cut
are ny = +K/2, which implies njl]” + n;l; = 0. Hence, the properties (4.51)
and (4.52) are satisfied.

Finally, in order to compute the finite-gap spectrum (5.21), we obtain the
highest conserved charge dg) from (5.45),

~(0) x (2\"
ix =022 ) (5.51)
which then yields

KV A
A-S = 2—\/—10g 54—2£ (KlogQ — Klog K +log(—1)
m m

K
2

+ Cstrmg(K)) . (5.52)

Comparison with the direct calculation (5.29) suggests

8T
Catrine () = K |log| —= | — 1| —log(—1)2 5.53
e (1) = ¢ 1o (S ) =1 = tog(-1) (5:3)
We would also like to remark that all the calculations concerning the N-folded
GKP string reduce to the standard GKP results for N =1 (i.e. K = 2), as listed

in [101, 46, 107].

[

5.1.3 The symmetric spiky string
Gauge considerations

The Kruczenski spiky string was first discovered [102] as a solution to the equa-
tions of motion generated by the Nambu-Goto action. It is given, in Kruczenski’s
gauge, which we label as (7,5), by t = 7, p = p(7d), ¢ = wT + 7, where the
function p(@) is only known implicitly, while we have an explicit expression for

1ts inverse:

- sinh 2p, { (w1 — Wy ) (w1 — W ) }
5=+ (2% s ,) (T g . (5.54
\/§\/wo+wlsinhp1 wy; — 1 Bp wy + 1 ﬁp ( )
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where

p= U g (e (5.55)
w1y + W w1 — Wy

(B € 10,7/2]) and we define w(z) = cosh(2z), wy = cosh 2py and w; = cosh 2p;.
Its plot is shown in Fig. 5.3. While the coincidence of worldsheet time and global
time is a desirable feature of Kruczenski’s gauge, the fact that p(a) is only known
implicitly makes our calculations harder.

We will therefore work with the conformal gauge version, which was more
recently found in [107]. In appendix B.2, we verify directly that the two solutions
are indeed gauge equivalent, by deriving the explicit transformation from Kruc-
zenski’s gauge, represented by the coordinates (7,d), to conformal gauge, with
our usual coordinates (7,5) having non-standard periodicity. The problematic
feature of the solution in conformal gauge is the inequivalence of the two time
coordinates, t # 7, which, as previously anticipated, causes additional complica-
tions.

We will postpone the discussion of the solution and the analysis of its plot to

the next section, while we are now going to deal with these extra issues.

First of all, since we identify the “real” time coordinate with the global time
t, every time we think of a snapshot of the string frozen in its motion, we mean
that ¢ is constant. Hence, starting from a generic string solution in global coor-
dinates t(7, ), p(7,7), ¢(7,7), when discussing its time evolution, we will always
eliminate the worldsheet time through the constraint ¢(7, &) = constant, which is
solved by a function 7(t,5), and then parametrise the two remaining coordinates
as p(t,7),d(t,5). The plot of the string is then obtained by letting & run over its
full range while keeping ¢ fixed.

Coordinate changes may also have an impact on the spike condition. We will
assume the spikes to exist at constant ¢, not at constant 7, which means that the

spike condition (5.1) becomes

, (5.56)

Go(t)

—0=056 (%(t, &), a)

0, (%(t, &), &)

ao(t)

for a spike located at 6 = Go(t). This equation is in fact the spike condition

formulated in a different coordinate system (7/,0") = (¢(7,5), ) and, as such, it
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Figure 5.3: The Kruczenski spiky string in the (p, ¢)-plane at t = 0, with py =
0.882663 and p; = 2.
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does not in general imply that the same condition should be satisfied in the frame

(7,0), so that we may well have

Isp (T, 5)|50(t) # 0 # 059 (7, 5)|a—0(t) (5.57)

in conformal gauge.

Another important consequence of the gauge choice concerns the closedness
condition. Assuming the string is closed at constant ¢, i.e. in the gauge (7/,0”)

from above:
o(t', o) = o(7', 0’ + L) p(t', 0"y =p(r',0' + L), (5.58)

where L is some period, the same may not be true in conformal gauge. Specifically,
the fact that, while ¢t = 7/ is automatically constant along the whole string in the
first coordinate system, this may no longer be true in the (7,5) coordinates is a
potential source of trouble.

In general, in order to define a closed contour along the worldsheet in con-
formal gauge, it is necessary to let 7 vary together with . In our case, it will
be enough to split the contour into two parts: 7 = 7, U 72, with 7 remaining
constant along the first and ¢ remaining constant along the second.

This extra timelike segment becomes crucial when calculating the conserved
charges and the monodromy matrix of the string, since the gauge-invariant defi-
nition of such objects involves integrals along closed contours (7, &) starting at
a generic base point (7,5) and wrapping once around the worldsheet. We have
already seen that the monodromy matrix is defined as (3.70), which should only
be specialised to (3.74) when the string is closed at constant 7. The invariant

definition of a conserved charge () associated with a current .J, is instead:

Q= —/ (xJ)o (7', 0") do'® | (5.59)
[y(m.0)]
where *.J is the Hodge dual of the current J,
(%J)a = €aV", (5.60)
with the anti-symmetric tensor satisfying €y; = 1. In the following analysis,

we will need to use such invariant definitions, together with appropriate closed

contours involving timelike segments.
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It is important to observe that, if j, is subleading with respect to j, ~ S,
when we scale x ~ S in the definition of the monodromy matrix the timelike

segment does not contribute:

Qz,7) = Pexp [/ T, (x,7,0") da’} {Pexp/jf(:c,f’,a) dT’l
= Pexp B/ (j—T(x’;’ 7) +> da’}
«Pexp [%/ (_Ja(x,xr’,a) B J}(:c,x;’,a) L ) dT/:|

P} [ (HE2 0], s

where the dots denote subleading terms. Therefore, we may continue to use the

result (5.14), (5.15) when computing the monodromy matrix.

Lastly, as a marginal note, we recall that, while discussing the argument leading
to the derivation of the Casimir constraint for the spin vectors identified on the
string side (see (5.5), right-hand equation), we saw that, instead of using the
fact that j, is subleading with respect to j, in the large S limit, we may exploit
the spike condition (5.1) if it is satisfied in our gauge. In fact, this property
extends to the current situation, assuming that such a condition holds in the
(7', ") coordinate system: jz(7,5,,) # 0, while j,(7',07,) = 0 for a spike located
at & = &, or equivalently o’ = o/ .

In order to see this, we start by using the tensor transformation rule to express
Jjs in terms of j,» and j,/, the latter of which vanishes at the cusp. Therefore, j;
at the spike is a function of j, only, which in turn is proportional to jz. Hence,

we may write the Virasoro constraints (5.6) at the cusp as:

J2

e (5.62)

(1 g 40.%n) ‘:’m))Q T [12(7, ) =
t(T,0m)
where 1(7,6) = 0:t(7,5) and t'(7,5) = 05t(7,5). Now, even if ¥/t was to equal
either +1 or —1 at the spike (or approach these values in the large S limit), one
of the two equations would still have a non-vanishing pre-factor. We can then
assume that the left-hand side dominates over the right-hand side and proceed

as before.
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General properties

The initial ansatz for the conformal gauge version of this solution is” ¢t = 7+ f(5),
» = ¢o+wT+g(7), p = p(7), and it leads to the following solution to the equations

of motion and Virasoro constraints:

wsinh 2p sinh 2p,

0sf(0) = ——=—, 0:9(0) = ————
/() 2 cosh? p 9(0) 2sinh? p

3 (cosh? p — w? sinh? p)(sinh? 2p — sinh? 2p;)
[Dsp(3)]” = 2 . (5.63)

We impose pg < p < pp, with coth p; = w, so that both factors in the numerator

of [95p(5)]* are positive. These equations can be integrated to give:

1

p(o) = 5 cosh™! [cosh 2p; en?(v|k) + cosh 2pg sn?(v|k)] (5.64)
where
o= cosh 2p; + cosh 2pg _ ’ J— cosh 2p; — cosh 2pg (5.65)
cosh2p; — 1 cosh 2p; + cosh 2p
and

1(5) V2w sinh 2p, sinh py - cosh 2p; — cosh 2pg i
g) = x
(cosh 2p; + 1)4/cosh 2p; + cosh 2py cosh2p; +1 77

. V2 sinh 2pg sinh p m cosh 2p; — cosh 2p I
= x
(cosh 2p; — 1)+/cosh 2p; + cosh 2pg cosh2p; —1 777 ’

(5.66)

with z = am(v|k) (0 < k < 1). For simpler notation, we introduce w = cosh 2p,

wy = cosh 2pg, w; = cosh 2p; and define:

w1 — Wo
= — K=K(k E=E(k )
n4 wlily ()7 ()7 (567)

which will be used throughout the rest of this section.

In order to understand the shape of this solution, we first need to observe that
p(v(d)) is periodic of period 2K, starting off at p(0) = p;, then decreasing to
p(K) = po at half the period and finally going back to p(2K) = p;. Therefore,

for the string to be closed (whether at constant ¢ or at constant 7 makes no

"As usual & denotes the worldsheet coordinate prior to a rescaling which normalises its

periodicity to 2.
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difference at this stage, since p only depends on ), we impose v(7) € [0, 2KK],
which corresponds to ¢ € [0, L], with:

w1—1

w1 + Wo

L =2KK = 2K . (5.68)

The functions f and ¢ are instead pseudo-periodic of pseudo-period 2L:

~ V2w sinh 2pq sinh p;
oc+2mL) = 0 2mll k
f(0+ m ) f(0)+ (w1+1)\/m m (n—i-a )
- 2 sinh 2pg sinh
o6+ omD) = glo)+ Y2MZSHhP e gy ()

(w1 — 1)\/’(111 + Wo
due to the pseudo-periodicities of the amplitude function and of the incomplete
elliptic integral of the third kind.

Now, in order to have a closed string at constant global time ¢, we need to
substitute 7 = ¢t — f(&) into the original ansatz for ¢, thus finding ¢(¢,6) =
wt+¢g(6) —wf(d), and then to impose ¢(t, L) = ¢(t,0) + 2n7, for n € Z. By the
pseudo-periodicity, we can easily see that ¢(t, L) — ¢(t,0) = 2K A¢, where:

Vv2sinh 2pgsinh py [TI(n_, k)  w?I(n, k)

Ap = -
¢ VWi + wo U)l—l w1+1

sinh 2pg
= [(n_ k) —Il(n,, k 5.70

The closedness constraint then becomes:

Ag = . (5.71)

On the other hand, in order to define a closed contour winding once around
the worldsheet to be used when implementing the definitions of the monodromy
matrix and the conserved charges, we may use the following path (7)) = 71 (7o) U

v2(7o), with base point (7, 0):

) - F=7, &€0,L]
Q) . 7~'€[7~'0,7~'0—f<L)], &:L, (572)

S !

71(
72(

R

where 1 (79) and ~2(7p) are respectively the spacelike and the timelike segment.
One may straightforwardly check that, at the endpoints of this contour, the global
coordinates t, p, ¢ take the values (7o, p1,wTo) and (7o, p1,wTo + 2K A¢). Closed-

ness is therefore ensured by (5.71).
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The resulting plot at constant ¢ is shown in Fig. 5.3, and consists of K arcs
of equal angular separation A0 = 2A¢; a cusp is present at the joining point
between each pair of consecutive arcs, where p = p;. As global time varies, the
string rigidly rotates.

The K cusps are located at:

Gm = 2mL , m=0,...,K—1. (5.73)

In particular, for this string solution, the spike condition (5.1) is satisfied in the
coordinate system (7/,0") = (t,5) we introduced earlier, while this is no longer
true in conformal gauge (7,) (and in Kruczenski’s gauge, as one may easily
check from the corresponding ansatz in appendix B.2).

Moreover, in [107] it is also shown that each spike corresponds to a static
soliton of the sinh-Gordon field associated with this string solution by Pohlmeyer
reduction. In particular, the worldsheet positions of the spikes coincide with
those of the solitons and the sinh-Gordon solution describes a periodic K-soliton
configuration.

As in the GKP case, for w — 1 we find that p; — oo, the spikes touch the
boundary and, as we will see shortly, the energy and angular momentum diverge.
Note that, when considering this limit, py is not fixed, since it depends on p;
through equations (5.70) and (5.71). Instead, it changes so that A¢ remains

constant.

Furthermore, it is possible to compute a solution to the equations of motion

and Virasoro constraints which holds for w = 1:

pla) = 5 cosh™ (wg cosh 25)
. - & 1
t(7,6) = T+ arctan [coth 2p0 €27 + m}
. 1
7.0) = T t th2py € — ——— 5.74
o(7,0) 7 + arctan {co po € h 200] ) (5.74)

which is obtained simply by integrating (5.63) after substituting in w = 1. It
describes a single arc which has its endpoints on the boundary of AdS, reached
for ¢ — +oo (Fig. 5.4). What we see is the result of “blowing up” one of
the interconnecting arcs located between two consecutive cusps in the original

w > 1 solution. In the process, the spikes are “pushed away” into the region in
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which & becomes infinite, ultimately disappearing from the worldsheet, exactly
as in the case of the infinite GKP string discussed in section 5.2. Other than
from the plot, we can also see this from the fact that now we have [9;p()]* =
(sinh? 2p—sinh? 2py)/ sinh? 2p, and thus the first derivative of p(#) does not vanish
any longer at the endpoints p — 4o00. This is also the case with the sinh-Gordon
field, which for this simplified solution reduces to the vacuum solution (3.45) due
to the fact that the two static solitons at the spikes have disappeared at infinity,
together with the spikes themselves.

The reason why this solution is particularly helpful is that it allows us to
obtain the relationship between the angular separation Af = 2A¢ at constant
t of the arcs in the original solution and the parameter py in the limit w — 1.
Since (5.74) describes one of these arcs at w = 1, all we have to do is to compute
A6 from it:

Al = ( lim — lim )(b(t,&) = 2Arctan; (5.75)

Gotoo  F——00 sinh 2py
Therefore, we deduce that the expression defined in (5.70) has the following be-

haviour:

1
A ~ 2Arctan——— | asw — 1. (5.76)
sinh 2pg

Note that Af € (0,7), since 0 < pg < +00; this is true for any w > 1, due to the
fact that, as we remarked earlier, Af is always fixed at a constant value by the
closedness constraint (5.71). This implies that n < K/2 (the value n = K/2 may
be accessed as a limiting case). (5.76) will be useful to us later, when computing
the conserved charges and the monodromy matrix for large S, since it shows that
po always approaches a constant non-zero value as p; diverges, and therefore it
always behaves as O(1) in the limit w — 1.

We can recognise the GKP N-folded string solution as a special case of the
symmetric spiky string. In particular, (5.76) shows that, when Af — 7, we have
po — 0 and we recover a folded string solution, which passes through the origin

p = 0. This is the only case in which n = K/2.

Conserved charges

The energy and angular momentum may be computed by applying the invariant

definition (5.59) to the corresponding charge densities, appearing in (3.12), and
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Figure 5.4: The Kruczenski spiky string in conformal gauge, for w = 1 and
Lo = 0.9.
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to the closed contour (5.72):

21 N\ (so)

v2(7o0)

L inh 2 Fo—f(L)
= —\/X dé cosh? p(&) + YA 2P0 dr
2w 2
0 7o

A -1 (1
K\/—_ w [—(wl + wy)E — sinh? poK}
T w1 + wo | 2

_ KQ V2w? sinh? 2pg sinh p;

Im(Zﬁ);,ZQd?)

