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Abstract

Motivated by the open-closed duality in string theory, the AdS/CFT correspondence has
been thoroughly investigated for more than a decade. A great advancement was made, among
others, concerning the correspondence between N' = 4 super Yang-Mills theory and superstring
theory on AdS; x S® with precision, after the discovery of integrability. The methods of inte-
grability, like Bethe Ansatz and finite-gap solutions, allow us to find matching of the spectrum
of both theories, by comparing their formulation as well as concrete examples. Remarkably,
so-called asymptotic Bethe Ansatz equations have recently been proposed to all orders in the
't Hooft coupling, which reproduce a certain class of the spectrum of both gauge and string

theories correctly.

In this thesis, we aim to comprehend this correspondence taking general examples of the
spectrum, mainly focusing on its strong coupling region. To this aim, we construct a family of
classical string solutions on R; x S? subspace of AdS; x S® background, which are related to
Complex sine-Gordon solitons via the Pohlmeyer-Lund-Regge reduction. We obtain analytical
expressions subject to periodic boundary conditions, which are shown to interpolate various

classical spinning or oscillating string solutions known so far.

It is known that the asymptotic Bethe Ansatz equations have limited application for systems
of finite size; they do not account for wrapping interactions in the weak coupling, nor they
reproduce the exponential-type finite-size corrections in the strong coupling. To clarify the
latter, we compute finite-size corrections to dyonic giant magnons, or magnon boundstates, in
two ways. One is by examining the asymptotics of our general solutions in the limit where
an angular momentum goes to infinity, and the other is by applying the generalized Liischer
formula to the situation in which incoming particles are boundstates. We find agreement of
the two results, which makes possible to predict the (leading) finite-size correction for dyonic

giant magnons to all orders in the 't Hooft coupling.
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Introduction

Superstring theory is a consistent description of gravity and gauge theory at the Planck scale,
free from ultraviolet divergence inherent in the quantum field theory of particles. This descrip-
tion necessitates extended objects called branes as well as fundamental strings. Interactions
among them reduce to ordinary gravity and gauge interactions at the low energy scale. In
particular, closed strings cause gravitational interaction, while open strings cause gauge inter-

action.

Huge symmetry resides in string theory, and part of which demonstrating surprising equiv-
alence between apparently unrelated physical phenomena is referred to as duality. Open-closed
duality, namely the one between open strings and closed strings, is one of the most promi-
nent discoveries of dualities in string theory. The open-closed duality suggests a possibility
that, in certain situations, gravity theory and gauge theory are dual descriptions of the same

phenomenon.

AdS/CFT correspondence, first conjectured by Juan Maldacena in 1997 [I], is one realization
of this open-closed duality. It dictates N/ = 4 super Yang-Mills theory with SU(N) gauge group
is equivalent to superstring theory on AdSs x S® background with N units of RR flux, at least
in large N limit. The Maldacena conjecture can be extended to the correspondence between a
wide class of superconformal field theories and superstring on AdSs x M background, with M
a five-dimensional manifold. Succeedingly, Gubser, Klebanov, Polyakov and Witten proposed
the correspondence between correlation functions of both gauge and gravity theories in more
detail 2] 3].

We expect that study of the AdS/CFT correspondence will eventually elucidate the dual
description of superstring theory with D-branes. However, soon it turned out that it is very
hard to prove AdS/CFT correspondence. In large N limit, interactions in super Yang-Mills
theory is governed by the 't Hooft coupling constant A\ = Ng2,, while superstring theory
contains the coupling A = R*/a/?, where R is the curvature scale of the spacetime and (a')'/?
is the length scale of strings. Under the AdS/CFT correspondence the perturbative region of
super Yang-Mills; A < 1, is mapped to the strong coupling region of superstring, 1/\ > 1, and
vice versa. In this way, one cannot predict the strong coupling behavior of either side, unless
quantum corrections are tamed down by, for example, the use of supersymmetry. Fairly said,

the AdS/CFT correspondence is still a well-tested conjecture.



One remarkable feature of A" = 4 super Yang-Mills is in that, besides the fact that this is
maximally supersymmetric gauge field theory in four dimensions, it sits on the superconformal
fixed point at tree level. It gives us a hope of uncovering its strong coupling dynamics and
checking the validity of AdS/CFT correspondence in a qualitative manner.

Like many conformal field theories, conformal dimension of gauge-invariant local operators
is an important physical quantity in N' = 4 super Yang-Mills. In general, the conformal
dimension, or the eigenvalue of dilatation operator, receives quantum corrections to all orders in
coupling constant. Furthermore, quantum effects can mix local operators of the same quantum
number, giving different eigenvalues of dilatation operator to each eigenstate.

Solving the problem of operator mixing was considered as a formidable task without the aid
of supersymmetry. Berenstein, Maldacena, and Nastase (BMN) considered dilatation eigenval-
ues for operators in near BPS sector, which are obtained by inserting a few elementary fields
of N = 4 theory to the half-BPS operator with sufficiently large length L [4]. The limit of
large L reduces coupling constant A to A= A/L?, and suppresses quantum corrections in a
tractable manner. They found that these operators are dual to closed string modes on pp-wave
background, which can be quantized to all orders of o'.

While trying to solve a general problem of operator mixing, Minahan and Zarembo found
that the dilatation operator at one-loop in A has the same form of an integrable spin chain
[5]. It is known that for an integrable Hamiltonian, one can compute its general eigenstates
by using methods of integrability like Bethe Ansatz equation. Through mapping from a super
Yang-Mills operator to a spin chain, from the dilatation operator to the integrable Hamiltonian,

one is able to study the spectrum even in non-BPS sectors of N' = 4 theory.

The Bethe Ansatz approach was generalized to higher orders of su(2) sector (a set of gauge-
invariant local operators made up of Z and W, two holomorphic scalars in A/ = 4 theory) in
[6]. However, in contrast to one-loop cases, this Bethe Ansatz is applicable only to long-range
spin chains.

Long-range Bethe Ansatz equations are proposed to all orders of A in su(2) sector [7],
in all three rank-one sectors [§], and in the full psu(2,2|4) sector [9], by assuming all-order
integrability as well as making use of some sophisticated guesses. Note that the all-loop Bethe
Ansatz equations of [9] contained so-called dressing phase, which had been introduced in [10]
to reconcile mismatch between the strong coupling limit of all-loop Bethe Ansatz equation
[7] without dressing phase, and the integral equation derived from classical string theory [I1].
Later it was also shown that the all-loop Bethe Ansatz equations of [9] are consistent with the
su(2|2)?-invariant S-matrix on which global symmetry imposes severe constraints [12].