II Jk
2 VW + wo(wl + 1) (n+ )
\ _ _
S = £ (/ Im(Z20;: Z5)do + / Im<ZQa&Z2)d7~—)
2m 71 (70) 72(70)

\ L inh 2 To—f(L)
_ VA (w / dé sinh? p(5) 4 20 / d7
2w 0 2 7

A -1 |1
Kw\/— t {—(wl + wy)E — cosh? pOK]
™ w1 + W 2

K VA V2w sinh? 2p, sinh py
2w \/wl—l—wo(wl—I—l)

These expressions agree with the results calculated in Kruczenski’s gauge in [102].

M(n,, k). (5.77)

Again, we consider the limit as w — 1, with w = 1+ 7, n 2 0, and compute the
leading behaviour of these two quantities, finding that, as before, each spike

contributes with an amount v/\/(277) to both charges:

VAl
A~S=K—- 1 . .
S 2 + O(logn) (5.78)

We also compute the O(1) correction to the anomalous dimension:

A-S

21 KV 2m 2

where we have used the relation:

_ K\/Xlog ( 2mS ) +K\/X {310g2—1—|—10g (sin&ﬂ +..., (5.79)

1 A
o ~ sinT as w — 1, (5.80)
which is easily obtained from (5.76). Again we find the usual logarithmic growth
A—S ~ Klog S which is characteristic of the gauge theory anomalous dimensions

for operators of twist K.
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Spectral curve for large S

We will now repeat the calculation of section 5.1.2, which will yield the spectral
curve associated with the Kruczenski solution.
As before, we start by computing the components of the right current, ex-

pressed in terms of the rescaled worldsheet coordinates (7,0), defined so that

o € (0,2
(7,0) = 2%(%,&) = /“;;:“10 (+,5). (5.81)

The charge density is then given by

KK [w —1

™ w1 + Wy
x{(w + 1)[wyen®(v]k) + wesn?(v]k)] + 1 — w}
KK [w; —1
! T Wy +w0(
x/[wien?(v|k) 4+ wesn2(v|k)]2 — 1, (5.82)

KK
I Sl P (5.83)
wyp — 1 T

In terms of the new coordinates, the cusps are located at:

jS(Tv J) =

]71- (7-7 U) + /LJ,IQ.(T, U) = w + 1)e’i(¢7t)

where now

Jm:2m%, m=0,.. .  K—1 (5.84)

As in the GKP case, the leading order of the charge density is dominated by the
contributions coming from the cusps, which we compute individually by setting

0 =0, + 0, with |6] < 7/K, and then expanding (5.82) as w — 1, obtaining:

-0
T,0 ~ =
JT( ) KKO‘)

jt(r,0) +iji(r,0) ~ i R emE (5.85)

Note that the component j, of the right current is O(n°) in the limit n — 0, and
is therefore subleading with respect to j,, as we had previously assumed. Hence,
it does not contribute to the spin vectors, which are still defined according to
(5.2):

1
—sin (m%2) | . (5.86)
%)

COS (m7
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As in the GKP case, these vectors satisfy the properties (5.5), so that the highest-
weight condition for the right-charge is satisfied at least at leading order for large
S (as usual, subleading corrections to this statement do not modify the spectrum).
Moving on to the left charge, we find that Q] = O(1), which is subleading with
respect to Q% = A—S = O(logn) and in particular satisfies the condition (4.80)8,
implying that there are no modifications of the spectrum due to the violation of

the left charge highest-weight condition.
Then, (5.15) and (5.14) respectively yield the Lax matrix

LMU)Z( “Tk K 5) (5.87)

and the monodromy matrix. We notice that this time no simplification occurs,
i.e. the product of two consecutive matrices L,,(u) and L,,1(u) still depends on
m, and therefore we can’t proceed as we did earlier. Instead, we introduce the

following sequence of matrices:

Ceim% dezm% ' ) )
Sm=1_- . . N I with [c|* —|d|* =1, (5.88)
defle éefsz
for m =0,..., K (where ¢ and d are arbitrary, apart from the constraint on their

absolute values), and notice that it makes the product S, 'L,,(u)S,11 = M(u)

independent of m. We also observe that:

ce™™  deinT c d
Sk=\{-_. =(=D"( . |=(-1)"S,. (5.89)
de mm Ce mm d c

We can now compute the trace of the monodromy matrix by inserting copies

of the identity matrix, in the form of the products S,,S5;.!, between consecutive

8The only way in which we were able to calculate Q}f is by approximating the left current in a
similar fashion to what we have done with the right charge in (5.85), and only then evaluating
the integral. Due to the leading order approximations introduced, the current conservation
condition 0,0* = 0 is no longer satisfied and hence the component Qz becomes time-dependent.

Nevertheless, the estimate Q7 = O(1) remains acceptable.

129



matrices L, (u):
=
TrQ(u) = u—KTr I_IOIL,m(u)

1
= U—KTI“ [SoS()_lL()(u)SlSl_lLl (u)S2S2_1 ce SK_ISl}I_lLK_l(u)]

—1)"
= (U—K)TI‘ [S[;I]L()(U)SlsflLl (U)SQSgl Ce SK,lS;(;ILK,l(u)SK}
n 1 K
= (=" Tr [M(uw)®] (5.90)
where in obtaining the third line we have used (5.89) and the cyclicity property
of the trace.
The rest of the calculation proceeds as in the GKP case. We first determine

the eigenvalues of M(u),

nt 1 . nm 2 . nm nm 1 o\ .2 N
K4 = UCOS — — —sin — £y [——wusin — cos — + | — —u? | sin e

K K K K K K K?
(5.91)
and then deduce
o 1
TrQu) = (—1) U—K(ﬁf + &)
nm  sin ZF
= (=1)"2Txk (cos? - Kf)
nt  sin ok

— 9 K cos™! — — K 5.92
Cos {mr—i— oS (cos e ou )] : (5.92)

where again we have used (5.42). Hence, we obtain the following expression for

the quasi-momentum:

nm  sin%r
_ K cos™ ! = _ K 5.93
p(u) = nm + K cos (cos e oo ) : (5.93)
and for the spectral curve associated with the Kruczenski solution:
~ 1 1 sin &%
DI t—l—;z]P’K (5) = 2cos [nw+Kcos_1 (cos%— Kf)} , (5.94)

which, as expected, is already in the form (5.19). We see that again this corre-
sponds to a point in the moduli space of the gauge theory curve I'x, where the

conserved charges take the following values:

. 2\" k . [nm . .
q](go):(—ﬁ) Z Hsm [?(]H—l_]l) , k=2....K, (5.95)

1<j1<ja<...<ji <K I=1

where jp.1 = 71 (the normalisation cjéo) = —52 is checked in appendix B.3).
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Figure 5.5: The cut and branch points configuration on the surface 3; for the
Kruczenski symmetric spiky string. The distribution of the branch points is not

symmetric with respect to the origin.

We can now compute the discriminant D = 4 sin? p(u):

D) = 4 {1 _r2 <cos”l . Smf” _

K Ku
Asi nmw . onr 2 nmw n 1 . onr
= —4sin— | —sin— — — cos — sin —
K K Ku K K242 K
nmt  sin 22
U? — - K 5.96
<ty (oo 7 - T ) (5.96)

which we use to determine the pattern of branch points for the spectral curve
(5.94):

u= % (COS L~ 1)_1 = uy simple
u:ﬁ(cos%—cos%)_lzuj, forj=1,..., K -1 double .
(5.97)
One may check that u, = 0o reproduces the usual double point at infinity”, while
the other points satisfy v; < u- < 0 < uy < uy, for 5 = 1,...,n —1 and
k=n+1,...,K — 1, so that again the curve has degenerated to genus zero,
with only the central cut [u_, u, ] surviving and all the outer cuts collapsing into
double points (see Fig. 5.5). Therefore, the quasi-momentum has a logarithmic
branch point at u = 0 and two square root branch points at v = uy and is
analytic away from these points. The differential
dp(u) = — K sin 52 du (5.98)
U\/(KUSiI} 47+ cos %)2 —1

displays a simple pole at u = 0, two square root branch points at v = u,. As in

the GKP case, the same cut we introduced for p(u) also makes dp(u) single-valued.

9Recall that n < K/2 (or n = K/2 in the exceptional GKP case), and thus n < K — 1 for
K > 2, which is required in order to reproduce the minimal structure of branch points for the
finite-gap spectral curves 3 (i.e. two branch points at the sides of the origin and a double

point at infinity).
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We also compute the filling fractions associated with the two parts of the cut:

e %/UOW s (1- )

Kusin 22 —i—cosﬂ) —1

K K
l+ _ é U K sin n—;du _ Sﬁ (5 99)
! v 2 K- ’

0 \/(Kusin%jtcos%) —1

We observe that, differently from the GKP case, there is an asymmetry in the
filling fractions, which is clearly due to the fact that the two square root branch
points in p(u) are no longer symmetric with respect to the origin. The symmetry
is restored in the limiting GKP case n = K/2.

As before, we have [ +1; = S and nl] +n;l] =0, in agreement with (4.51)
and (4.52).

Finally, as we did in the previous case, we derive the highest conserved charge:

~(0) ( 1)K+n 2 K ( . nﬂ')K (5 100)
= (— — sin— ) . .
Tk K K
Thus, the finite-gap expression (5.21) yields

_ KV VA

A-S log S + Y2 [KlogQ ~ Klog K + log(—1)K+n
2T 2T

4K log <sin %ﬂ) + Conng(K)| , (5.101)

where again we have omitted subleading terms in the limit w — 1. Comparison
with (5.79) (we recall that A8 = 2A¢ = 2n7/K) results in following value for

the moduli-independent constant:

Catring(K) = K {log (8—\/7%) - 1} — log(—1)%*. (5.102)
Furthermore, we would like to observe that it is possible to obtain all results
for the GKP N-folded string from the Kruczenski string in conformal gauge, if
we assume, of course, that the two solutions have the same number of cusps.
This is done by interpreting the GKP configuration as a set of K = 2N spikes
with angular separation between consecutive cusps equal to 7, or, in other words,
a set of 2 spikes for each turn around the origin in AdS space, which can then
be described by a Kruczenski-type solution with K even and n = K/2 (which
implies A0 = 7).
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5.1.4 The general patched solution
General properties

In this section, we are going to discuss a generalised version of Kruczenski’s solu-
tion in conformal gauge, which describes arcs with arbitrary individual angular
separations Af;, j = 1,..., K (still subject to the constraint Af; € (0, 7) which
is an intrinsic property of the symmetric spiky string discussed in the previous
section). The main objective of this exercise is to analyse the spectral curve as-
sociated with a larger family of strings. In particular, the GKP string only has
one discrete parameter, N = K/2 (i.e. the number of folds), and the Kruczen-
ski spiky string only has two discrete parameters, the total number of spikes K
and the AdS; winding number n. On the other hand, in addition to K and n,
this solution has K — 1 continous parameters A¢; corresponding to the angular
separations (one of which is always eliminated by the constraint 3 _; Af; = 2n).
This will lead to considerably more complicated expressions for the moduli QJ(O),
allowing us to test the spectrum (5.21) and the spin vector identification (5.2) on
a much larger moduli space of solutions, which in fact has the same dimension as
the moduli space of the finite-gap curves discussed in chapter 4.

The idea is to use different versions of (5.64) and (5.66) to describe each single
arc, and then to patch all the arcs together by gluing them at the endpoints. In
this way, we will construct an approximate solution, which becomes exact in the
large angular momentum limit w — 1. A plot for a possibile configuration of this
string is given in Fig. 5.6.

We start by considering equation (5.70), which determines the angular sepa-
ration between two consecutive cusps, as a function of the two parameters p, and
p1- We keep p; fixed, and define K parameters péj), j=1,..., K, by imposing
the following constraints:

Ab; = V2sinh 25" 0, k)~ TP kD], for =1, K

sinh p1y/wy + wéj)

(5.103)
where nt) and k@ (and also vV, which we will use later) are defined in (5.65)
and (5.67), with po replaced by péj ). Bach pair (p((]j ), p1) defines a different version
of the solution given in (5.64) and (5.66), with different fundamental half-period

K(k©) and angular separation Af;, but with the same radial position of the
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Figure 5.6: The general multi-spike solution with an arbitrary choice of angular

separations.

134



spikes p = p;. We introduce the shorthand notation
i =EED) K, = K(kY) (5.104)

together with the cusp positions ¢; and the overall period L of the coordinate ¢:

j K
. - - —1
5;=2% L, L=2YL;, Li=K;,|——. (5.105)
k=1 j=1 w1+w0

In order to glue these different solutions together, we let 6 run in the interval
[0,L]: for 0 = 69 < & < &1 we want the patched solution to describe the first
period of the (p(()l), p1) spiky string, for 61 < & < G5 we want it to describe the
first period of the (p(()2), p1) spiky string, and so on until we see the first period of
the (pgK), p1) spiky string for 61 < & < L. This is achieved by the following

definition:

£E) = £E =00+ F@2Ly, oY)
k=1
. ]_1
9(3) = 96 —5;1,0)+ > gLy, o),
k=1
for 5&;1 < 15 < &j s (5106)

where p(&, po), f(7,po) and g(7, po) are given by equations (5.64) and (5.66). In
obtaining this, we have used our freedom to shift &, f and g by a constant (these

are all symmetries of the equations (5.63)).

We note that, although (5.106) clearly satisfies the equations of motion and
Virasoro constraints in each interval o;_; < ¢ < ¢7j, it is not smooth at the
junction points. In particular, p(5) is C', whereas f(¢) and g(¢) are only C. In

the case of p, we can see this by considering equation (5.63):

9sp(0) = £Vh(p),  h(p) = hi(p)ha(p)

hi(p) = cosh? p— w?sinh®p,  hy(p) = 1 — PO
sinh” 2p
for 6};1 S o S 5']' s (5107)

where the sign is plus or minus depending on which half of the j-th arc we are

considering (p is an increasing function of & along one half of every arc and it is
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instead decreasing on the other half). Clearly, at the junction points p = p; we
have 05p(¢) = 0, independently of j, due to the fact that hy(p;) = 0. However,

when we turn our attention to the second derivative of p, we obtain:

~ h/ /
02p(5) = gp) , where ' = 0, (5.108)

and it is very easy to see that h'(p) contains a term which does not vanish at

p = p1 and which depends on péj ).

(5.109)

W (p1) = Hy(p1)ha(pr) = (1 — w?) sinh 2p; (1 - M) .

sinh? 2p;

This term generates a discontinuity in 9%2p(5) at the junction points, since the

value of py jumps from p(()j ) to p(()j ™ there.
Similarly,

sinh Qp( ) 1

09(5) = 0I5y i) =

sinh?
explicitly depends on p(()j) at p = p; and thus is discontinuous at the junction
points. The same clearly applies to 05 f (7).

Therefore, the patched version of Kruczsenki’s solution is not a proper closed
string solution for fixed w > 1. However, the situation changes as w — 1. In
fact, in this limit, the function p(&) from equation (5.64) displays the following

leading behaviour near the cusp located at o = 0:
. 1 1 9~
p(G) = —3 logn + 3 log(2sech®s) + O(n) , (5.110)

where, in our usual notation, w = 1 + n. Clearly, the situation is identical near
any other cusp, due to the periodicity of p(¢). Thus, p(6) has a universal profile
near the cusps, which is independent of py, so that it is no longer sensitive to
jumps in that parameter as we move across the junction points.

We now study hq(p) in more detail:

hi(pr) = 0
sinh 2 k even
Bhi(p) = 2571 —w?) . . (5.111)
cosh2p; k odd

It is easy to check that w; = cosh2p; = 1/n+ O(1) and sinh 2p; = 1/n+ O(1),
which then implies 9%hy(p1) = O(1), Vk > 0. Of course, no discontinuities arise
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from this factor. Next, we consider the troublesome function hy(p):

sinh? Qp[()j )
sinh® 2p;

; h2
Dpha(pr) = 2sinh? 2 O =PL

ha(p1) =1

sinh® 2,

0 Pe(2p1)

oh = 2% sinh? 2 , for 6,4 <6 <6;, (5.112
P 2(p1) Po sinhk“ 2p1 j—1 = =Yy ( )

where Py (2p;) is a polynomial of degree k in cosh 2p; and sinh 2p;. It is now easy
to deduce that hy(p1) — 1 and 9%hs(p1) — 0 as w — 1, which means that hs(p)
becomes smooth at the junction points in this limit. Taking the behaviour of

hi(p) into account we can then deduce
k
Ofh(pr) =Y Op'ha(p)0k "ha(pr) = Ofha(pr) = O(1),  asw—1 (5.113)
m=0

and therefore h(p) also becomes smooth as w — 1. This immediately shows
that 92p(¢) from (5.108) is continuous in the same limit. Now, working from
that equation, we see that, in general, 9%p(5) is a sum of products of derivatives
of h(p), up to order k — 1, and of derivatives of p, up to order k — 2. The
latter can all be re-expressed in terms of lower derivatives of h(p) through (5.108)
and (5.107), so that, in the end, we’re only left with derivatives of h(p) which
all become smooth in the limit considered (in particular, notice that there are
never any diverging factors involved, so that the exponential suppression of the
discontinuities as w — 1 is never undone). Hence, 05;p(6) becomes a smooth
function as w — 1.

If we now consider [(p), we easily see that:

Pi(p1)

Bl(p) = —5—
p (p1) sinhFt2 o

— 0, asw — 1, (5.114)

which then implies that all derivatives of ¢g(&) at the junction points vanish as
these points approach the boundary, since they are given by sums of products of
derivatives of I(p) and of p(&) (these then reduce to derivatives of h(p) through
(05p)? = h(p) and 92p = I (p)/2); the former vanish, while the latter do not
diverge. Thus, ¢g(&) and, similarly, f(&) both become smooth as w — 1.
Consequently, the patched Kruczenski string is an approximate solution which
only becomes exact in the limit of large angular momentum, as the spikes ap-

proach the boundary of AdS3. At w = 1, it reduces to a collection of arcs with
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endpoints on the boundary, such as the one shown in Fig. 5.4 and represented by
(5.74), glued together to form a closed string. This is another indication of the
fact that the solution is acceptable in the large S limit.

However, it is important to notice that the solution (5.74), displays a different
type of behaviour, since, by definition, it satisfies 0;p(6) = ha(p), and thus
now the first derivative of p(&) no longer vanishes at the endpoints, where the
spikes should be located. The reason is that in this solution we see the extreme
consequences of the w — 1 limit: the cusps are “pushed away” at infinity and
eventually disappear from the worldsheet, which is now infinitely long. It is hence
necessary to maintain w > 1 and then to study the type of limit we used just
above, in order to keep track of the spikes and to be able to approximate the

monodromy matrix as we have been doing in the previous sections.

We now return to the analysis of the general properties of the patched string.

By construction, this solution, when plotted at constant ¢, has K arcs of angular

separation Af;, for j = 1,..., K, and hence the closedness condition is
K
> Ab; = 2nr. (5.115)
j=1
As previously mentioned, we have K cusps located at ¢ = ¢, for j =0,..., K —1

(the analysis carried out for the symmetric spiky string still applies, and thus
we have 05(p, ) = (0,0) at each cusp). We denote their angular positions by
¢; = wT + 0;, where, without loss of generality, we can assume 6y = 0. We also
define O = 2nm — 0y = 2nm, so that Af; = 6; — 0,_; and Z;n:l AO; = 0,,.
Another plot at constant time ¢ is shown in Fig. 5.7.

As usual, we will be interested in the limit of this solution as the spikes touch
the boundary of AdSjs, i.e. w — 1, in which p; — 400 and p(()j) approaches the

value which satisfies the following equation, coming from (5.76):

1
Af; ~ 2Arctan—(.) , asw — 1. (5.116)
sinh 2

Conserved charges

The contour defined in (5.72) is still closed and winds once around the worldsheet.

The energy and angular momentum can thus be calculated as in the Kruczenski
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Figure 5.7: The patched Kruczenski spiky string, with 7 spikes, angular sep-
arations equal to 7/3, 7/6, 7/10, /2, 27/5, 57 /18, 27/9 and corresponding
parameters given by p; = 2, pi") = 0.638475, p{¥ = 0.965792, p{¥ = 1.18657,
Pt = 0.43007, p = 0.546767, p¥ = 0.727608, p{” = 0.833672.
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case, and reduce to the sum of the usual Kruczenski-type contributions from each
individual arc:

K 2L (K)  pfo—f(L)
A J ; h?2 0
A = \/_— (E / d&costh((r,p(()]))—i—u/ d%)
j=1"72 To

27'(' Li 2

K
A -1 |1 ; ;
= E £ wl—() |:_<w1 + w(()ﬂ))EJ _ sinh2 péJ)KJ:|

A h2 h ; ,
_ 2£5mh2p0 )Z V22 sinh 2pf sin P 5O
i1 \Jwp 4+ 0l (wy + 1)

(K)  pfo—f(L)
B 9 (), . sinh2pg -
S = pw. ( Z/ dea sinh® p(a, pg’) + T/TO dT)

wVA [ w—1 [1 ;
= Z —5 [ (w: + w)E; — cosh? PSJ)KJ]
T wy + wg 2

j=1

I(nY k9. (5.117)

)Z V2w sinh? 2p smhp1

A
—2£smh2po
=1 wy + wd (wy + 1)

where we have introduced f;o =0.
As w — 1, with w = 1 + 7, the leading behaviour of A and S is unchanged

with respect to the symmetric spiky string:

A:S:Kﬂl—i—O(logn), (5.118)
2T n

while the O(1) correction to A — S is now dependent on the K — 1 new moduli:

KvVA, (218 VA ® Y,
A-S= e (K\/_)+_ K(SlogZ—l)—l—Zlog(smT) +...,
7j=1
(5.119)
where we have used:
1 A
— = sin—= asw — 1 (5.120)
which generalises (5.80).
Spectral curve for large S
As always, we introduce the rescaled worldsheet coordinates, defined as
2
(r,0) = L”(T &) (5.121)



in terms of which the cusp positions become
Ar I -
aj:fZLk’ for j=0,...,n—1. (5.122)

k=1

The rescaled charge density is then given by

j(r,0) = % {(w +1) {wlch (v(j) (%(0 — aj_1)> ‘ k(j)>

, , L ;
—{—wéj) <n2 (U(J) (2_(0 _ Uj—l)) ‘ k(]))} +1-— w}
T

L .
Jrro)+iji(ro) = i_(w+ 1)

X { [wmf (Um (%(U _ Uj_1)> ' k(j))
s (Um (%(U _ le)) ‘ k(j))] C 1} 2

for o € [0j_1,0;]. (5.123)

=

As before, we express o near the m-th spike as o = o, + ¢, where ¢ is never
allowed to reach one half of the distance to the nearest cusp in both directions.
For the patched Kruczenski solution, this translates into an asymmetric condition
on ¢ (since the fundamental periods I~/j are in general different from each other),
which, however, reduces to the usual |¢| < 7/K as w — 1 (since all L; become
identical in this limit).

At this point, it is only a matter of tedious algebra to carry out the usual

expansion of the elliptic functions and integrals as w — 1 and obtain:

oro) = K1
T,0) ~ ——
Ir ™ neosh® (¥6)
2K 1

ji(r,0) +iji(r,0) =~ i el 2= A0 (5.124)

E3 n cosh? (%&)
where K = ZjK:l K;. As before, we recover the d-function localisation as in (5.2),

which we use to compute the spin vectors at each cusp:

1 1
S : m S
L, = = sin (ijl A€j> == |- sin6,), (5.125)
Cos <Z§”:1 A9j> 08 O,

(we recall that 6y = 0). This time, when testing the properties (5.5), we find that
the highest-weight condition is not satisfied at leading order, namely that Qﬁ ~
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ZJK:_OI Lji # 0. As we discussed in section 4.2.6, this leads to the appearance
of an extra modulus qéO) % —1 on the gauge side, which is determined by the
SU(1,1) rotation linking the string solution to the corresponding highest-weight
state. In particular, from (4.74), we obtain
K1
_ \ '
LN VAL o, (5.126)
laf> + [ T~
As far as the left charge is concerned, we have a subleading non-vanishing con-
tribution to @7, which, as usual, does not modify the spectrum.
We proceed along the usual path and calculate the matrix L,, (u) from (5.125):

L, (u) = ( ut g %61-97,'1) (5.127)

_ i ,—i0m _
K€ U— 73

As expected, this matrix coincides with the one computed for the original Kruc-
zenski solution if we choose Af; = 2nm /K, Vj, and therefore, under this condition,
all the subsequent results will reduce to those we obtained for that solution.
Due to the arbitrariness of the angular separations Af;, the procedure we
used in order to calculate Tr Q(u) for the symmetric Kruczenski string is no
longer effective. Nonetheless, the trace of the monodromy matrix is clearly still
in the form (5.19) and it is possible, through a tedious calculation which however
only involves elementary reasoning, to show that the conserved charges cj,io) can

be expressed as

(]

Re |:Zk6—l Z;:1(6j1+dl_9j171) y (5128)
jl?"'7.jT:27""K
jl+1 >]l+dl+]—

where we define

DEidl,
=1

C(k,K,r,D) = 3 (—1)1([2:3::?) (?)

j=max{k—K+D,0},...,min{D,k—2r}

(5.129)
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Since the method we used in obtaining (5.128) defines QI(CO) as the coefficient of 1/u*
in Tr Q(u), this expression also correctly reproduces the known term, Qéo) = 2,
and the missing linear term in 1/u, (ﬁo) = 0.

A less unwieldy expression for c],(co) can be obtained by identifying the string
theory equivalents of the spin chain variables z; and pj introduced in [112], for
k=1,...,K (where K is the number of spins in the chain, which matches the
number of cusps). As described in [112]'°, these parameters are related to the

individual spin vectors L at each site of the chain:
LY =izpy, Lf=izipn, L, =—ips. (5.130)

We relate these to the spin vectors at each cusp (5.125) according to (5.4). It is
now straightforward to obtain:

e g = e (5.131)

pk:_K

Then, the k-th conserved charge is given by

~(0) _ § ' —
4 = Zj1g2~iegs + “k—1dk “iki1PiiPja - - - Pjy k=2,... K,
1<j1<jo<...<jp<K

(5.132)
where z,, = z, — 2. After some algebra, we can recast this expression into the

following form:

(0) 2\" - O — Ui
g = (—?) | Z | [[sin (T) , k=2,...,K (5.133)
1<j1 <jo<..<jp<K I=1

where we have defined j,.1 = ji. A lengthy calculation shows that this expression
equals (5.128) for k£ > 2, and thus yields the conserved charges from Tr 2. We
can hence use this result, together with (5.126), to check that the relationship
(4.87) between cjéo) and rotation parameter [ is satisfied. In appendix B.3, we
show that Qéo) has a complicated dependence on the angular separations A¢; and
that, in general, qég) # —1. The parameter is however equal to —1 when all the
Af; are equal, which, as we can see from (5.125), makes the patched solution a
highest-weight state. This is exactly the behaviour we expected from the general

finite-gap picture.

10Ty their notation, Ly = Yon_ L9, Ly = S0 L and L_ = Y0, L.
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As usual, we are interested in the highest conserved charge, which is given by:

K K
(0 2 (O — O
W = () Mo (57

1
_ (—%)Ksm (Ael - 2n7r) Ij}:sm (Aem)
- (_%)K(_l)nﬁsm <%) ’ (5.134)

where we have used 6, — 0 = — 2522 Af,, = —2nm + A#, in deriving the
second line. We can now substitute this into (5.21) in order to obtain the finite-

gap spectrum A — S

K
A—S = \/XlogS—i—\/—X Klog?2 — Klog K + log(—1)%*"
27 27
K
AD;
1 in —2 strin, K
—1—]22; og(sm 5 )—i—C’t o )]

(where, as always, we have omitted subleading terms as w — 1) which, by com-

parison with the direct result (5.119), implies:

Cstring(K) = K {log (ig) — 1} — log(—1)%+"

This expression agrees with those obtained in the previous two cases, (5.102) and
(5.53) (in order to obtain the latter, we must set K even and n = K/2, as we saw
before).

Finally, we observe that, as we noticed earlier in this section, it is possible
to obtain all the previous results concerning the N-folded GKP string and the
Kruczenski string from this generalised version. For instance, it is easy to check
that the highest conserved charge (5.134) reduces to the expression (5.100) valid
in the Kruczenski case if we set Af; = 2n7w /K, Vj.

5.2 “Small” spikes in AdS;

This section is based on the results of [2] and is devoted to the discussion of

explicit string solutions exhibiting, in the large angular momentum limit, the
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“small” spikes which we introduced in section 4.2.5, where we also computed
their dispersion relation (4.53), (4.56),

Ea(v) = ‘2/—5 Blog Gj—\ﬁ::ZD _ m}

BIVIZE g (VETY]

Pa(v) = { > . (5.135)

2
Together with the dispersion relation, these solutions will also reproduce the

finite-gap semiclassical quantisation condition (4.54) in the form
Pyi(v) (K — M)log S € 277 . (5.136)

We recall that we were originally able to restate the integrality constraint for the
filling fractions in this way by assuming that the length of the string along which

the “small” spikes were propagating was
L= (A—-S8)2r/VA) ~ (K - M)log S (5.137)

at leading order as S — oo, where K — M is the number of “large” spikes on
the string. This was in fact the case with all the previously considered explicit
solutions displaying “large” spikes (see sections 5.1.2, 5.1.3 and 5.1.4), which
include the GKP string, and will be true also for the solutions which we will
study in this section.

The semiclassical dispersion relation (5.135), (5.136) was then found to agree
with the “small” hole dispersion relation from gauge theory, in the limit of large
momentum F,, and only in the special case K — M = 2, which will apply to all

the solutions considered here.

Apart from the fact that they constitute relatively simple explicit examples of
the string behaviour predicted by the finite-gap analysis, these objects are also
interesting as the AdSs version of the Giant Magnons discussed in [28].