There have been an increasing number of evidences and positive supports also for the dress-
ing phase. At strong coupling, the dressing phase was generalized to incorporate one-loop
results in 1/v/\ [I3]. On the analogy of S-matrix in relativistic quantum field theories, Janik

argued the dressing phase should be crossing symmetric [14], which was later confirmed in [I5].



By solving the requirement derived from the crossing symmetry, several all-order expressions
for the dressing phase were proposed in [16]. In si(2) sector which is generated by a complex
scalar Z and light-cone covariant derivative D, , close relation between the dressing phase and
the universal scaling function, also known as cusp anomalous dimension, is pointed out in [I7].
Assuming further so-called transcendentality principle [I8, 19, 20], the unique all-order expres-
sion of the dressing phase was presented in [21I]. In summary, significant progress has been
achieved in formulating the exact AdS/CFT Bethe Ansatz equation valid for all regions of \.
One should keep it in mind that the Bethe Ansatz description is believed to be exact only when

the length of spin chain is infinite.

Perhaps for the moment we should explain our knowledge on the gravity side of AdS/CFT
correspondence, which also exhibits integrability at least in the classical level.

Metsaev and Tseytlin constructed closed superstring action on AdS; x S°, in the Green-
Schwarz formalism with coset target space SU(2,2|4)/[SO(1,4) x SO(5)] [22] (see also [23]).
Classical integrability of Metsaev-Tseytlin action was found by Bena, Polchinski, and Roiban,
where they explicitly constructed one-parameter family of flat conserved currents [24].

(Classical integrability enables us to study classical string solutions from an algebro-geometric
approach called finite-gap formulation. This line of study started from the work on Ry x S3
subspace [I1] (see also [25]), extended to other subspaces of AdSs x S® [26, 27], and to the
whole spacetime in [28, 29]. In this formulation, every string solution is characterized by a
spectral curve endowed with an Abelian integral called quasimomentum. We only have to
choose suitable algebro-geometric data (called a finite-gap solution) such that they reproduce
the conserved charges and the mode numbers of classical string solutions of our concern; this is
called Riemann-Hilbert problem. As discussed in [I1], the finite-gap approach turned out quite
useful for direct comparison of the spectrum at the level of algebraic curves.

In principle, one can reconstruct classical string solutions from given algebro-geometric data.
The reconstruction of analytic profile of general finite-gap solutions on R; x S® has been done
in [30, 31].

One is also able to compute one-loop quantum correction to classical string theory using

finite-gap formulation, as is thoroughly studied in [32] [33] [34].

We are now ready for introducing explicit examples of AdS/CFT correspondence. One
of the prominent predictions of the AdS/CFT is the exact matching of the spectra on both
sides, namely conformal dimension of individual super Yang-Mills operator and energy of the
corresponding string state. Due to the strong/weak nature of this correspondence, one has to

invent sophisticated ways of comparison, two of which we will briefly review on in what follows.

BMN scaling limit:
The essence of BMN scaling limit is to rescale the 't Hooft coupling constant by length of

a spin chain L, which is total R-charge of the operator in su(2) sector, or by total angular



momenta of a classical string J. The effective coupling becomes X = A /L?* or A=A /J?, which
can be taken arbitrarily small irrespective of the value of \. We also scale momentum of an
operator /worldsheet momentum as p ~ 1/L or 1/J to keep anomalous dimension/classical
energy finite.

We assume that string energy F/(J, ) and conformal dimension A(J,\) can be expanded
in powers of A in both near-BPS (BMN) and far-from-BPS sectors, as

E=J+ca(NDA+c(NH)XN+... and A=L+4a(L)A+ay(L) N+ ..., (0.0.1)

which is called BMN scaling hypothesis. Under this assumption we are able to test a proposal
of the AdS/CFT quantitatively, that is, to check ay ~ cr (k=1,2,...).

Concrete examples of such correspondence have been found. For instance, it was shown
that certain long composite operators of N' = 4 theory, expressed as solutions to Bethe Ansatz
equation in thermodynamic limit, are dual to semiclassical spinning/rotating string solutions
[35], [36), 37, 38, [39] [40] or pulsating string solutions [41, 42] [43]. Much nontrivial examples of
correspondence are found between (elliptic) folded strings and “double contour” configurations
of Bethe roots; between (elliptic) circular string and “imaginary root” configurations of Bethe
roots [44] [45].

By perturbatively expanding the energy of elliptic strings, they found remarkable agreement
with the super Yang-Mills counterpart up to two-loop in M. At the three-loop level, however,
the coefficients start to disagree, i.e. as # c3, which is known as the “three-loop discrepancy”
[46], [47]. The origin of this mismatch can be attributed to the breakdown of BMN scaling
hypothesis at higher orders of A [17, 2] (see also [48]).

Hofman-Maldacena limit:

Beisert considered central extension of the N/ = 4 superconformal symmetry algebra for
spin chains of infinite length, also known as asymptotic spin chain [8], and derived a nontrivial
dispersion relation valid to all orders in A [I2]. The corresponding limit on string theory side
is invented by Hofman and Maldacena (HM), where J is again taken to infinity with A and p
kept fixed [49)].

The ground state of asymptotic spin chain is ‘ferromagnetic’ vacuum of Z’s, and excitations
over it are called magnons. Magnons are classified according to representations of the su(2|2)?
algebra. For example, the fundamental representation of su(2|2)? algebra is composed of sixteen
‘impurity’ fields of N' = 4 theory, and there are also BPS boundstates of elementary magnons
[50].

Let Q(> 1) be the number of constituent magnons for BPS boundstates, then they obey

the dispersion relation

A—J = \/Q2 + () sin? (g) (A, Jy — 00), (0.0.2)



where p is the momentum of the magnon bound state along the spin-chain. The function
f(A) is left undetermined from the BPS relation alone. In view of gauge theory, it should be
fN) = M/7%+ O(\1). The dispersion relation (0.0.2]) matches with the energy-spin relation of
classical string solutions called (dyonic) giant magnons [49, 51, 52 53], 54], if we set f(\) = \/7?
and identify ) with the second angular momentum .J; .

There is close connection between (dyonic) giant magnons and (complex) sine-Gordon soli-
tons. Under the reduction procedure found by Pohlmeyer, Lund, and Regge [55], 56, [57], giant
magnon is mapped to the kink solution of sine-Gordon model, and dyonic giant magnon is to
that of complex sine-Gordon model. The sine-Gordon point of view directs our attention to
scattering of (dyonic) giant magnons taking place on worldsheet rather than in spacetime, and
to compare S-matrix of worldsheet scattering with the S-matrix appearing in Bethe Ansatz
equation discussed above [49] 58] [59].

It should be noted that one can compute S-matrix of worldsheet scattering from gauge-
fixed sigma model on the whole AdSs x S°, and inspect symmetry governing the S-matrix of
string theory such as factorization. In particular, Arutyunov, Frolov, and Zamaklar proposed
string S-matrix which satisfies the standard Yang-Baxter equation [60], while gauge S-matrix

of [12, [61] satisfies the twisted Yang-Baxter equation.

We have so far seen interesting examples in testing the correspondence between spin chains
and classical strings, one is in BMN scaling limit and the other in Hofman-Maldacena limit. It
would be then interesting to seek for more generic two-spin string solution interpolating both
the BMN and the HM cases, which would give us further playground to test the AdS/CFT.

With this in mind, in Chapter [6] we construct a family of classical string solutions with
large spins, by exploiting the relation between classical string action on Ry x S* and complex
sine-Gordon system. Starting from general elliptic solutions of complex sine-Gordon model,
called helical-wave solutions, we construct analytical expression of the corresponding classical
string solutions, which are shown to interpolate between two-spin folded/circular strings [3§]
and dyonic giant magnons [51].

Our solutions, which we will refer to as helical spinning strings, are written in terms of
elliptic theta functions. From this fact one can foresee that they have clear interpretation from
finite-gap point of view. Later helical strings are indeed reconstructed as finite-gap solutions,
and it is shown that they are included in general two-cut finite-gap solutions in mathematical
language [62]. In particular, it teaches us clearly how folded/circular strings and dyonic giant

magnons are interpolated from the standpoint of algebraic curves.

Helical spinning strings are expected to cover a large part of strings dual to long composite
operators in su(2) sector, where the latter is characterized by large R-charges. Recall that in
N = 4 theory there are also operators of far smaller R-charges compared to its length. The

string dual of such non-holomorphic operators are expected to have pulsating nature, as is



understood from matching of the global charges or from an explicit example [42].

In Section [7], we investigate classical strings on R, x S* with large winding numbers, rather
than large spins. They are obtained by performing a transformation 7 <+ o, i.e. interchanging
temporal and spatial coordinates of worldsheet, of helical spinning strings. We will refer to this
transformation as the 7 <» ¢ transformation, or just 2D transformation. As consequences of

this 7 <> ¢ map,
e Large spin states become large winding states.
e Rotating/spinning states become oscillating states.

Note that the first feature can be understood as analogue of T-duality, which exchanges (angu-
lar) momenta with winding numbers. We refer to the 2D-transformed helical spinning strings
as helical oscillating strings, so as to remind us of the second feature. It turns out that helical
oscillating strings also interpolate various classical string states of pulsating/oscillating nature
known so far, such as pulsating strings [41], 42, [43] and single-spike solutions [63], 64].

Helical oscillating strings admit a finite-gap interpretation similar to helical spinning ones.
The 7 <» o operation in conformal gauge corresponds to rearranging the configuration of cuts
with respect to two singular points of the spectral parameter plane. An alternative description
of 7 <> o operation is to swap the definition of quasi-momentum and so-called quasi-energy.
Both helical spinning and oscillating strings thus exhaust all possible two-cut finite-gap solutions
on R, x S3.

In Chapter |8, we also construct helical string solutions on AdS; x S' by means of analytic

continuation.

The current framework of all-loop Bethe Ansatz equations equipped with the dressing phase
is not the full answer towards validation of AdS/CFT correspondence. A major limitation
we face is that it correctly reproduce the super Yang-Mills result only when the length of
spin chain L is large enough. For spin chains with finite size, the Bethe Ansatz equations
do not account for wrapping interactions [7], which possibly arise from the order of A\l as
higher-genus diagrams [65]. In fact, the Bethe Ansatz prediction is found to disagree with the
BFKL prediction [66, 67, 68] in [69]. Recently, it is found that the wrapping effects for the
four-loop anomalous dimensions of certain short operators induce terms of higher degrees of
transcendentality [70, [71]. At strong coupling, the Bethe Ansatz also fails to reproduce the
exact expression for one-loop correction to energy-spin relation in string theory; when angular
momenta are finite; there is deviation from the exact answer which is exponentially suppressed
in angular momentum [72]. Note also that exponential correction to the energy-spin relation has

already appeared at classical level, as finite-size correction to giant magnon solutions [52} 73] E]

n conformal gauge, the “size” can be interpreted also as the circumference of worldsheet.



It was argued in [74] that the exponential finite-size correction at strong coupling is related
to the wrapping interaction at weak coupling, by using Thermodynamic Bethe Ansatz approach
[75] or by the Liischer formula 76} [77, [78]. Janik and Lukowski have elaborated this argument,

assuming that Liischer’s argument can be applied to the non-relativistic dispersion relation

e(p) = \/1 + 2 sin? <g) . (0.0.3)

2
They find that the generalized Liischer formula reproduces the leading finite- J; correction to

the dispersion relation of giant magnons correctly, after careful computation of the contribution

from the dressing phase [79].

In Chapter[d] we extend their analysis and study the leading finite-size correction to magnon
boundstates and dyonic giant magnons, using the dispersion relation rather than (0.0.3)).
Firstly we analyze the asymptotic behavior of helical spinning strings in the limit when they
approach an array of dyonic giant magnons, and determined the leading finite- J; correction to
the energy-spin relation. Secondly, we apply the generalized Liischer formula to the situation
in which the incoming particle is magnon boundstate. Because the Liischer formula applied to
the all-loop S-matrix is valid at arbitrary value of A, it will also reproduce quantum corrections
to the ‘finite-J dyonic giant magnons’.

The finite-size correction predicted by the Liischer formula consists of what are called F-
term and p-term, and the latter is sensitive to the pole structure of the S-matrix in infinite-size
theory. The study of pole structure of the BHL/BES dressing phase has started in [80, 8], but
the analyticity of the dressing phase on the whole rapidity torus is not yet completely known.
To determine the poles relevant to computation of p-term, we use heuristic reasoning based on
the argument similar to [81, 82]. Since our prescription reproduces those of classical strings,
it provides rigid information on the location of poles of the conjectured S-matrix, albeit only

around the nearest from the real axis.

Since there is a vast amount of literature around this subject, it would be helpful for readers
to introduce several review articles. The AdS/CFT correspondence in general is reviewed, for
example, in [83] 84] 85]. Application of integrability methods to AdS/CFT correspondence is
summarized e.g. in [86l, 87, 88, 89, O0, OT], 02, O3, 4], 95].