In particular, all the solutions we will consider describe “small” spikes moving
along the infinite GKP string, which is just the solution discussed in section 5.1.2,
in the special case N = 1 and w = 1, and therefore has K — M = 2 “large” spikes
and M = 0 “small” spikes. The GKP string is interpreted as the reference
vacuum state and its spectrum of small quadratic fluctuations was computed in
[71], where these were found to correspond to a single transverse mode with a

relativistic dispersion relation, O((v/A)?) energy and mass m? = 4.
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The “small” spikes can also be thought of as excitations over the GKP vacuum,
but they carry a large, albeit finite, O(\/X) energy and their dispersion relation
(5.135) is not relativistic, due to the fact that the Lorentz invariance of the string
action and Virasoro constraints in conformal gauge is broken by the fixing of the
residual gauge symmetry. The relativistic behaviour is however restored in the
low-momentum regime, where we recover the dispersion relation for a massless

particle:

5
Eeor = [Pl + 0 () (5.138)

This also happens in the case of Giant Magnons and allows their identification
with the small fluctuations over the BMN vacuum. In fact, since a string in
AdSs; only has one transverse mode, it is natural to conjecture that “small”
spikes should be continuously related to the small fluctuations of [71], representing
their large energy limit. This picture is consistent at the semiclassical level,
since the O(1) mass of these excitations becomes negligible at O(v/)), and it is
therefore acceptable to have a massless dispersion relation at leading order. A
more accurate test of this proposal would require the computation of the first
quantum correction, O(1), which should then introduce the appropriate mass
term for the quadratic fluctuations. However, such a test is no longer necessary,
as the above conjecture has been found true in [99].

“Small” spikes also correspond to sinh-Gordon solitons propagating along the
infinitely long GKP string and undergoing factorised scattering, as a consequence
of the integrability of semiclassical string theory. This is in perfect analogy with
the case of Giant Magnons, which were found to represent sine-Gordon solitons.

Due to all these similarities between the Giant Magnons and the “small”
spikes, and due to their conjectured duality to the “small” holes of gauge theory,

we proposed the name “Giant Holes” for these objects.

Before we begin the analysis of the two string solutions containing Giant Holes,
we will briefly summarise the facts we are interested in concerning the GKP
vacuum.

For w = 1, the solution (5.22) simplifies to:

Z1 = €7 cosho

Zy = €Tsinho, (5.139)
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Figure 5.8: The infinite GKP string is represented as a straight line extending up
to the boundary of AdSs, rigidly rotating around the centre.

where now o € (—o0,00) and the plot shows a straight line passing through the
centre of AdSs and extending up to the boundary, rigidly rotating (see Fig. 5.8).
In particular, when o varies over its full range, the above set of equations only
describes one such line, so that we need two copies of this simplified solution,
glued together at the endpoints on the boundary, in order to obtain a closed
string, recovering the 1-folded GKP solution.

The asymptotics of the vacuum near its endpoints are given by

Zy ~ %ei"e” , as 0 — +00
Zy ~ :I:%ei"e” : as 0 — oo, (5.140)
or equivalently
t — T, as 0 — oo
p — =o, as 0 — £00

7, foro— 400
o — . (5.141)

T+7m, foro— —
Since the excitations, or “small” spikes, are localised solitonic objects propa-
gating along the GKP string, we expect them not to significantly modify the
asymptotic behaviour of the vacuum. In fact, the two solutions we will discuss
below reproduce the vacuum asymptotics.
The energy and angular momentum of this solution are infinite. Hence we

will regulate the problem by considering instead a closed string of finite length
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with folds at radial distance p = A > 1. Up to subleading corrections, this
corresponds to the same solution but with the range of the worldsheet coordinate
restricted as —A < o < +A. We then find

A A A
A = £ / do cosh? o = Zl/—— (62A +4A — e_zA)
T J-A

T
A
S = ﬂ/ dosinh® o = \/—X (e —4A — ) . (5.142)
T J_a Am

Subtracting the regulated string energy and angular momentum we obtain the

standard formula,

™

- 2—‘/5 {210,5.); (%) +4log2+ O (1025)] . (5.143)

which we define as the reference vacuum energy, so that any excitation will raise
A — S to a higher value F > E,. Note that the spectrum (5.142) is slightly
different from the K = 2 case of the large S limit of the spectrum (5.29) of the

N-folded GKP string. The missing term is moduli-independent and is probably
due to the particular choice of regulator we have made.

Finally, the infinite GKP string (5.139) corresponds to the vacuum solution
(3.45) of the sinh-Gordon equation. As anticipated in section 5.1.2; this is due
to the fact that we are observing the solution at S = oo, with the two “large”
spikes touching the boundary of AdSs, and hence the corresponding two static
solitons have disappeared from the worldsheet, sucked into the region ¢ = 4o0.
This will also be the case with the solutions describing “small” spikes propagating
along the GKP string: only the “small” spikes will be visible in the sinh-Gordon
picture. Nonetheless, as far as the spectrum is concerned, the behaviour will be

appropriate for a solution with 2 “large” spikes plus some “small” spikes.

5.2.1 The two-spike solution

In [106] several explicit string solutions in AdS; were constructed, correspond-
ing to solutions of the sinh-Gordon equation describing respectively a single
(anti-)soliton (§)s, two solitonic objects of any kind scattering off each other
and also the so-called sinh-Gordon breather, which is a bound state of one so-

liton and one anti-soliton. As we saw in section 3.2.2, each soliton is identified
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with a divergence a — —o0o in the sinh-Gordon field, while for each anti-soliton

we have a — +00. According to the definition (3.16), this corresponds to

0:X,0_X" = —e* =0, soliton
0:X,0_-X" = —e* = 00, anti-soliton . (5.144)

Therefore, it is reasonable to expect that the introduction of an anti-soliton onto
the GKP string should lead to the appearance of a new singularity, which would
modify the leading large S behaviour (5.143) of the spectrum. The excitations we
are interested in should instead contribute a finite O(v/\) amount to the vacuum
energy Ey. A good candidate for such an excitation is therefore the sinh-Gordon

soliton.

The 2-soliton soliton scattering solution of [106] is given by

.~vchT'cho + chXcho — /1 — v?shXsho — iv/1 — v?shT'cho
e

ZSS —
! chT + vchX

gss i vchT'sho + ch Xsho — v/1 — v2shXcho — iv/1 — v2shT'sho
2 = € chT + vchX ’

(5.145)

where X = 2yo, T = 2yvr, v = 1/3/1 — 22, we have used the abbreviated
notation chX = cosh X and shX = sinh X, and 0 < v < 1 is a parameter related
to the centre of mass velocities of the two solitons, which are given by +v and
—v. The sinh-Gordon solution corresponding to this string through Pohlmeyer
reduction is (3.47) (first line, upper sign choice), from which we deduce that the
worldsheet positions of the two solitons are given by the solutions o (7) and o5(7)
of the equation coshT' = v cosh X. As in the vacuum case, the two static solitons
located at the endpoints ¢ = +o0o are invisible in the Pohlmeyer-reduced picture.

The fact that v > 0 in the parametrisation of this solution is of particular
importance, since it makes the denominators of Z; and Z, always greater than
zero for finite 0. The other two scattering solutions (s§ and s5) and the breather
solution discussed in [106] do not have this property and therefore their radial
coordinate p becomes infinite for finite values of o, corresponding to the positions
of the anti-solitons. This extra singularity adds a further infinite contribution to
the quantity A — S and hence anti-solitons do not seem to be equivalent to

excitations of finite energy over the GKP vacuum.

149



Several plots of the ss solution at constant global time ¢ are shown in Fig. 5.9.
This solution has two small spikes located at the positions of the two solitons,
which start at the endpoints of the string, then approach each other until they
scatter at the origin and then move away towards the endpoints. Interestingly, the
same solution plotted at constant worldsheet time 7 has no cusps. As remarked at
the beginning of section 5.1.3, the real plot of the solution is the one at constant
global time and thus this string has spikes. The difference in the plots is due to
the fact that ¢ = const. is not equivalent to 7 = const. in conformal gauge.

The asymptotic behaviour of the solution at the endpoints is given by
Losegr (1)

2 v

1—@)

Z1 ~

1

Zy o~ H+—e %7 ( (5.146)

\)

v

yielding

t — T, as 0 — oo
p — FTo+a, as 0 — £00

T, foro— 400
o — ) (5.147)

T+m7m, foro— —o0
This reproduces the vacuum asymptotics (5.140) and (5.141), up to a shift in
the radial coordinate, a = log[(1 — v/1 — v2)/v], which will be important in the
following.

We also notice that, since ¢ = 7 at both endpoints, it is possible to glue this
solution to a straight infinite GKP string in order to obtain a closed string, thus
obtaining a solution which is closed both at constant global time and at con-
stant worldsheet time. Therefore, no timelike segment is required in the contour
involved in the definition of the conserved charges for this solution.

The total quantity A — S for such a closed string is given by one half the
contribution of the infinite 1-folded GKP string (i.e. one half of (5.143)), plus
the two-soliton contribution. The latter is also infinite and hence we regulate it
in our usual gauge-invariant way, i.e. by imposing p = A > 1. The asymptotics
(5.147) then imply we must restrict the spatial worldsheet coordinate to the range
~A<o<+AwithA=A— O\, where
(1—\/1—702) 1log(1—m> ‘

v

O\ =log = TViso

: (5.148)
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Figure 5.9: The 2-soliton solution at t = —2.7,—1,—0.1,0.1,1,2.7 (from left to
right and top to bottom). At ¢ = 0 the string coincides with the horizontal axis.
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Note that the second equality is legitimised by the fact that v > 0 and that the
shift A vanishes for v = 1 where the two-soliton solution simply reduces to the
vacuum solution (5.139). On the other hand, the §A diverges as v — 0, repre-
senting an infinite additional contribution to the value of the radial coordinate p
at fixed o, and therefore indicating a change of the asymptotic behaviour of the
string solution in this limit. As discussed in section 4.2.5, the “small” spike should
become a “large” spike in this limit, which is also confirmed by the fact that, for
all the explicit solutions we have studied, “large” spikes are always associated
with static solitons.

We now compute the spectrum EF = A — S, obtaining

1 vV A g2 + cosh 2T + v? cosh 2X

E = ~B+X2 [ 4
2 0t 21 J_i 7 2(cosh T+ v cosh X')?
B 1E+\/X vv1 —v2sinh X A
- 2% T or 4 coshT +wvcosh X |

A

= g [2/\ +2A —2V1 -2 4 O(e_QVA)]
m

= Ey+2E.q(v) + 0>, (5.149)

where

Bae) = 2 [-on-viTH

2

— \2/_5 Elog Gj—\/\/i::zz) — m] (5.150)

is naturally interpreted as the energy of a single soliton of velocity!! —1 < v <
+1. Note that Fy, diverges as the soliton velocity v goes to zero, reflecting the
divergent contribution dA to the length of the string mentioned above, and that
consistently Eg, (1) = 0, so that the excitation disappears in this limit.
Moreover, we notice that the energy and angular momentum of the two-soliton
open string have the following leading behaviour:
VA

Aoy ~ Sy = 8_7r€2A , (5.151)

1 Although 0 < v < 1 for the two-soliton solution, the result (5.150) equally applies to the
soliton moving with velocity v and to the soliton moving with velocity —v, and certainly the
expression is even under v — v. We may therefore state that Fg,(v) is the soliton energy

independently of the sign of v.
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so that, once we take the additional straight GKP string into account, we may
rewrite (5.149) as

VA

T
A—Szx 210g5+210gﬁ+410g2 + 2B (v) + ..., (5.152)

where the dots indicate terms which vanish as S — oo. Thus there is agreement
with (4.49), again modulo a discrepancy in the moduli-independent constant with
respect to the results obtained for the “large” spikes, which could be due to the
regulating procedure (the reference result is still equation (5.29) with K = 2 and

with two additional solitonic excitations).

Having established the existence of excitations of finite energy we now want to
determine their dispersion relation. In particular, as the cusps move along the
string with velocity v, as measured in the spacelike worldsheet coordinate o, we
want to identify the conserved momentum Py, (v) which is canonically conjugate
to the position of the soliton in these coordinates. Here we will follow the same
line of reasoning used for the case of Giant Magnons in'? [28].

Consider a configuration with M cusps located at the positions o = oy(7) in
the worldsheet coordinate ¢ introduced above, moving with velocities v; = do;/dr

for I =1,..., M. The total energy of the configuration is

M
E=FEy+) Ealv). (5.153)

=1
The energy E = A — S is canonically conjugate to the global coordinate # = (t +
¢)/2 and we can define a canonical momentum P, for each soliton via Hamilton’s

equation,

doy, OF

i 9B (5.154)
An important subtlety is that the global time ¢ appearing in the above equation
is not equal to the worldsheet time in the string solutions considered above.
However, they are equal in the vacuum solution (5.139) and, as each sinh-Gordon
soliton is localised, we have dt/dr — 1 exponentially fast away from the centre
of each cusp. Thus the differential ¥, = do;/dt appearing in (5.154) will be equal

to the worldsheet velocity v; up to exponentially small corrections for almost all

12Tn particular, see discussion around eqns (2.16-2.19) of this reference.
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3

times'®. Making the replacement © — v in Hamilton’s equation (5.154) for a

single soliton moving at constant velocity v we get

dEsol dEsol dPsol -
= = 5.155
VT aPy T v ( dv ) (5.155)
or equivalently,
dPs; 1dE,, AV1—ov?
L LdEa _ VAVI-e , (5.156)

dvv v dv 21 02
where we used (5.150) in the second equality. As the soliton solutions considered
above revert to the vacuum for |v| = 1, we integrate (5.156) with boundary
condition Py, (£1) = 0 to get,

BIVIZE s (VETY]

21 v v

Pl (v) (5.157)

Equations (5.150) and (5.156) constitute the dispersion relation of the soliton.
Notice that the conserved momentum P, (v) is an odd function of the velocity v
by construction. Thus the total momentum of the two soliton solution considered
above is zero. More generally we might expect that an M-soliton closed string

solution should obey a level-matching condition of the form,

M
P=Y) Puv)=0. (5.158)
=1

The situation is however complicated by the fact that the folds at the end of
the string themselves correspond to solitons with zero velocity which therefore
yield two infinite contributions of opposite sign to the total momentum which can
cancel up to a finite remainder. This consideration presumably accounts for the
existence of the one-soliton excitation of the folded string discussed in the next
section. This is exactly what happens in the finite-gap picture, where the filling
fractions associated with the first surface, 3, decouple from those associated
with the second, ¥,, resulting in a level-matching constraint which only applies

to 2, at leading order and not to X,

13This only fails to be true during a finite time interval of duration of order 1/v when the
soliton crosses the origin. This effect will produce a subleading correction to the semiclassical

spectrum discussed below.
!4The mechanism is in fact the same in both cases: the filling fractions/momenta of the

“large” spikes, multiplied by the corresponding mode numbers, cancel at leading order, but
they may leave arbitrary subleading contributions, which may then cancel a non-vanishing

subleading contribution from the filling fractions/momenta of the “small” spikes.
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In order to semiclassically quantise the dispersion relation, we first observe that

the semiclassical wavefunction for a soliton of velocity v takes the form
V(o) = exp (iPsi(v)0) . (5.159)

The quantization condition for the soliton velocity comes from imposing the in-
variance of the wavefunction under a shift 0 — o+ L, where L is the total length
of the string, which in this case amounts to L = 2A + 2A.

For our purpose, the leading order behaviour L ~ 21log(S)+0O(SY) is sufficient

to find the leading-order quantization condition!®

Pai(v) - 2l0g S € 277 . (5.160)

Most importantly, the dispersion relation (5.135) coincides with the dispersion
relation (4.53), (4.56) of the excitations discovered through the finite-gap anal-
ysis and associated with the second Riemann surface 3, after the factorisation.
Moreover, the semiclassical quantisation conditions (5.160) and (4.54) are also
identical. As we already remarked in section 4.2.5, the quantised dispersion re-
lation also coincides with the one for the “small” holes of gauge theory in the
large-spin limit and at large momentum P, > 1 (we were only able to verify
this in the special case of two “large” holes, which in fact correspond to the two

“large” spikes of these strings).