Organization of the thesis

This thesis is composed of three parts. The first part, Chapter [I]| to [5], is a review on develop-
ments of AdS/CFT correspondence, discovery of integrability and application of it. The second
part, Chapter [0 to [§, deals with construction of classical string solutions and its finite-gap in-
terpretation. The third part, Chapter [9] discusses finite-size effects for dyonic giant magnons

or magnon boundstates. Content of each Chapter is summarized as follows:

1. Notion of the AdS/CFT correspondence, also called Maldacena conjecture, is introduced.

We explain how we arrive at such conjecture from a string theoretical point of view.

2. We discuss the integrability in N' = 4 super Yang-Mills theory, which arises when we

diagonalize anomalous dimension matrix of gauge-invariant local operators.

3. We discuss the integrability in classical superstring theory on AdSs x S° background.

Construction of finite-gap solutions is also reviewed.

4. Examples of finite-gap solutions are given. They can be regarded both as particular
classical string solutions and as solutions of Bethe Ansatz equation in the thermodynamic

limit.

5. Correspondence for the systems of infinite size is summarized. It is believed that S-matrix

conjectured to all orders of the 't Hooft coupling can explain both sides exactly.

6. We study a family of classical string solutions (with large spins) on R; x S* subspace of
AdSs x S° background, which we call helical strings, from perspective of Complex sine-
Gordon model. We show they interpolate various known rigid configuration of strings

with two spins.

7. We study a family of classical string solutions on R; x S* subspace of AdSs x S° back-
ground which have oscillating nature. They are obtained from helical (spinning) strings

by interchanging worldsheet time and space coordinates.
8. We perform analytic continuation to make helical strings on AdSs; x S!.

9. We compute finite-size corrections to dyonic giant magnons in two ways. One is to ex-

amine the asymptotic behavior of helical (spinning) strings and the other is to apply



generalized Liischer formula of [79] to the case in which incoming particles are bound-

states.

We then summarize our results, refer to some topics we do not incorporate in this thesis,

and discuss open questions.

Appendix A is devoted to explanation of our notation for elliptic functions and elliptic
integrals. Appendix B deals with the reduction between classical string on R x S* and com-
plex sine-Gordon theory. In Appendix C, details for computation of finite-size correction are

discussed.

Chapter @ is based on the author’s paper [96] done in collaboration with Keisuke Okamura.
Chapter m is partially based on the paper [97], done in collaboration with Hirotaka Hayashi,
Keisuke Okamura and Benoit Vicedo. Chapter |§] is based on appendix A of the paper [97].
Chapter |§| is based on the paper [98], done in collaboration with Yasuyuki Hatsuda. The

review part is taken from various literature.



Chapter 1

The AdS/CFT correspondence

The idea of AdS/CFT correspondence was first proposed in the Maldacena’s paper [I]. Among
various works to check his proposal, one of the best studied version is about the one between
N = 4 super Yang-Mills theory and superstring on AdSs x S° in the large N limit. In this
chapter we briefly review these two theories in turn, and draw a rough sketch of Maldacena’s

proposal.

1.1 N =4 super Yang-Mills theory

The N = 4 super Yang-Mills theory has the largest possible supersymmetry among supersym-
metric gauge field theories in four dimensions. This theory is also an important example of

superconformal field theory in four dimensions. We will summarize these features below.

1.1.1 Conformal field theory

As a preliminary, we review basic properties of conformal field theories [99, [100].

Let us start from Poincaré invariant field theories in d spacetime dimensions. Poincaré
algebra contains two types of generators called momentum P, and angular momentum M, .

They obey the following commutation relations of so(1,d — 1) algebra

P,. P, =0, (1.1.1)
(My s Pl = =i (0o Py — 0pP) s (1.1.2)
(M s Mpo] = =i {nupMyo + oMy — (04> v) } . (1.1.3)

When they act on a field ¢(x), they can be realized as derivative operation
Pup(z) =i0,0(x), My ¢(x) = [i (2,0, — 2,0.) + Bw] é(2) (1.14)

Note that the first relation implies ¢(z) = e~ F¢(0)eF.
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Conformal transformation is defined as the coordinate transformation that leaves the metric

invariant up to overall scale,
= oyt (z), ds® — ds” = Q(x)ds®. (1.1.5)

Such transformation is generated by infinitesimal transformation dx* = &* which satisfies con-

formal Killing equation
2
augu + auf,u = C_l U (8 ’ 6) . (1'1'6>
If d # 2 the solution of conformal Killing equation includes, besides ((1.1.4)),

D =iz-0, K, =i{2z,(z-0) —2°0,}, (1.1.7)

where D is called dilatation and K, is special conformal transformation (or conformal boost).
They act on a field ¢(z) as

D ¢(x) = {iz -0+ A} ¢(x), (1.1.8)
K, ¢(x) =i {22, (z - 0) — 2°0,} ¢(z) + = (f(# ¢(0)) e=iPe. (1.1.9)

The commutation relations among D, P, , K, , M,,, are computed from derivative representation
(1.1.4) and (1.1.9). The d dimensional conformal symmetry is isomorphic to so(2,d) algebra
through identification

D=Mga,  Pu=May+Mapr,,  Kuy= Mg, — My, (1.1.10)

Spectrum of conformal field theory is classified with regard to the representation of conformal
algebra, and unitary representations are labeled by their spin and conformal dimension A of
the highest weight state. In general, unitary representation of conformal algebra so(d,2) is
infinite dimensional. If we regard the superconformal generator K, as a raising operator and
the momentum P, as a lowering operator, the highest state (or conformal primary) is defined
by the condition

K, 0(0) = 0. (1.1.11)

Descendants are obtained by acting P, on the primary state.
The invariance under the full conformal group severely restricts the form of correlation

functions. Two point function of an operator of conformal dimension A is given by

1
(0'(2)0(y)) = m, (1.1.12)
and three point function is given by
T Ca3
(O1(2)O02(y) Os(2)) = A A A (1.1.13)

11



where Cly3 is the leading OPE coefficient

Ou(y)Os(2) = Y

k ’y—Z|

Ck
A;—ng—Ak Ok(z) +.... (1.1.14)

In conformal field theories, we also have the state-operator correspondence

0) = lim O()[0). (1.1.15)

1.1.2 N =4 Lagrangian

The N = 4 super Yang-Mills theory has the unique Lagrangian, including matter content and
coupling. All elementary fields are in adjoint representation of the gauge group (which we take
as SU(N)) and the coupling is proportional to the structure Constant.ﬂ

The N = 4 Lagrangian reads [85]

1 1 A
5 /d4$ tr{§FuuF”” + Do D + 5[0, ][4, &)
+i (Aa 0" DA + A" DA 4) + [dap, NAE — [¢7, S\A]Z\B} , (1.1.16)

where A, are gauge fields, ¢’ are real scalars and A\ are Weyl spinors. The fields dap and ¢pAB
are introduced via
1 1

¢ = 5(f")ABgzsABz 5(71‘)AB¢3A3 (i=1,...,6, A,B=1,...,4) (1.1.17)

AB are the v matrices of so(6), antisymmetric with respect to A, B. The

where (7%)4p and (79)
Lagrangian (1.1.16)) also follows from trivial dimensional reduction of d = 10, N' = 1 free super

Yang-Mills Lagrangian, through identification of

A10) — A(4)

w W

AN — o) (1.1.18)

)

The Lagrangian ((1.1.16)) can be rewritten using N' = 1 superfield formalism as

1

B QQ%M

1 U |
s /d4:c tr{z/dQGdQQ ;tr (32 d) + g/dQG tr (W3) + hee.

+%/d29 tr (0! [02,9%]) +h.c.}, (1.1.19)

with ®* are chiral superfields, V' is a gauge superfield, and Wy = £D?*(e"V' D, ") [102, 103].

The above Lagrangian is invariant under supersymmetry transformation

60" = () ap A s + (1) 48 Raa\p (1.1.20)

1 : & Log
Aot = =5 Fu(0")a” 16" + 1P 0711 5 + 5 16, &) (735) " 5 1 (1.121)
6A, = —iA Y0 aa 14 — 0" (0")aa A4 - (1.1.22)

!Some arguments on generalization of the ' = 4 Lagrangian are found in [I01].
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Furthermore, this theory has vanishing one-loop [ function, and thus lives exactly on the
superconformal fixed point. It is believed that the theory is exactly conformal invariant as long
as (¢*) = 0.

The superconformal symmetry of N” = 4 theory form psu(2,2|4) Lie superalgebra, which is
the global symmetry of this theory. The bosonic subgroup of psu(2,2|4) is su(2,2) x su(4)g,
and su(4)r =~ so(6)r is the R-symmetry. Under this R-symmetry, scalars transform in 6
representation, Weyl fermions in 4 representation, and gauge bosons in trivial representation.

The N = 4 superconformal algebra is generated by supercharges @4, Q*, superconformal
generators S4, S, and R-symmetry generators 7% 5, in addition to the generators of bosonic
conformal algebra {D, P, , K,,, M, }. Commutation relations are summarized as follows: The

fermionic generators satisfy

{Q4,Q8} =05 0"P,,  {S" Sp}=0a0"K,, (1.1.23)
{S*,Qp} =63 (% o M, + D) + T4, (1.1.24)
{Qa,Qp} = {587} = {5*,Q%} =0. (1.1.25)

The su(4)g rotation T4z commutes with all generators of bosonic conformal algebra, and the

commutation between T4 5 and fermionic generators are
1 1
[T5.Qc] =66Qs — 705Qc,  [T"5.5°] =355" — 235, (1.1.26)

Finally, commutation between bosonic and fermionic generators satisfy

1 - 1
(M, , Q4] = §UWQA, K, ,Qa]l = 0,54, (D, Q4] = §QA7 (1.1.27)
[M,,, 5] = %O'MVSA, [P,,5Y =0,Q4, [D,5%] = —%SA. (1.1.28)

If one decomposes the N/ = 4 multiplet in terms of A" = 1, it breaks up to three chiral

multiplets and one gauge multiplets. Let us denote them by

(27 )\Z> ) (W )\W) ) (}/7 /\Y) ) (Auv )\A) )
with  Z = ¢! +i¢?, W =¢®+ig*, Y =¢° +i¢®. (1.1.29)

Let Hy,H,,Hs be Cartan generators of so(6)r and let J;,Jy,J3 be their eigenvalues. By
looking upon the action of the Cartan generators onto su(4) spinors, we can appropriately

assign R-charge to the above fields in the following manner:

ZSee recent papers [104] [105], for vanishing of 8 functions at all orders of perturbation theory.

13



Fields | Z2 W Y Xz Aw AN Ay A
Lol 1 o0 0 1/2 -1/2 1/2 0 -1/2
Jo |0 1 0 -1/2 1/2 -1/2 0 -1/2
J, |0 0 1 -1/2 -1/2 1/2 0 -1/2

Table 1.1: R-charges of N' = 4 elementary fields.

1.1.3 Large N limit

In [106], 't Hooft made an observation that SU(NN) Yang-Mills theory exhibits stringy behavior
in the limit
N — oo,  with A= Ngy,, fixed. (1.1.30)

Planar diagrams give the dominant contribution in this limit, which is quite analogous to
perturbation of string theory in terms of string coupling constant g,. For this reason, the work
of 't Hooft is considered as a remarkable precursor of the AdS/CFT correspondence.

In the N' = 4 case, it is easy to compute the topology of Feynman diagrams. Recall that
N = 4 theory has 3-point vertex of order gyn, and 4-point vertex of order gyy®. Also,
keep it in mind that all elementary fields of A/ = 4 are in adjoint representation, which is
approximately regarded as product of fundamental and anti-fundamental representations at
large N. If one draws a single line for propagation of fields with an (anti-)fundamental index,
each propagator of adjoint field is drawn as a double line. Each loop of a single line indicates
trace over fundamental representations, giving contribution of order N.

Suppose a diagram consists of V3 3-point vertices, V; 4-point vertices and L loops. From

V3+2V)y

the above argument, this diagram is of order N* gy If we analyze this diagram from

graphical point of view, we see that
4 4
Vs+2Vi=> nV,-2> V,=2E-2P, L=F=x-P+E, (1.1.31)
n=3 n=3

where P, F/, F' are the number of points, edges, faces, respectively; and y is Euler number of

the diagram. Now we can estimate the contribution of this diagram as
NLgYMV3+2V4 — NX—P+EgYM2E—2P — NX)\E_P, (1132)

and therefore planar diagrams, xy = 2, contributes the most in the 't Hooft limit ((1.1.30)).

1.2 Supergravity and AdS; x S° spacetime

We turn our attention to the other side of AdS/CFT correspondence. As we see in later sections,

it is conjectured that A/ = 4 super Yang-Mills theory is a dual description of superstring on

14



P=4, =6, F=4 P=4, [=6, F=2

Figure 1.1: Left: An example of planar diagram of order N4g$,; = N2)X2. Right: An example

of nonplanar diagram of order N2gq,; = A%

AdSs x S°. Both descriptions can be understood as a particular limit of string theoretical
description of D-branes. To support this way of understanding, in this section we look into how

AdSs x S° spacetime arises as supergravity description of D3-branes.