5.2.2 The one-spike solution

As the consitituent solitons of the two soliton scattering solution are well seper-
ated at very early and late times, it is intuitively clear that string solutions corre-
sponding to individual solitons with vacuum asymptotics must also exist. Indeed
such solutions were also presented in [106] (see equations (4.25, 4.26)), but were
found to have infinite energy. They also have different asymptotics to the vacuum

configuration studied above!®. In fact this pathological behaviour arises because

15In general, there are additional corrections coming from the two-body scattering of solitons
leading to a quantisation condition of Bethe Ansatz type. However, we will restrict our attention
to the case where the quantized momentum Pj, remains of order one as S — oo and the
scattering phase is subleading. A similar correction from the inequality of global and worldsheet

time near each soliton arises at the same order as the scattering phase.
16In particular, the asymptotic values of the angular coordinate ¢ are the same at both ends

of the string while they differ by 7 in the vacuum solution
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the solution (4.25, 4.26) of [106] corresponds to a single soliton with zero velocity
and is related to the divergence of Ey,(v) as v — 0 found above.

A solution corresponding to a single soliton with non-zero velocity v > 0 can
be obtained by space and time translation of the two-soliton scattering solution
so that one cusp is located near the origin and the other is sent to infinity. In
particular, we choose to work at 7 — +o00, so that the two solitons are widely
separated, and then solve the equation coshT = vcosh X at leading order, fo-
cusing on the right-moving soliton, so that X — 400 as well: X ~ T —logv. If

we use this relation in order to approximate the two-soliton solution (5.145), we

obtain
7 e (cosho — /1 —v?sinho) 4+ e (v —iv/1 — v?) cosho
= e
! ver +e %
7 e (sinho — /1 —v2cosho) + e > (v —iv/1 —v?)sinho
= e
2 ver 4+ e~¥ ’

(5.161)

where ¥ = (X —T)/2 = v(0 —v71) and X = 270, T = 2vy7 as before. This is in
fact another exact solution of the equations of motion and Virasoro constraints.
Similar solutions may be obtained by approximating for 7 — —oo or focusing on
the left-moving soliton.

One may easily check that the corresponding sinh-Gordon angle « coincides
with that of the one-soliton solution (3.46) (upper sign) with velocity v, up to
a constant shift in 7. Again the two static solitons at the endpoints are absent
from the sinh-Gordon field due to the fact that we are working at infinite angular

momentum S.

The plot at constant t (see Fig. 5.10) shows a single “small” spike moving
along the infinite GKP vacuum, starting at one endpoint as 7 — —oo and ending
at the other at 7 — 400. As in the two-soliton case, there are no cusps in the

constant-7 plot.

The solution (5.161) has asymptotics

10”(1—\/1—1)2)
Z; ~ —¢ee
2 v
1 (1- VI 2
Ty =~ ¢ ”( “), (5.162)
v
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Figure 5.10: The 1-soliton solution at ¢t = —3,—1,0, 1,3 (from left to right and
top to bottom).
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as 0 — 00, and

1.
7, ~ —e %7 (v — V1 — 1)2>
2
1
Zy = e (v i 02) , (5.163)

as 0 — —oo. Or, in terms of the global coordinates,

7, foro— 4o
t(r,o) —
T—p0#, foroc— —o0

o(r.0) 7, foro— +o00
T,0) —
T—pB+mn, foroc— —o0

c+a, foro— 400
p(r,o) — : (5.164)

—o, foro— —00
where 3 = Tan"*(v/1 — v2/v) and « = log[(1 — VI — v?)/v].
This implies that

t, foro— +o00
o — , (5.165)

t+m, foro— —o0

so that the one-soliton solution reproduces the vacuum asymptotics.

As before, we construct a closed string by gluing a straight infinite GKP string
at the endpoints of the one-soliton solution. However, the presence of the extra
term [ in (5.164) makes the string open at constant 7. Therefore, we need to
add a timelike segment to the contour when calculating the conserved charges.
In order to regulate the contribution of the latter to the spectrum, we impose the
usual condition p = A > 1. Thus we must restrict the range of the worldsheet
coordinate o according to —A < o < /~X, where A = A — a. Therefore, we obtain
the following regulated expression for the spectrum:
oX

\/X A
E, —_— do |1 - 20l ——— —27A
ot o /A U{ ve (6T~|—veX)2] +O(e )
\/X T

A
e
= E [ - O —Q’YA
ot 27 |:O-+’7(€T—|-’U6X)}_A+ (™)

= g [3A +A-VI-v2+ O(e’Z’YA)} +0(e )

= Ey+ Ee(v) +O(e™h), (5.166)

1
1
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where the O(e=?") term outside the brackets represents the vanishing contribu-
tion from the timelike segment, which has no effect on the spectrum in the large
S limit.

Thus, we recover again the soliton energy (5.150). From this point onwards,
we can repeat all the steps we followed in the previous section and reproduce the
soliton momentum (5.157) and the associated semiclassical quantisation condition
(5.160) (where now L = 3A + A which makes no difference at leading order with
respect to the two-soliton case). Note that, strictly speaking, from (5.161) we
may only deduce these results for a right-moving soliton, with velocity v > 0.
However, the analysis could straightforwardly be extended to a left-mover by
studying the corresponding solution, which is also obtained from (5.145) through
the procedure described above.

Finally, we may also compute the energy and angular momentum of the one-
soliton open string at leading order:

VA o

Ajs = Sis = ——e™ (5.167)
8

which predictably coincides with the two-soliton result (5.151). Therefore, we
reproduce again the finite-gap spectrum (4.49):

VA T
A—S=—12logS + 2log —
g g\/x

=5 +4log2| + Es(v) + ..., (5.168)
this time with only a single additional excitation and up to the usual discrepancy

in the moduli-independent constant.

5.3 Constructing a more general solution at in-

finite angular momentum

We will now discuss another gluing procedure which allows to construct strings
with both “large” and “small” cusps, such as the one described in Fig. 4.9,
although subject to certain restrictions.

A very helpful observation, due to Kruczenski and Tseytlin [113], is that the
arcs of the symmetric spiky string at w = 1 (5.74) satisfy the following equation:

1
Xo Xy + XXy — 5 cos oo(Xg+X7T+ X3+ X3)=0, (5.169)
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where oy is related to the lowest radial value py along the arc by cot oy = sinh 2p,.
The open infinite GKP string also satisfies this equation, but only if we introduce

shifts in its £ and ¢ coordinates,

Z, = Xo+iX, = cosho e(THt0)

Zy = X, +iX3=sinho ' T%) (5.170)
such that tg — ¢9 = 7/2 + km, k € Z, in which case we have oy = 7/2 (which is
consistent with the fact that the lowest radial position along the GKP string is

po = 0), so that the second term on the left-hand side in (5.169) vanishes.
The key point is the fact that, for any solution satisfying

X)X+ XX, =0, (5.171)

we may perform a right SU(1,1)-rotation (also known as an AdSs boost)

g (r,0) =g(t, U)e”052 =g(T,0) <C?Sh po. sinh po) (5.172)
sinh py  cosh pg
thus obtaining a new solution
X, = Xocoshpy+ Xy sinh pg
X = Xjcoshpy+ X3sinh pg
X, = Xjcosh py + Xosinh pg
X5 = Xscoshpy + X sinh pg (5.173)

such that its coordinates X, satisfy (5.169) with cot op = sinh 2py now a function
of the rotation parameter.

Therefore, if we start from the shifted GKP string (5.170) and rotate it with
parameter pg, we should be able to “bend” it into an arc of the type (5.74), with
angular separation

A = 2Arctan

Sinh 270 € (0,7 . (5.174)
One may check explicitly that this is the case, where the Kruczenski arc obtained
through this procedure is given exactly by (5.74), up to a shift in ¢ and ¢. Since
this solution plays the role of the vacuum state to which we can compare strings
with solitons, we also list here the values of its conserved charges:
VA

A~S~
8 ’

(5.175)
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and

VA
VA T

= — — —1 )
o <log5+log\/x+310g2 ogw0>+ . (5.176)

where wy = cosh 2py and the regulator A > 1 has been introduced, as usual, by
imposing p = A and then solving for ¢. This is, as we might have expected, the
same spectrum we would obtain from one half of the closed straight GKP string
(5.143), with an additional term due to the fact that the string is “bent”. There-
fore, this result matches (5.79) with K = 1 up to the usual moduli-independent
constant. The reason why we have to set K = 1 instead of K = 2 is that the
string we are considering is open: a spike would normally consist of two joining
lines, whereas in this case we only have one line for each cusp, and hence the
cusps only count as half.

Of course the idea is to glue several of these solutions together in order to
recover a proper closed string, but it is interesting to observe that the spectrum
already behaves as expected at the level of the individual arcs.

Note that the boost (5.173) leaves the combination 0,X,0°X* invariant, and
hence the boosted solution has the same sinh-Gordon field as the starting solu-
tion. In fact, the Kruczenski arc obtained by boosting the straight GKP string
is associated with the sinh-Gordon vacuum, while the one-spike and two-spike
arcs which we will obtain shortly correspond to the one-soliton and two-solitons

solution respectively, exactly as their straight string equivalents.

We can then apply the above technique to the one-soliton and two-soliton
solutions discussed in sections 5.2.2 and 5.2.1. In the first case, we obtain a new

solution

———— qichpy |—cho (X + el (v —iv1—v2)) + e*V1 — v2sho
el + veX

—shpg [eX\/ 1 — v2cho — sho <eX +ef(v—iv1— v2)>] }

Zy = L ishpy | —cho (e* 4+ el (v —ivV1 —v?)) + e*V1 — v2sho
el + veX

+chpy [echha — sho (eX +ef(v— @ﬂ))} } (5.177)

Zl —

where we have set ty = ¢ + 7/2, and, after eliminating ¢, in favour of ¢ and

noticing that the latter simply introduced a common shift in ¢t and ¢, we have
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imposed ¢y = 0.
The plots of the solution at constant ¢ (see Fig. 5.11) show a “small” spike
propagating along a Kruczenski arc touching the boundary.

The asymptotic behaviour at the endpoints is given by

T—0, foro— 400
t(r,o) —
T+0—0F+m, foroc— —oc

o(r.0) T—«a, foro— 400
T,0) —
T+a—pF+mn, foro— —

o+ C+ tlogwy, foro— +o0
p(r.0) — 20810 , (5.178)
—a—l—%logwo, for o - —0

where § = Tan™'coth py, @ = Tan"*tanh pg, 8 = Tan "' (v/1 — v2/v) and C =
log[(1 — v/1—2)/v]. It is then easy to verify that the angular separation at
constant ¢ between the endpoints is given by (5.174) as a function of py.

As always, we calculate the leading behaviour of the conserved charges. If
we were working with an open string, we would use an open contour on the
worldsheet in order to define its conserved charges. It would then be important,
in order to define such a contour, whether we had in mind the string at constant
T or the string at constant ¢, since they define different contours. As always, we
are thinking about the string at constant ¢, and thus both 7 and ¢ have to vary
along the appropriate contour. However, an equivalent contour is given by at first
letting o vary over its full range, while keeping 7 constant, and then fixing o at
the last value reached and letting 7 vary so that ¢ at the final endpoint equals ¢

at the initial endpoint:

v = mU
Y o T=Ty, 0€E[—00,+x]
Yo i T=T€|T0,71], 0=400, (5.179)

with ¢(79,00) = t(71,01). It turns out that the timelike piece yields contributions

which are negligible in the large angular momentum limit. We find:

(5.180)
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Figure 5.11: The 1-soliton arc of string with v = 0.5 and py = 0.53 at t = 7/2+k,
for k =0,...,5 (from left to right and top to bottom).
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as in the vacuum case, and

VA s
A—S~ o logS+logﬁ—|—3log2—10gw0 + Eso(v) + ...

where p = A > 1. Therefore, we have the appearance of a solitonic excitation

, (5.181)

over the vacuum (5.176). This result generalises (5.79) to the one-soliton case.

If we repeat the calculation starting from the two-soliton solution (5.145), we

obtain

eiT
7, — —{h [—h <\/1—2hT uchT 'hX)
1 T & och X chpg cho V48 + e +1c

+iv1— vzshashX] + shpy [—\/ 1 — v2chosh X

+sho (—z'\/ 1— v2shT + vehT + vchX)] }

eZ’T
N S _ V1 — 02 ; ;
A T+ vh {shpo [ cho < 1 — v2shT + svchT + zchX)

+iv1— UQShO'ShX] + chpy [—\/ 1 — v2chosh X
+sho (—z'\/ 1 — v2shT + vchT + vchX)] } : (5.182)

where we have again set tg = ¢ + 7/2 and then ¢y = 0. Some plots of the
solution at constant ¢ are given in Fig. 5.12. This time we have a Kruczenski arc
with two “small” spikes involved in the same type of scattering process which we

saw in the original two-soliton solution.

The asymptotics for this solution are given by:

T—0, foro— 400

t(r,o0) —
T+0+7m, foro— —0
T—a, foro— +o00
¢(t,0) —
T+a+m7m, foroc— —o0
o+ C+ilogwy, foro— 400
p(r,0) — 2 ’ : (5.183)

—U+C+%logw0, for 0 - —o0

where § = Tan™' coth py, & = Tan~'tanh py and C = log[(1 — v/1 — v?)/v] as
before. Again, the angular separation between the endpoints depends on py and
is given by (5.174).
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Figure 5.12: The 2-soliton arc of string with v = 0.5 and py = 0.53 at t = 7/2+k,
for k =0,...,5 (from left to right and top to bottom).
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The usual considerations apply: a timelike path must be added to the contour
in order to make sure that ¢ is identical at its endpoints. The contribution

originating from this path is however negligible for large S, and hence we have:

A~ S~ 8—‘/56“ , (5.184)

and
o
VA

where p = A > 1, so that there are now two solitons. Again, the result extends

A
A—S o~ 2£ log S + log +3log2 —logwy| + 2Es(v) + ..., (5.185)
T

(5.79) to the case of two excitations.

We are now ready to glue together several arcs with either one, two or no
solitons and with arbitrary angular separations Af; (corresponding to arbitrary
parameters p(()j)), thus obtaining a generalisation of the S — oo limit of the
patched solution discussed in section 5.1.4, which allows the presence of “small”
spikes moving along the arcs connecting the “large” spikes. We may glue K — M

arcs, where M is the total number of solitons present, by setting
K—M
> AG; =2nr. (5.186)
j=1

We add a timelike segment at the end of the contour used for computing the
conserved charges in order to make it closed. The corresponding contribution is
however negligible at large S as usual. Therefore the spectrum of such a glued

solution is given by:

VA 2

A~S~(K—-M)—e (5.187)
8m
and
\/X 8 = G
A-—S~—|(K—M)logS+(K—M)log———= — log wt
o |( )log S + ( o8 I ;go

M
+ ) Ea(vp) +..., (5.188)
k=1

where w{ = cosh 2% = 1/ sin(Af;/2) and vy, is the worldsheet velocity of the
k-th soliton'".

ITNote that, if we construct the patched solution in this way, whenever we have two solitons

on a given arc, we are forced to give them equal and opposite worldsheet velocities.
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Finally, concerning the semiclassical quantisation of the “small” spikes appear-
ing on these arcs, we can follow the same steps as in section 5.2.1. In particular,
as we observed above, the sinh-Gordon fields associated with these solutions are
the usual one- and two-soliton solutions, so that the worldsheet position o;(v;) of
a soliton is unchanged with respected to the previous case. It is also still true that
dt/dr — 1 exponentially away from the cusps, as we can see by looking directly
at the solutions (5.177), (5.182) or from the asymptotics (5.178), (5.183). Hence,

we obtain
o dEsol

B dPsol
as before, and from this point onwards the calculation proceeds in the same

v (5.189)

way. Therefore, there is no difference between these “small” spikes and those
propagating along the straight GKP vacuum, even at the level of the semiclassical

quantisation condition.
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Chapter 6
Spiky strings in AdSs-pp-wave

In this chapter, based on as yet unpublished work in collaboration with N. Dorey,
we will see how the open GKP string and the Kruczenski arcs with one or two
“small” spikes may be mapped onto AdSs-pp-wave space. The resulting solutions
are arcs of string with endpoints on the boundary and drooping towards the
interior. A possible source of interest in this kind of string solutions is the fact that
the endpoints describe light-like geodesics and hence, according to the AdS/CFT
correspondence, they are dual to infinitely energetic gluons. The interconnecting
arc of string is then identified with the chromomagnetic flux tube linking the
gluons, representing the strong interaction between them. In this framework,
a featureless arc connecting the gluons would be equivalent to the fundamental
state of the two-gluon system, while arcs containing spikes would represent excited
states. While the smooth arc of string was already known (see [114] and references
therein), the addition of the new one- and two-spike solutions may be helpful to

studies concerning high-energy gluons.

6.1 String theory in AdS;-pp-wave

AdSs3-pp-wave space is a region close to the boundary of AdSs, corresponding to
p ~ oo and ¢ ~ t. Starting from the AdS; line element in global coordinates

(3.7), one may obtain the AdSs-pp-wave line element

1
ds* = E(Zdaqu_ — W*Pda? + d2?) (6.1)
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through the coordinate transformation

2\/§ep1
eP
vy = eMeF(p+t), (6.2)

A =

where ¢ and p; are two parameters going to +o0co in such a way that

— =2u, (6.3)

while ¢ > 0 is instead a free parameter. Note that z > 0 (where the boundary
is located at z = 0 and the interior of AdSs is at z — +00), while there are no

constraints on x, and z_.

The bosonic string action in conformal gauge associated with this metric is

given by

I = ﬂ dO’dTl

. 20,2, 0% — 270,040, + 0,20%2] (6.4)
T

22
from which we derive the equations of motion

0,0%, — gﬁazﬁam =0

0,0%_ — %aazaax_ — 20%20,20"c, =0

1 2
0,02 — —0,20% + =02, 0%_ =0 (6.5)
z z
and Virasoro constraints

2 1
—u2(6i$+)2 + gail‘_;_@il’_ + 5 (aiz)Q =0. (66)

22
The metric (6.1) is invariant under translations of x; and xz_. The associated

conserved charges, named P, and P_ respectively, are given by:

P+ = ﬂ dU (,LL2.Q.7+ — z;)

27 22
VA iy

P = — | do— )
5 | 4% (6.7)

where £+ = 0,24.

170



6.2 The pp-wave GKP string

We may transport the GKP string to the AdSs-pp-wave region through the fol-

lowing procedure.

First of all, we apply the boost (5.172), (5.173) to the open GKP string of
finite length, which is given by the solution (5.22) for! & € [l~}, 3L]. Then we
take the boost parameter pg to infinity and use the coordinate transformation
(6.2), approximating at leading order. We obtain the following solution of the

AdSs3-pp-wave equations of motion and Virasoro constraints:

2\/§bdn(wa }l)

A =
\/1+§sn2(wa‘%)+%003(7' wT)sn(wa‘l)
1 , wsinr—i—sn(wa‘%)smm'
Ty = — tan 1
0 wCOST—i—sn(wa‘;)cosz
Ry sn (o |2 ) sinr — wr)
t- = sub woﬂ—l—sn2 w0|% + 2w cos(T — wr)sn(wo | L)’ (68)

where b > 0 is an additional free parameter which we have the freedom of intro-
ducing when we identify the boost parameter pg with the coordinate transforma-

tion parameter p; as po = p; — logb.

We see that the solution is periodic in o with period 4L = 4K(1/w): the full
open string may be obtained by imposing the restriction ¢ € [L,3L]. Various
plots of the solution at constant x,, which we choose as our time variable, are
shown in Fig. 6.1. The string is still rotating, but it is now changing its shape
during the motion. In particular, at tan(uz,) = 0 it becomes a straight line
segment overlapping with the z-axis. As long as we keep w > 1, its endpoints

stay away from the boundary z = 0 and the interior of AdS; z — oc.

As usual, one should add a timelike path to the contour used for computing the

conserved charges?, but it turns out that the corresponding contribution vanishes

'From now on, we will rename the unrescaled coordinates (7,5) as (7,0), since we are not

going to perform any rescaling in the following.
2The charge densities along this path are given by (6.7), with 9, replaced by 9,.
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Figure 6.1: The GKP open string in AdSs-pp-wave, for w = /2, p = 1.6,
tan(ux,) = —5,-3,—1,-0.01,—-0.001, 0.001,0.01, 1, 3,5, from left to right and
top to bottom. The boundary is located at the value z = 0 along the vertical

axis.
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even at w > 1. Therefore, we obtain:
NN - %an (w

do

P, = p—
+ NQWL

_ A {K (l) A (
m w w+1
1 VA P 1+ Lsn?(wo
8ub? 21 J; ’ dn? (wa ‘%)

el @) e

If we compare this result to the original GKP charges A and S (5.27) for K = 1,

we see that they are related in the following way:

P. = p(A-S5)

1 A+S
- e (6.10)
8ub? cosh 2p,

The first relationship was also observed in the case of the pp-wave limit of an
AdS; x S! string solution with a shape similar to the one of the Kruczenski
spiky string [114] (the main difference being that it has no spikes, i.e. that the
protruding ends of the string are rounded).

If we take the usual w — 1 limit of the conserved charges, with w =1+ 7, we
find:
2

P ~ logn
2m
P~ VA1
8mub?n
A
P, ~ ;/—_ulogP_, (6.11)
T

where these results, considering the relationship with A and S of the GKP string
in AdSs3, are typical of all the explicit solutions we have been studying. The third

equation was also found in the case of [114].

We are now going to construct an exact solution at w = 1 representing an arc
drooping from the boundary. The idea is to introduce a shift in the worldsheet
time, 7 = 7/ — 19/, and then to approximate (6.8) as n — 0 in a specific way?:

70

Np=———0 as n — +00, new. (6.12)
2nm

3Note that by taking the “normal” 1 — 0 limit one is left with a solution which has one

endpoint at z = 0 and the other endpoint at z = oo, i.e. a straight vertical line.
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Figure 6.2: The pp-wave GKP arc of string for 4 = 0.4, 70 = 1 (and w = 1).

The result is

2v/2 b

z —=
(cosho)\/1 + 2 cos 7 tanh o + tanh? o
4 | sin7 + tanh o sin(7 — 79)
ry = —tan
i cos T + tanh o cos(7 — 79)
in 7y tanh
v = sl sin 7o tanh o (6.13)

1+ 2cos7ytanh o + tanh? o’

which satisfies the AdSs-pp-wave equations of motion and Virasoro constraints.
We notice that running along the full open string now requires to let —oco < o <
+o00. Furthermore, z and z_ are now independent of 7, which implies that the
string is now static and its plots at constant ¢ or constant 7 coincide. One such

plot is given in Fig. 6.2.

Strictly speaking, one would still need to add a timelike path when computing
P, and P_, but it turns out that it does not contribute in the first case and that
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the contribution is subleading in the second case. We obtain

ey

T
P~ ﬂAQ
2
VA 27 [t
~  — & — 1
P, Hoo {logP —l—log(\/x) +210g(4b)} : (6.14)

where the regulator A > 1 has been introduced by demanding that z = 1/A.

6.3 The one-soliton and two-soliton solutions in

AdSs;-pp-wave

We now apply the same procedure to the one-spike Kruczenski arc (5.177). Since
that solution has already been boosted with boost parameter py, we only need
to take pp — oo to obtain a solution to the equations of motion and Virasoro

constraints in AdSs-pp-wave:
2 = 2V2b(e" + ve) [er <(2 — v?)ch20 — 2@%20)

4-2eTHX (1 —v* 4 vch20 — vﬂshQa) + €2TCh20'} .

T, = %Tan1 { [((ex +vel)cosT + (e 4+ e¥)V/1 — v2sin 7') cho
+ ((eT — V1 —v2cosT — (eX 4 vel)sin 7') sha}
X [((GT +eX)V1 —vZcosT — (¥ + vel)sin 7'> cho
— ((eX +vel)cost + (eF — eX)v/1 — v2sin 7') sha} 1}

v o= —2ub’ [GQX (4@&20 —2(2— vz)sh20>
+4eT (vﬂchQa — vsh20> — 2€2Tsh20:|
X |:€2X ((2 —v?)ch20 — 2@%20)

1
+2eT+X <1 — % 4+ vch20 — vV1 — v2sh20> + eQTch2a} ,

NG

(6.15)

where X = 2yo0, T = 2y7, v = 1/4/1 — v2, ch = cosh, sh = sinh and we have
identified pg = p; —logb as in the GKP case, thereby introducing a new parameter
b> 0.
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Figure 6.3: The two-soliton arc of string in AdSs3-pp-wave with v = 0.5, u = 0.6
andb=2att=—n/2+k, for k =0,...,5 (from left to right and top to bottom).

Again, the natural range of o covering the whole string has expanded to
—00 < 0 < 4oo. Differently from the GKP string, there is still some time-
dependence in z and x_, but, as the plots at constant x, in Fig. 6.3 show, it is
only related to the motion of the soliton, while the endpoints are static, separated
by a distance

Ar_ = 8ub?. (6.16)

It is also possible to check, by applying the definition (3.16) and replacing
X,, with the AdSs;-pp-wave coordinates (4, z_, 2), that the field a(7,0) is still
given by the sinh-Gordon one-soliton solution on the infinite line (3.46) (upper
sign). This could have been expected since, as we already remarked earlier, the
expression 0,X,0°X*" is invariant under the SU(1,1)-rotation we are using.

In order to compute the conserved charges, we notice that, once again, the
timelike segment does not contribute at leading order, and we introduce the

regulator A > 1 such that z = 1/A, finding:

pV/A

P, ~ 5 [21log A + 210og(4D)] + pE(v)
P~ ﬁA2
2
P o~ 1Y log P 40g (2 4 2l0g(4b)| + pBun(v) . (6.17)
+ — M27T gL g \/X g HLoso] ) .

so that the spectrum reproduces the GKP vacuum result (6.14), with an addi-

tional solitonic excitation.

176



We may also obtain the full dispersion relation for these excitations by fol-
lowing the usual approach. Firstly, the worldsheet position o4 (7) of the soliton
is still determined by the one-soliton solution of the sinh-Gordon equation. Sec-
ondly, the energy of the “small” spike is given by pFs,(v) and is therefore almost
identical to the expression we had in the previous cases. Finally, the Hamilto-
nian for the excitations is now given by P, which is conjugate to the coordinate
xy. The latter has the following asymptotic behaviour: =, — 7/u + const. as

o — Foo for fixed 7. Therefore we have

dogl  dogo OT (0$+)_1

dry  dr 8I+ZU or

~ v (6.18)

up to subleading corrections. Thus, Hamilton’s equation becomes

dEs  dog
= —~ 6.19
dPSOI d],'+ ILLU ? ( )

where now the two extra factors of u cancel out. At this point, the equation is
identical to (5.155) and we also impose the same boundary condition P, (1) =0,
due to the fact that the excitation still disappears for v = 1 and the one-soliton
solution reduces to the GKP vacuum®. Hence, the final result for P, is the same.

The dispersion relation is thus given by

Futr) = g [S1os (FVIZ2) - v

O e (1)

2 v v

Pa(v) = (6.20)
which agrees with the Giant Hole dispersion relation (5.135), up to the extra

factor of p in the energy.

We also transport to AdSs-pp-wave the two-soliton solution (5.182), through

the usual procedure. The resulting expression is

2 = 2v2b(chT + vchX) [(shT +shX)2(1 — v?)cho
+(shT — shX)?(1 — v*)sh®c + (chX + vchT)*ch20

1

—2v1 — v? sh20 shX (chX + vchT)

4In particular, it reduces to the special case 7o = —7/2 + 2n, for n € Z, of (6.13).
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Figure 6.4: The two-soliton arc of string in AdSs3-pp-wave with v = 0.5, u = 0.6
andb=2att=3n/2+4+k, fork=0,...,5 (from left to right and top to bottom).

1
Ty = —Tan_l{ [cos 7'( — vchT cho + V1 — v2(shX — shT)sho — ch X cha)

v
+sin T(UChT sho + chX sho — V1 — v2(shT + shX)chaﬂ

[cos T(UChT sho + chX sho — V1 — v2(shT + shX)cho

+ sin T(UChT cho + V1 — v2(shT — shX)sho + chX chaﬂ 1}
v = 4ub2{ — 280X (chX + vchT)V1 — o2 ch2o

+ [(ChX +vchT)? 4 (sh®T + sh® X)(1 — v2)} Sh20’}

X [(shT +5hX)2(1 — v?)ch?o + (shT — shX)2(1 — v?)sho

-1
4 (chX + vchT)2ch20 — 2v/T — 02 sh2o shX (chX + vchT)] . (6.21)

with the customary identifications X = 2vo, T = 2y7, v = 1/\/1—7112, ch = cosh,
sh = sinh and pg = p; — log .

The features of this solution are essentially identical to those of (6.15), apart
from the fact that is displays two solitons propagating along the drooping arc.
In particular, the endpoints are still stationary with the separation (6.16). Some
plots at constant x, are given in Fig. 6.4. The expressions for the conserved
charges have proved to be unwieldy and we have been unable to compute an
expression for the spectrum of P,, but the analysis of the one-solution solution
should already provide enough evidence in support of the existence of the solitonic

excitations and of their properties.
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Chapter 7
Conclusions

The finite-gap analysis. The integrability of string theory on AdSs x S® man-
ifests itself in the existence of a Lax formulation for the equations of motion and
Virasoro constraints, which allows to describe the semiclassical conserved charges
of a very general class of string solutions in terms of algebraic curves, known as
spectral curves. In chapter 4, we have considered the most general family of
spectral curves of finite genus associated with strings moving in AdSs; x S and
we have studied their large angular momentum limit, S — oo. We have seen
that, in this limit, the generic K-gap curve of genus K — 1 factorises into two
separate Riemann surfaces, 3; and 3,. The features of the resulting spectrum
are controlled by a parameter M =0,1,..., K — 2.

The first surface has genus K — M —2 and determines the leading behaviour of
the spectrum, A — S ~ (v/A/27)(K — M)log S, while also introducing an O(S°)
contribution. According to our proposed interpretation [101, 3], the associated
string solution should develop K — M “large” spikes or cusps, which approach
the boundary of AdS; as S becomes large.

The second surface always has genus 0 and it contains M simple poles, each of
which generates a separate O(S°) contribution to the spectrum. We have conjec-
tured that each pole introduces a “small” spike propagating along the background
of “large” spikes in the corresponding string solution. Such cusps do not become
infinitely long in the large S limit and, due to the integrability of string theory,
are expected to be solitonic objects undergoing factorised scattering.