1.2.1 Black 3-brane solution

Supergravity is an effective description of string theory when length scale of the system is much
larger than string length ¢, = v/o/. D-branes are identified as extended black (having horizon)
objects in supergravity description, and in many cases, BPS D-branes correspond to extremal
black solutions.

We study so-called black 3-brane solution of type IIB supergravity in ten dimensions. Since
we study the solution only classically, we can neglect fermions in the action. We also assume
the solution does not have NS-NS 3-form flux, R-R 1-form and 3-form fluxes. Thus, the action

we are going to extremize is, in string frame,

1
S = g—s/dlox —g 672¢{R+4(v¢>2 } _/ Fp+2 A *Fp+2. (121)

with p = 3. In addition, self-duality condition should be imposed on 5-form flux Fy. As

discussed in [I07], this system has the following extremal black 3-brane solutions :

3 4
d 2
ds® = f(p)1/2< —dt* + def) + f(p >+ p2d: flp)=1- (T—H) (1.2.2)
— p) p
2ry,
s =Q (5 + *¢5) Q= IR (1.2.3)
¢ = ¢y (constant) , e =g, (1.2.4)
where €5 is the volume element on the unit 5-sphere, normalized as
2 3
/ €5 = % = (volume of S°). (1.2.5)
S5
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Normalization of @) follows from the Einstein equation with constant dilaton

1
9208 Run ~ Forpyporan, F 250 (1.2.6)

We have to impose the Dirac quantization condition on RR 5-form flux

/SB*FFLFFN (1.2.7)

which determines the location of horizon as, up to some numerical constant,

ry o< Ng,l: & Ngs Tw _Th (1.2.8)

By the change of coordinates r* = p* — %, | the metric (1.2.2)) turns into

ds* = H(T)_1/2( —dt* + idmf) + H(r)Y? (dr2 + r2dQ§), H(r)=1+ (r—H)4 . (1.2.9)
i=1

r

Let us consider near-horizon limit of this metric. Since the horizon is at » = 0, this limit is
achieved by rg > r, or by replacing H(r) with (rg/r)*. The metric (1.2.9) then becomes

o 17 2 - 2 , (dr° 2
ds :r—2<—dt +Zdwi>+7’H<7+dQ5>,

H

- Uv=_ (1.2.10)

U2< dt2+de> +dQ2

2
Tu

As one finds below, this is the metric of AdSs; x S° spacetime with the radius of AdS; and S°

equal to ry .

1.2.2 AdS spacetime

Here we summarize basic facts about AdS spacetime.

The simplest definition of AdS spacetime is by embedding AdS; C R?4-!:

d—1
— (YO +) (V) - (V) = —R% (1.2.11)

i=1
The parameter R is called radius of AdS;, and this parametrization is called global coordinates.

The metric has so(2,d) isometry, and is given by

&

ds* = —(dY°)* + l(dY’) (dY%)?. (1.2.12)

i=1

® The integral [y, *F = [, dxF = [, j is often called electric charge by analogy with electrodynamics.

16



It is convenient to rewrite in terms of polar coordinates which we define as

Y +iY?= Rcoshpe®, Y’ = RsinhpQ', (1.2.13)
where Qf parametrizes S?~!. The metric becomes

ds> = R* (— cosh® pdt® + dp® + sinh® p d2?) . (1.2.14)

The boundary of AdS is located at p — oo.

The coordinate t € R is called AdS time. If one regarded the parametrization (|1.2.13)) as
imposing periodicity on ¢, one would encounter closed timelike curve. To maintain the causality
of spacetime, we define the AdS time ¢ by taking the universal covering in ([1.2.13)), so that two

points ¢ and t + 27 refer to different points of spacetime.
Poincaré coordinates are useful for relating bulk theory with boundary theory. In Poincaré
coordinates, the AdS metric is written as

dz? + ndatdx”
22

ds* = R? ( ) , Nw = diag (=1,+1,...,+1). (1.2.15)

The region z = 0 is the boundary of AdS space and z = oo is called horizon. By change of

coordinate u = 1/z, it becomes
2 2 du? 2 Lo

This is the metric we encountered in the last subsection (|1.2.10]).
The relation between global and Poincaré coordinates (|1.2.16|) is given as follows:

o= %{1+u2 (R2+nijux”)},

Y! = Ruz’ (i=1,...d—2), 917

yd-1 :i{l—uQ(Pf—n xugjy)} (1.2.17)
2u m ’

yd = Rut,

Note that the two points © and —u are indistinguishable in Poincaré coordinates, while they
are different in global coordinates as is clear from the relation u = (Y° — Y471)/R% Thus,
Poincaré coordinates only covers one half of the hyperboloid (|1.2.11]).

1.3 Maldacena conjecture

In [T08], Polchinski showed that D-branes, defined as extended objects at which open strings
can end, carry RR charges. As we saw in Section [I.2.1] the black 3-brane solution has the
background RR flux. It is natural to think of it as sourced by N-sheets of D3-branes.
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This situation is quite interesting from purely closed string point of view. Because closed
strings cannot distinguish D-branes with curved backgrounds (or gravitational potential) sourced
by D-branes, they feel as if D-branes are dissolved into curved background with RR-flux. On
the other hand, open strings are not so sensitive to the spacetime curvature, for no massless
mode of open strings couple to gravity. Along this reasoning, one will be able to promote the

above observation to the following (rather surprising) statement:

D-branes on flat space Strings on curved spacetime

(open-like description) (closed-like description)

This relation can also be considered as realization of open/closed duality in string theory, or as
two complementary points of view on physics of D-branes. In general, U(N) gauge field theory
is realized as massless open string excitations on N coincident D-branes. Hence, the above
statement suggests the duality between gauge theory on flat spacetime and string theory on
curved spacetime.

It is interesting to try taking o/ — 0 limit in both ways of description. Pure gauge field
theory can be realized on the D-brane side, because gravitational (or bulk-boundary) interaction
decouples from 4-dimensional theory on D-branes in this limit. As a concrete example, in
[1] Maldacena claimed that type IIB superstring on AdS; x S° spacetime is dual to N =
4 super Yang-Mills theory in the large N limit, which is now referred to as the AdS/CFT
correspondence.

Let us explain the decoupling limit of Maldacena in detail. On gauge theory side, we
consider the limit

o' =0 (¢") : fixed. (1.3.1)

D-brane tension become infinite in this limit, and no massive closed string modes can be
excited on the branes. In (|1.3.1]), we kept the vacuum expectation value of scalar fields finite.
It corresponds to keeping finite the mass of open string modes stretched between branes, which
is inversely proportional to separation between branes. Note that the N = 4 theory is in
superconformal phase when (¢°) = 0.