Very importantly, the semiclassical finite-gap spectrum in the large angular
momentum limit reproduces the semiclassical spectrum of the integrable spin

chain whose Hamiltonian represents the one-loop dilatation operator of SYM

179



theory in the sl(2) sector [49], in the large conformal spin limit. In particular,
the gauge theory spectrum is also characterised by a spectral curve, which in fact
coincides with ¥1. An important characteristic of this spin chain is the fact that it
may be parametrised in terms of “small” and “large” holes, which are respectively
dual to “small” and “large” spikes (although the duality only becomes manifest
when the hole momentum is large in the case of “small” holes).

Due to the generality of the finite-gap construction, these results should apply

to any string living in AdSs x S, in the limit of large angular momentum S.

Explicit solutions in AdS;. The main result outlined in chapter 5 is a series of
detailed tests concerning the finite-gap spectrum and its interpretation in terms
of “large” and “small” spikes, carried out on several families of explicit string
solutions living in AdS3. In particular, we have seen that the string equivalents
of the semiclassical highly excited spin vectors of gauge theory may be extracted
from the “large” spikes and succesfully used in order to reconstruct the Riemann
surface 3, which coincides with the gauge theory spectral curve. This result also
confirms the emergence of a discrete set of degrees of freedom on the string side
of the AdS/CFT correspondence in the large S limit.

Specifically, the tests on “large” spikes have involved the simpler N-folded
GKP string, the more general symmetric Kruczenski spiky string, parametrised
in terms of a single modulus, and finally a very general family of approximate
string solutions, associated with a (K — 1)-dimensional moduli space. The tests
on “small” spikes focused instead on strings carrying one or two excitations above
the GKP vacuum.

The properties of the “small” spikes have induced us to formulate three conjec-
tures. The first is that Giant Holes (or “small” spikes) are the string duals of the
gauge theory “small” holes, extrapolated at strong coupling. Hence, there exists
an object which reduces to “small” holes at weak coupling and to “small” spikes
at strong coupling. The second conjecture is then that the prefactor appearing
in the large-momentum dispersion relation for such an object is given by the
cusp anomalous dimension I'(\). Both these conjectures were motivated by the
structure of the “small” spike dispersion relation at large momentum. The third
conjecture, motivated by the low-momentum behaviour of the dispersion relation,
is that “small” spikes are continuously connected to the small quadratic fluctu-

ations of the GKP string, where the former are essentially the large-momentum
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version of the latter. As we previously mentioned, these three conjectures were
recently verified in [99], where the excitations of the GKP string were studied at
any value of the coupling .

Moreover, we have also introduced a patched solution displaying both “large”
and “small” spikes at infinite angular momentum S, which is consistent with all
the previous predictions. Ideally, we would want to be able to construct such a
general solution at finite S, and then to study the S — oo limit, which would

allow us to reconstruct the spectral curve.

An important property worth mentioning is the fact that, at least in every
solution studied here, all the spikes, whether “large” or “small”, correspond to
sinh-Gordon solitons. In particular, “large” spikes correspond to static solitons,
while “small” spikes correspond to solitons with non-vanishing velocity. The
corresponding solutions of the sinh-Gordon equation are periodic in the case of a
closed string such as the Kruczenski symmetric spiky string and are instead non-
periodic in the case of an open string with endpoints on the boundary, such as the
one-spike and two-spike solutions. This correspondence between spikes in AdSs
strings and sinh-Gordon solitons was proved in [106, 107] and later extended in
[115], where the most general solution with N spikes propagating along the infinite
GKP string was obtained. Extending such a result to the periodic case, including
both static solitons and solitons with non-zero velocities would probably lead to
a solution of the type shown in Fig. 4.9, exhibiting both “large” and “small”
spikes at large but finite S.

Various properties, such as their solitonic nature and their O(v/X, S°) contri-
bution to the spectrum, indicate the “small” spikes as the AdSs3 version of the
Giant Magnons living in R x S2, which, together with the duality with the holes
of the gauge theory spin chain, motivates the proposal of the name “Giant Holes”

for describing these objects.

AdSs;-pp-wave. Finally, we have also shown how some of the previously studied
explicit string solutions may be transported to the AdSs-pp-wave region of AdSs
space, thereby constructing solutions to the corresponding equations of motion
and Virasoro constraints. In particular, we have constructed the well-known
(see [114] and references therein) GKP arc with endpoints on the boundary and

drooping towards the interior of AdS3 and two of its excited states, respectively
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carrying one and two “small” spikes propagating along the vacuum background.
Such solutions may be helpful to studies concerning the strong interaction between
highly energetic gluons, since they describe excited states of the two-gluon system,
where the endpoints of the string represent the two particles, while the arc of

string joining them corresponds to the chromomagnetic flux tube.
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Appendix A

Calculations supplementing the

finite-gap analysis

A.1 The matching condition

In this section we sketch how to deal with the only period condition which involves

both surfaces il and 22 at the same time:

72 dp=0. (A.1)

+
K—M
2

For our initial analysis, we only need the final expression for dp; (4.25). We start

by splitting the integral into two separate contributions:

A}—]VI
2
with:
1 b-‘rd K-2
I, = —5/ o Cat
Ay
(1y— M—1
1 @) dg wJ
L = -1 / BN ot + 7L
’ 2 )@y Y ZO: VY

(A.3)

+
Yt Yy Y Yy
x + + +
((x—1)2 (x+1)2 z—-1 z+1
where we have opened up the contour at the left endpoint for I; and at the

right endpoint for I, turning the integrals into open chains which start at b and
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respectively a( )

on one side of the corresponding cut and end at b and a + on
the other side (the points b* and (a ¥ )jE lie near b and a + respectlvely, at the
opposide sides of the cut).

Both integrals can be evaluated on %1, by introducing the change of variables
x = pzx. This will introduce factors of the type /2 — eb(ﬁ) into y, which can be

treated by making use of the binomial expansion®:

1 ;i (;)( b)) (A.4)

Vi:—eb(ij) [

One can also similarly expand the terms (z 4+ 1)~! and (z 4+ 1)~2 appearing in Is.
In the case of I, we have the integral of an infinite sum over 2(M + 1) indices

(one for each square root factor we had to expand), which we can write as:

e

kE k=0

(eb)t 4~ K2
x / 0T 52 )b (A.5)
()= Y1

with ko, = Zj\io(k:;r + k;) and b} = +b. The remaining integral can now be
calculated straightforwardly. For ki, > 0, the leading order is easily seen to be
O(1) (§1(%) ~ §1(0) = Q). We indicate the sum of all these constant terms as
fl(cgf)) (at leading order, all the bg) reduce to one of the cgf), according to (4.29),
while b = 1, thus this expression only depends on the moduli cg)).

The remaining ki, = 0 term can be rewritten as:

1 (eb) A7 K-2 1 (eb)*

1
——/ — N M —/ dpy = =[2p1(eb) + 27 (K — M)]  (A.6)
2 (eb)~ h =M 2 (eb)~ 2

where we have used the discontinuity properties of p; in the last step. (4.25) then

1Strictly speaking, these expansions only converge for # > max {ebgfw), feb(_M)}. One way
around the problem is to introduce the series, at first restricting ourselves to the region of con-
vergence. After this, we swap the sum with the integral and only then we remove the regulator
by letting & reach the endpoint of integration, & = eb. This is what is done below. Another
way is to divide the problematic region of the contour into several segments, each joining two
consecutive points of the set {eb(j), —eb(j)}. We can then introduce appropriate converging
binomial expansions (either of the form (A.4) or with k:]lL and —1/2— k‘]i interchanged) for each

interval. The final result is the same.
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implies:

I, = —i(K — M)loge+ ilog <Z£%> + (K — M)+ L) +0() (A7)
For the moment, the only feature of I; we are interested in is the fact that it
diverges as log e in the limit ¢ — 0. Due to the A-cycle condition (A.2), I, must
then also diverge in the same limit. However, a similar analysis to the one carried
out for I; shows that I5? is O(1) +O(e). The solution lies in the fact that some of
the O(1) terms are proportional to 1/4/1 — b2 (these terms originate from y'(#1)).
I, ~ iloge then implies:
1

which is the result we referred to in equation (4.28). As we saw in the following
discussion, this implies that the branch points on ¥ must coalesce and that dps
must take the form (4.33).

We can then proceed to evaluate I, on Yo, i.e. without changing variables to
Z. The steps are similar to what we did in the other coordinates. In particular,

we now have to expand the following factors coming from 3

1 ey _1 .
—_—= ( ﬁ)(—aﬂzw—%—kf(xe)’ff. (A.9)
ze — g + k;
+ k]. =0

Again the integral turns into an infinite sum of integrals. This time, however, the

kot > 0 part is O(eloge) and hence it does not contribute. We are left with the

2This analysis requires us to open up the contour for I at b, as we did for I;, and not at

asrl) as indicated above. This is also a legitimate operation. The above definition will instead

be useful when we will analyse I on 22.

3Note that ensuring the convergence of the binomial series again requires particular care. We
()
+

need |ze/ay’| < 1,for j =1,..., K— M —1. If we shrink the contour onto the real axis, we can

safely assume |z| € (0, pd(j)] over the whole domain of integration. The problem arises near the
upper limit: d(f)/|dg[j)| is not necessarily less than 1 for all j. However, min{\d(j) l, d(j)}/\dg)\ <
1, V4, and hence we should actually evaluate the matching condition on A(_K_ M)/2 instead of
A?‘K_ M)/2 when |EL(_1)| < dg_l). Nonetheless, all the calculations would work in exactly the same
way and the final version (4.35) of the matching condition would be identical (as we may guess
from the fact that it doesn’t depend on d(j)). Alternatively, we could apply the same reasoning

as we discussed for (A.4).
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kot = 0 term only:

L (=D () ﬂé(‘”) (A.10)

(=12 (z+1)? 2z-1 zx+1

We now observe that the differential appearing in the above integral is not the
part of dp which contributes to dpy as p — oo. In particular, it is missing the
[ = M term in the first sum. We will call the limit as p — oo of this “incomplete”
differential dp,.

In order to determine dps, one may go through the same steps which led us
to dpy, most of which remain identical. The only difference is that now:

lim A(x) =0 (A.11)

T—r00

which has the effect of killing the only term in (4.33) that is not regular at infinity:

[M]

dpy = dwo + Y (dw) + dwy) . (A.12)

j=1

Hence, we may write:

(1) —
1 (pa+ )
I = -/ (dpa(x) + Ofeloge)]  ase=1/p—0 (A.13)
2 Ji,-(Dy+
(pa+ )

where now O(eloge), as a function of z, is manifestly integrable on the whole
domain of integration, even as ¢ — 0, due to the fact that both the starting
differential appearing in (A.10) and dp, are integrable. This means that its prim-
itive does not diverge as * — oo and hence this contribution still vanishes even

after integration. Therefore we may neglect it when computing I up to O(1):

1 [l
I, = = dpa(z) + ...
2 2 /(p&(1>)+ p2($)
% A~
2T J 1 i i L2
= St [T+ T+ F (A1)

where T'(c) was defined in (4.36), the dots denote corrections which vanish in the
limit p — oo and Lo is the constant part of the discontinuity of p, across its cut

in the region @ > c{™* (py(x + i) + pa(x — ie) = Ly for v € R, & > {M?),
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Thus, the matching condition, up to O(1) in ¢, yields:

2w J , ) _ N
N i i(K — M)log e — ilog (Zg_ﬁ) — (K — M) —L,(c{)

~

[T@?HT@@) —%. (A.15)

Mo

1
27 4
7j=1

Before substituting back into dps, we will impose the matching condition through
a slightly different procedure, which will yield an alternative version of the above
expression. By comparing the two versions, we will then see that the expression
simplifies.

The idea is now to evaluate (A.1) entirely on X, without splitting the integral

into two contributions. The first step is to open up the contour at a$):

(aft))*

/ dp =0 (A.16)

(a:_l))—

(1))

where, as before, the points (a} (j)

* lie near = a,’ at the opposite sides of the
cut.

Again, the integrand develops factors of the type (A.9) and we may turn the
integral into an infinite sum of integrals by using the same binomial expansion.
The kit > 0 term is O(1), as well as the part of the kiyy = 0 contribution
which depends on the Cy, for I = M +1,..., K — 2. We indicate the total of
these two contributions as 2/5(G;) (I, depends on the @ and on the Cy, for
[=M,...,K —2;in the S — oo limit, both sets of parameters only depend on
the ¢; through (4.26) and (4.27)).

The remaining integrand reduces to dpy as p — o0, so that (A.16) may be

written as:
X (pal)*
(pal))~

and we may then use (4.33) to recast the matching condition on Y, into the

following form:

M -
2 J ~ L K—-M ~(1) 1 2 () () L2
——— = —15(q; log(2 - = [T ! T,]]——
NV 2(g;) + ; og(2pay’) 2 ; (c3’) +T(c2) B

(A.18)
where the moduli-independent constant L, is obtained from the discontinuity of

Do at its cut: po(x + i€) + Po(x — i€) = Ly, for € R, z > CS_M/z)-
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By equating the RHS of (A.15) and (A.18), we find:

L(@) + (K — M) log(2a') — ilog(Gx_nr) =
oy i, I
LY —i(K — M)logh + (K — M) + 72 —~ 72 (A.19)

At this point, we observe that the K — 1 independent degrees of freedom, which
parametrise this class of finite-gap solutions after all the period conditions have
been implemented, are given by ¢;, 7 = 2,..., K — M, and cf), k=1,...,M/2.
The quasi-momentum p; on ¥ is completely determined by the q;, while py on
3, is completely determined by the c(ik ). The matching condition does not impose
any extra constraint on these K — 1 moduli; instead, it determines the behaviour
of bas p — oo, i.e. b =1+ ..., where the dots represent vanishing corrections
(in other words, it determines one of the parameters of the curve as a function
of the moduli, so that in the end the only free parameters left are the moduli
themselves).

If we look at equation (A.19) in the limit p — oo, and we neglect the logb
term, which vanishes at O(1), we easily see that the LHS only depends on the ¢;,
while the RHS only depends on the cgf )4 As we have just explained, this equation
cannot be used in order to eliminate one of the moduli in terms of the others,
and hence it can only be satisfied if both sides are equal to a moduli-independent

constant, which we call R’.

This, together with any of the expressions (A.15) and (A.18), yields:

2r J . ) 12 " " I
N i(K—M)log p—ilog(qx—n) 5 ; [T(c+ )+ T(c)|—R 5
(A.20)

which is easily seen to reduce to (4.35) under the identification R = R’ 4 Ly /2.

A.2 Subleading behaviour of the branch points
on 22

In this section, we will use the explicit form of dps, which was derived assuming
that bfj) — cgf) = 0(e%) = bfjfl) — cgf), for j =1,...,M/2 and for some a > 0,

4All of this strictly holds only in the S — oo limit.
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in order to check that this is actually the limiting behaviour of the branch points
as p — o0.