On supergravity side, we take the corresponding limit

r

- fixed. (1.3.2)

o =0 U=

(07

The parameter U has dimension of (mass)!, in agreement with the dimension of ¢. Actually,
this is the near-horizon limit of black 3-brane solution we took in . Note that there is
a factor of o/? in the right hand side of , but this factor cancels out with the factor
1/a’ appearing in the action . Stringy excitations do not decouple in this limit ; it just
modifies the background spacetime to AdSs x S°.

Next let us compare the parameters of both theories. Recall that both string coupling

and four dimensional Yang-Mills coupling are dimensionless constants. Since gauge bosons are
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equivalent to massless open string modes, we must have

gs = G - (1.3.3)
If we introduce the 't Hooft coupling by (|1.1.30)), it follows that

4
A= Ngi, = Ng, = % R = (radius of AdSs) = (radius of S°) , (1.3.4)

where we used the relation (1.2.8). Now it is clear that the AdS/CFT correspondence is
strong/weak duality with respect to the 't Hooft coupling constant. Perturbative computation
on gauge side is valid for A = Ng2,; < 1, whereas on gravity side classical approximation is
valid for A = R*/a/? > 1.

Since the above explanation of the AdS/CFT correspondence is quite intuitive, we can
also give critical opinions. For instance, one cannot neglect backreaction of D-branes to the
geometry when the number of D-branes N becomes large. Under such situation, it is not clear
whether U(N) gauge theory on flat space is realized on D-branes. It is also argued, taking into
account the backreaction issue, that the dual gauge theory will live in the boundary of AdSs,
giving holographic description of bulk physics. From this point of view, relation to D-branes
and open/closed duality cannot clearly be seen. Nonetheless, lots of evidences for Maldacena

conjecture have been reported.

An important support for Maldacena conjecture is the correspondence of global symmetry.
Both N = 4 super Yang-Mills and superstring on AdS5 x S° have PSU(2,2|4) superconformal
symmetry, whose bosonic subgroup is SO(2,4) x SO(6).

As we have already seen, Maldacena conjecture sounds very plausible. However, it is very dif-
ficulty to give a rigorous proof of Maldacena conjecture. One difficulty is that it is strong/weak

duality, and other difficulties lie in:
e Quantizing superstring on AdSs; x S° exact in ', due to the background RR flux.
e Studying the property of N’ = 4 theory beyond a few orders of perturbation.
e Predicting how the two theories correspond with each other in a precise manner.

An answer to the last problem is proposed by Gubser, Klebanov, Polyakov and Witten
[2, B]. They interpreted AdS/CFT as the correspondence between bulk supergravity theory
and CFT living on the boundary, and argued that correlation functions of both theories should
obey certain relation.

To explain the GKP-Witten relation, let us consider a bulk supergravity field ¢ whose
boundary value is fixed at ¢ = ¢g. We assume ¢y couples to some operator O of boundary

CFT, as [ ¢ O. In the boundary theory, the quantity exp ( | o O) is regarded as generating
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functional for correlation functions of O’s. In the bulk theory, such quantity can be regarded

as a source term of ¢ in the effective action. Thus, we arrive at their proposal

<eXp (/CFT d*z pq O)> = Zpux (0), (1.3.5)

where the right hand side is the partition function of bulk supergravity. In the classical ap-

proximation, it becomes

Zhulk (¢) = €xp (—I(¢)) = o, (1-3-6>

boundary

where I(¢) is classical supergravity action evaluated at its minimum. In superstring theory, the

quantity Zpui should be considered as the partition function of target space (not of worldsheet).

The relation ([1.3.5)) sheds light on how to test Maldacena conjecture. However, there still
remains a problem on how one can find the correspondence between ¢ and O. It is true that
one can compare the spectra based on representation theoretical arguments, but it is generally
difficult to compare their physical quantity in both sides, unless they are BPS.

In later sections, we will try to give a partial answer to this problem. In particular, there
has been a great progress on understanding the spectrum of both A" = 4 and AdSs; x S° theories
based on integrability methods. Nontrivial examples of the correspondence have been found,

which are now regarded as concrete and powerful evidences for the AdS/CFT correspondence.
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Chapter 2
Integrability in N = 4 theory

The AdS/CFT correspondence predicts individual string states are in one-to-one correspon-
dence with gauge-invariant local operators of gauge theory. Comparison of global symmetry
suggests that energy of a string state is equal to conformal dimension of the dual operator.

The N = 4 super Yang-Mills theory is believed to sit on the superconformal fixed point to
all orders of perturbation. Still, the conformal dimension (or anomalous dimension) of gauge-
invariant local operators is not easy to compute. This is partly because operators with the same
quantum numbers can mix through quantum effects. So only an appropriate linear combination
of local operators becomes an eigenstate of the anomalous dimension matrix.

Studying diagonalization of anomalous dimension matrix has led to the discovery of inte-
grability in N' = 4 theory by Minahan and Zarembo [5]. It enables us to compute anomalous
dimension of local operators which are not necessarily BPS. Below we will review the discovery

of integrability and succeeding development in A' = 4 super Yang-Mills theory.

2.1 Diagonalization of anomalous dimension matrix

Minahan and Zarembo considered action of dilatation operator of N/ = 4 theory on general
operators composed of scalar fields at one loop in A, and discovered that the dilatation operator
is of the same form as Hamiltonian of integrable spin chain [5]. In this section we follow their

argument more in detail.

We are going to study renormalization of operators having the following form:

O(z) = Ciyig..iy 211 |9 ()9 () - - - @'* (37)]2 : (2.1.1)

o O

where © ¢ denotes the normal ordering, and ¢' are scalars of the NV = 4 theory. If O is an

eigenstate of dilatation operator, its two point function becomes

(OT(y)O(x)): const const . (2.1.2)

m— g2 T oy
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The eigenvalue of dilatation Ap(A) is a function of the 't Hooft coupling. The quantity Ap(0) =
L is called bare dimension and () is called anomalous dimension.

Before we proceed, let us recall how we compute anomalous dimensions from wavefunction
renormalization in (super) Yang-Mills [I09]. We neglect operator mixing for the moment.