For this purpose, we are now going to have a closer look at the M A-cycle
conditions associated with A¥ for I = (K — M)/2 +1,...,K/2. Since these
contours lie on Y, the integrals are easier to deal with if we work with the

unrescaled spectral parameter z, so that dp — dp;. We can then write:

B+
0 —7{ dp —/ dp (A.21)
A (

. . (2j—1)\ 4 (2j—1)\— :
for j = 1,...,M/2, where again by (by’ /)" and (by’ )~ we mean points

o5 =7

infinitesimally close to the branch point bfj Y and on opposite sides of the corre-
sponding cut. We will only be interested in the leading order part of this equation
as p — 0o, which will be dominated by the diverging contributions from dw, and
alw;E (the latter is due to the fact that the A-cycle becomes pinched at the pole cg)
in the limit considered). We may therefore replace dp with dp,; we also introduce
nE_Lj) 2 0 as a measure of how fast bgj_l) moves towards cg): bfj_l) = cg) F ng).
(A.21) then becomes

(P e+
/((j) (j)) dﬁg = O . (A22)
CEFNLT) T
At leading order, we have
/(C(ﬁ)ﬂFn(ﬁ))+ ; o J Y
wy =~ —=
()50~ VAVI=D [y
(w0 1
/ dij ~ —log n;E (A.23)
(P Fnd)- !

and from (A.22) we then get

; 2 J Y
lo @ _ _&an +
gL \/X\/l_bQ \/(ng))Q_l
(4)
~ 5 (K- M)loge (A.24)
(>~ 1

where in the last step we made use of the matching condition (4.35) and the
branch of the square root should always be chosen so that the RHS is negative,

since log ng) — —oo (note that ¥ < 0 while CSZ) > 0).
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We also notice that:

n ~ eo? as e — 0 (A.25)

where o) = (K — M)c{?/1/(c{)2 = 1 > 0 so that our previous assumption that
corrections to by ~ cgf) are O(e%) for some positive « is consistently verified for
all bY) with odd ;.

In order to extend the verification to the remaining branch points, we can

consider the original A-cycles .Ali( o1 for 7 =2,...,M/2. All these contours
()

completely lie on ¥, and are pinched at two different points, z = ci’ and x =
cg_l), as p — 00. Accordingly, the corresponding A-periods will reduce to twice
the following open chains:

p(29-2)

+

0= 7{ dp ~ 2 / s (A.26)
aE p(2i—1)
K/2—j+1 +

=2 _ 0 4 G

where we are going to introduce another small regulator: bf ¥,

for j = 2,...,M/2. These integrals will receive, at leading order, diverging

contributions from dwy, dwj-E and dw;il:

(2i-2)
by’

D gD
bf;—l) Cg):l:ﬂ(ij)

: ¢ ¥ Lo G-y 1 ()
~ (K — M) — loge + —logey 7/ — —logny
V=1 ()2 -1 ' '
(A.27)

If we now set this equal to 0 and substitute in the previous result from (A.24),
we obtain:
- RO
log /™Y ~ (K — M) == log e (A.28)
()21

for j =2,..., M/2, which then implies:
b — ) e as € — 0 (A.29)

for some a >0 and k=2,4,..., M — 2.
We are left with b(iM), whose behaviour can be analysed by studying A?EK_ M)/2°
These A-cycles lie partly on ¥; and partly on Y5, and thus the corresponding
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period conditions must be treated similarly to the matching condition. As usual,

we turn the integral into twice an open chain:

-f

We then split dp into the two terms which go to dp; and dp, as p — oo; as we

)
Oy
dp = 2/ dp . (A.30)
b

+ (M)
(K—M)/2 +

are only interested in the leading order, we can directly substitute the limit of

the differential in the integrand:

5(1) =(1)

ay pay
0= 2/ dp, + 2/ dps . (A.31)
M) b M)

The first integral can be evaluated as we did in the case of I, defined in (A.3):
&
T s (M) :
/(M) dpy ~ p1(eby ') ~ —i(K — M) loge (A.32)
eby
and, as we may have expected, the leading order is exactly the same.
The second integral is similar to the previous A-cycles we considered: it re-
ceives a diverging contribution from dw, at both endpoints and a diverging con-

tribution from dw]j\z/2 at © = bS_LM) - CiM/Q) + ﬁ(iM/2)1

p&il) (M/2) 1 1
/ dpy ~ i(K — M) |1 — Gt loge — —log ——— . (A.33)
oM/ L (M/2) (CiM/Q)P 3 i 6g:M/2)
(A.30) then implies:
- JM/2)
log € M/?) ~ (K — M) = log e (A.34)

(C(iM/Q))2 -1

which allows us to extend (A.29) to k = M.

191



192



Appendix B

Calculations supplementing the

analysis of explicit solutions in

AdSs

B.1 Conventions for elliptic integrals and func-

tions

The incomplete elliptic integrals of the first, second and third kind are respectively
defined as

2 dt
Flak) = /0 1— k2sin’t

E(z, k) = /\/1—k2sin2tdt
0

Mn, 2, k) = / dt (B.1)
0 (1—mnsin?t)v/1— k2sin®¢
and the corresponding complete integrals are given by
K(k) = F (gk)
E(k) = E <gk>
M(n, k) = TI (ngk) , (B.2)

where the elliptic modulus £ satisfies 0 < k < 1.
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We also define:

K'(k) = K()
E'(k) = E(&), (B.3)
with &2 = 1 — k2.

The Jacobi amplitude function is the inverse function of the elliptic integral
of the first kind

z=am (wk) < w=F(z|k) (B.4)

and it is related to the elliptic sine and cosine functions by

sn (z|k) = sin(am (z|k))
cn (z|k) = cos(am (z|k)) . (B.5)

The derivative of the amplitude function with respect to its first argument defines

the dn function:

dn (z|k) = (%‘ma—i'”k) . (B.6)
Starting from this fundamental triplet, we can define the remaining Jacobi elliptic
functions:
s (2lh) = c(olk) = — ek = o (B)
= (z|k) RO = (z|k) RV = (z|k)
and
_cn(z]k) _ dn (z|k)
AR =mom N =SEn
_cn (z|k) _ sn (z|k)
cs (z|k) = s R sc (z|k) = o (21)
_ dn (z|k) _sn (z]k)
ds (z|k) = 0 (2lk) sd (z]k) = an (2[) (B.8)

Properties. The incomplete elliptic integrals all satisfy the following pseudo-
periodicity properties:
F(z+jm k) = 25K(k)+ F(z,k)
E(z+jm k) = 2jE(k)+ E(z,k)
(n,jm+ z,k) = 2jll(n, k) +I(n, 2, k) . (B.9)
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The amplitude function is pseudo-periodic with respect to z with pseudo-period
2K(k), and it is periodic with respect to z with period 2iK'(k)

am (z + 2jK(k) + 2 IK'(k)|k) = am (z]k) + jr , Vi,leZ, (B.10)

while the elliptic functions (B.5) and (B.6) are all doubly periodic with respect

to z, although not all of them have the same periods:

sn (z + 2jK(k) +2iIK'(k)|k) = (—=1)Ysn(z|k), VjleZ
en (2 + 25K (k) + 20K (k)|k) = (=1)Yen(z|k), Vjl€Z
dn (z +2jK(k) + 20 IK'(k)|k) = (=Dlen(z|k),  Vj,l€Z. (B.11)

We also list the quarter-period transformation rules:

s (2 + K(W)E) = d (k) sn (= + iK' (k)|k) = %ns (21k)

en (2 + K(k)|k) = —K'sd (z|k)  en (z + iK' (k)|k) = —%ds (z|k)
dn (z + K(k)|k) = k'nd (z|k)  dn (z +iK'(k)|k) = —ics (2]k) . (B.12)
The corresponding identities for all the remaining elliptic functions may be de-

duced from these. For Taylor expansions and other properties, see for instance
[111].

B.2 Gauge transformation for the Kruczenski

solution

The Kruczenski spiky string is described by the following ansatz: ¢t = 7, p = p(7),
¢ = wT + 0, which guarantees that all the equations of motion from the Nambu-

Goto action are satisfied if p(a) solves the following:

,_  1sinh2p V/sinh? 2p — sinh? 2p
2sinh 2p9 /cosh? p — w? sinh? p ’

(B.13)

where pg is an integration constant. The requirement of reality placed upon p
forces pg < p < p1, where coth p; = w. From now on, we will refer to the function
which solves equation (B.13) as (7). It is possible to integrate (B.13) to get the

inverse function &(p):

5= kI {H (—wl_wo,ﬁ,p)—H(“’l_w”,ﬁ,p)},
V/2y/wy + wy sinh py wy — 1 wy + 1
(B.14)

195



where

p= —wl_wo, sin 8 = —wl_w(p)

(B.15)
w1 + Wy w1 — Wo
(8 €10,7/2]) and we define w(z) = cosh(2x), wy = cosh 2py and w; = cosh 2p;.
We can construct a spiky string from this object by taking (B.14) with the
plus sign and then replacing 8 with the new coordinate &'
sinh 2pq

_ wy — Wy wy —Wo _,
o= n{——,o,p) -l ——, 7, . (B.16
V2\/wo + wy sinh p { ( wy — 1 p) ( wy +1 p)} ( )

While (B.16) implies that & is an increasing function of ¢’ (with (¢’ = 0) = 0),

(B.15) allows us to express p as a function of ¢’

2

a . (B.17)

. 192 A .12 _ .12 .
sinh? p = sinh? p; cos® @ 4 sinh? py sin

From (B.16), we see that, for each increase of 7/2 in ¢’, ¢ and consequently ¢

increase by:

Aé = sinh2p0. {H (wl—wo’p> —H(wl_wo,p)} . (B18)
V2\/wy + wy sinh py wy; — 1 wy + 1
Thus, for the string to be closed at fixed ¢t = 7, we allow ¢ to vary in [0, K],
K € N (ie. ¢ € [0,2KA¢]), and then demand that the corresponding total
increase in ¢ be an integer multiple of 27: 2K A¢ = 2nw. As expected, (B.18)
matches (5.70).

We are now ready to discuss the worldsheet coordinate transformation which

maps this solution onto the corresponding conformal gauge version (5.64), (5.66).
In order to find it, we just need to impose the equality of the global coordinates
(t, p, @) specified by the two different versions of the ansatz, which leads to the

following set of relations:
T+fe)=7, g(6)-wf(e)=0, p(6)=p(0). (

These are actually three conditions on two unknown functions 7(7,¢), (7,

oS
—_

19)

),

and we easily see that they give two potentially conflicting expressions for (7, 7).

[SH

For the transformation to exist, these must coincide:

9(6) —wf (@) =5 (p(5)) (B-20)

We already have the inverse of p from (B.14). We can then compute w(p(5)) =
cosh 2p() from (5.64) and then use it to find:

sin? ¢’ = %(pw(j» =sn*(v|k) . (B.21)
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Remembering that ¢’ € [0, K], it is natural to identify ¢’ = am(v|k). Therefore,
by substituting this into (B.16), we get:

— N sinh 2
p(p(5)) = Al

ﬁsinhplvwl + wo

{TI(n_,am(v|k), k) — (ny,am(v|k), k)} .
(B.22)

It is now only a matter of simple algebra to show that this expression matches

g9(¢) —wf(ad), i.e. that the last two conditions in (B.19) are equivalent, and thus

that the coordinate transformation exists. Its explicit form is the following:

V2w sinh 2pg sinh p,
T = T II k), k
T T+ (wl—l—l)\/m (TL+,&1’I1(’U| )7 )
sinh 2p,
= I[I(n_,am(v|k), k) — [I(ny,am(v|k), k

(B.23)

It is also possible to determine the worldsheet metric h,, from Kruczen-
ski’s parametrization and then show that (B.23) brings it to the 2-dimensional
Minkowski metric, up to a conformal transformation. We recall that the Nambu-
Goto action is obtained from the general o-model action by substituting the

equations of motion for A, into it:
1

0, X, 0" X, = §habh0d6MX68“Xd : (B.24)

We can then invert these equations to find hg, as a function of 9, X,0" X;, up to an

overall rescaling factor (the combination hq,h¢? is clearly conformally invariant):

X2 XHX,;>

. (B.25)
XX X"

hay = a(T,0) (

Now, if a worldsheet coordinate transformation (7,5) — (7,d) brings this metric

to conformal gauge, i.e. if it makes it diagonal and traceless (the overall scaling

factor can then be eliminated by a conformal transformation), then it must satisfy
the following set of conditions:
or\*  [o7\’
0 = h — —
% [(a%) " (a&)

n[(2) () (2)(®)
@) ()

o = (20 (32) +a [ (%) (22)+ (22) (22)
s (52) (5)

+h11
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All the required derivatives can be obtained from the first two equations (B.19),
and then it is just a matter of algebra to check that, as expected, these equations

are verified.

B.3 Computing 4\” for the N-folded GKP and

the Kruczenski solutions

The easiest way of computing q ) in both cases is by using equation (5.133), which
yields all conserved charges for the patched Kruczenski solution. This solution is
discussed in detail in section 5.1.4; here we simply recall that it allows arbitrary
angular separations 0 < Af#; < 7 between each pair of consecutive cusps. As we
previously observed in section 5.1.4, all results concerning the spectral curve of
this generalised solution reduce to those obtained for the Kruczenski spiky string
if we set Af; = 2n7/K, Vj, where n is a natural number counting how many times
the Kruczenski string winds around the centre of AdS3. Furthermore, we saw at
the end of section 5.1.3 that, by setting n = K/2, these results in turn reduce to
those associated with the N- folded GKP case, where 2N = K. Therefore, we can
compute the conserved charge ¢ q2 by specialising the general expression (5.133)

to the desired simpler case.

We start by evaluating it for k = 2:

() 4 (O =05\ . (0, — 0
& = s Z sin <T> sin (T

1<j1<j2<K
4 1 J2
= = > sin? <§ > AH,) , (B.26)
1<1<j2<K l=j1+1

where we have used 0, = 7", Ad;.
We now specialise to the Kruczenski case, by setting Af; = 2n7 /K, Vj, which

implies

2
Z Ab; = mr Jz —]1) (B'27)

I=j1+1
By substituting this into (B.26) and introducing the new index m = j— j;, which
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replaces jo, we obtain:

K-1K—j K-1K—j

R 4 . nmw 2 2nm
q§°) = Tk Z Z sin? <?m) =2 Z Z {1 — COos (Ym)]
J1=1 m=1 Jji=1 m=1
K-1 K—j1
2 2nm
= - K—j — Z oS (m—)] . (B.28)
K® j1=1 [ m=1 K

We now use the general result for the Dirichlet kernel,

1+2 Zn: cos(kz) = sin [3(17:1 z;)%) i ) (B.29)

2

to calculate the last remaining sum over m:

qéo) ) _iK_l{K—jl—l [Siﬂ[(K_jl+%) 2"7”} _1]}

2 sin (22)

.2 {K_j1+1_1sin(%—J1%7”)}

2 2 sin (%)

9 &= K 1 1 _2nw ¢ (mr) ) _2nw
= —— — - —= — | —cot | =) sin | j1—
2 L T T |\ K e

- %[—2(“%) <K—1>+<K—1)K+I§cos<jl%7”)

j1=1

— cot (%) Kz_lsin (ﬁ%)] . (B.30)

ji=1

At this point, we can evaluate the sums over j; by using (B.29) and the analogous

result

Z sin(kz) = St SH;((TC_) (;21;1)[(” 1) ; (B.31)

thus obtaining

o 1 1 [sin[(K-3)%F]
S 1+K2+2K2{ sin (%) !
nmy sin (22) + sin [(K — 1)22] — sin(2nn)
— cot (—)
K 2K2 [1 — cos (22)]
- 1. (B.32)

Since the result is independent of n, it also holds for the N-folded GKP case.
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One may wonder whether a similar relation exists for the patched Kruczenski
solution, but the answer is negative: as a counter-example, we study the case
K =3, with A0, = 57/6, Ay = 21/3, Af; = 7/2 and consequently n = 1. It is
easy to check from (B.26) that:

4 A
@) = —= [sin2 <ﬁ> + sin® (M) + sin® <%)} _ T3 :

9 2 2 2 9
(B.33)

The only property that continues to hold for the patched solution is the fact that

qéo) < 0, as we can easily see from (B.26).
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