Define an n point function of scalar fields ¢ evaluated at the scale u, as

G ({pe}i i, A) = (6" (p1)0™ (p2) -+ 6™ (pn)) (2.1.3)

where ¢(p) is Fourier transform of ¢(x). We introduce Z-factor for ¢ by

& (p: 18) = Zo (1) Gare (P 10) (2.1.4)

The shift of the renormalization scale p causes

S(InZy)- o, G(”)»—>G(”)—|—g§(ln2¢)-0("). (2.1.5)

|
prorutop, ooty

The 't Hooft coupling A is not renormalized in super Yang-Mills because it is protected by

supersymmetry. The relation (2.1.5) implies that as a function of , G™ obeys the equation

oG
op

S = g §(InZy) - G™. (2.1.6)

Suppose further that G® is of the form

1
G (p,p) = = f (H) for pi = —py = p. (2.1.7)
p p
It then follows 5 91 7 5
N Zg H H
0= — )= -2 = . 2.1.8
{mnu 8lnu}f(p> Lﬂnu 7}f(p) (218
When 7 is constant, the last equation can be solved by
2y
) ~ M
G (p’ NJ) p2+2,y ° (2]‘9)

Thus we find that anomalous dimension ~ is related to wavefunction renormalization Z via

10~z
20y’

7y for Z=23. (2.1.10)

If we take into account the effect of operator mixing, this formula is slightly modified to

5

= Fh ( g for O =74;0%. (2.1.11)

ren

A

. S0 that the following quantity remains finite:

where we defined the renormalized operator O

(Olal@) OL)) - (2.1.12)
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In this way, the anomalous dimension e in (2.1.2) is identified as an eigenvalue of anomalous

dimension matrix I'.

What kind of gauge-invariant local operators may mix with O of (2.1.1)? First of all,
such operators should carry the same quantum numbers (including bare dimension) as O.
In addition, there should be nonzero amplitude of mixing when computed from the N/ = 4
Lagrangian . It turns out that O can only mix with operators made up of scalars at
one loop in \. In other words, a set of gauge-invariant local operators made up of scalars form
so-called so(6) subsector of N' = 4 theory, which is closed at one loop in \.

We can view this so(6) sector from another angle. The operator O given in can be
thought of as the L-th order tensor product of so(6) vectors. These states span a vector space

of 6~ dimensions

H=VoVho -V, (2.1.13)

It is convenient to think of this space as finite-dimensional Hilbert space for a spin chain of
length L. Direction of the spin sitting at site & is interpreted as the so(6) flavor ¢, and the
anomalous dimension matrix is identified as Hamiltonian of this spin chain. Note that one must
impose a condition corresponding to the trace cyclicity. That is, the spin chain state should be

invariant under the translation of index

i) @ i) @+ @ i) = i) ®i) @+ @ lig—1) . (2.1.14)

Let us now compute the so(6) anomalous dimension matrix at one loop. The calculation

becomes simpler in the momentum space, so we consider the two point function of

L

O({E) = Clijiy.ip otT [/ (H (d;Tp)kz; oiPKT qg““ (Pk)) }g ’ (2.1.15)

k=1

instead of (2.1.1). The tree contribution is evaluated as

etPr(z—y)
— (2.1.16)
Py

HNO(@)) = (Chor o )2 T L0
<O (1)O( )> (Ciyiy...ir) /g (27T)4

Since we take large N limit, the interaction takes place in the nearest neighbor at one-loop.
There are three kinds of Feynman diagrams which contribute to one-loop anomalous dimension

matrix; gluon exchange, scalar 4 point interaction, and the self-energy of scalars.

The gluon exchange comes from the interaction

L3 JuDd DS — g — ) Aup— )P )F ), (2117
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Figure 2.1: Left: The tree diagram. Right: Diagram of gluon exchange.

so this is flavor blind. The right figure of 2.1] yields

— 2.1.1
o ([T (21.18)

k12

Factor inside the parentheses is contribution of external propagators, and hence is neglected.

The scalar 4-point function comes from the interaction

2 ~~ o~ o~ ~~ o~ o~ ~ o~~~
o (| ) L R Cr e R L ) IR CRRT)

and the diagram on the left of Figure [2.2] yields

NgYM J2 §J1 J1 572 J1,J2
- 1A<25 5 — 56 — 6, 4,0 ) (2.1.20)

7.‘,2 11 12

neglecting contribution from external propagators.
Lastly, the scalar self-energy consists of the loops for gauge bosons and fermions. This

diagram is computed in the paper [110], which reads

Ng
7Y% o1 YM ) A, 92.1.21

To sum up, the Z factor of wavefunction renormalization for the whole O is evaluated as

21|+

k=1

U Tk+1 k41

(25]k5.7k+1 _ 6.7k+15]k + 5ik7ik+15jk,jk+1)1 ) (2_1_22)

The Z factor is regularized by replacing UV cutoff A by the renormalization scale p. Using
(2.1.11)), the anomalous dimension matrix is obtained as

/\ L
=i > (20 = 2Py j1 + Ki) (2.1.23)
k=1

where we defined permutation operator P and trace operator K by

— 5jk+1(5]k Kk,kJrl = 4.

lgt1? Uy Tk+1

Prgy1 = §Imdkt1 (2.1.24)
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Figure 2.2: Left: Diagram of scalar 4 point interaction. Right: Self-energy of scalars.

As discussed in [5], this matrix I" is equivalent to Hamiltonian of an integrable so(6) spin chain.
We may also consider anomalous dimension matrix in the su(2) sector. The su(2) sector is
composed of two holomorphic scalars Z = ¢! + i¢? and W = ¢* + i¢?, and remains closed to

all orders in A. The su(2) anomalous dimension matrix at one-loop is given by

_)\

P =g

L
Z Lijs1 — Prpr1), (2.1.25)
k=1

because the trace operator Ky 41 vanishes on a holomorphic subsector of SO(6). With the aid

of the formula

Pk7k+1 — ([k@[k.i_l—'_a:k@&k_i_l), (2126)

N | —

where Pauli matrices are defined by

01 0 —i 1 0 1
o) = B I . of = (of +io)), (2.1.27)
10/, i 0/, 0 -1/, 2

one finds that the su(2) anomalous dimension matrix (2.1.25) is identical to the Hamiltonian
of XXX /2 spin chain (also known as XXX Heisenberg spin chain):

~

A
)= 5 ks (2.1.28)

167r
k=1

With this interpretation, the operators Z and W are mapped to spin chain states |1) and || ),

respectively.

Higher-loop dilatation operator in su(2) sector takes much more complicated form than
(2.1.25)), as given in [I11}, 112]. The one-loop dilatation operator in the full psu(2,2[4) sector
is obtained in [113], which is claimed to be the Hamiltonian of an integrable super spin chain
at large N [114].
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Since we are interested in comparison of the spectrum between gauge and string theory, it
is often convenient to focus on closed subsectors of N' = 4 theory. There are three rank-one

closed subsectors in this theory. The first one is the su(2) sector whose operators are of the

form
tr 2w 4 (2.1.29)
The second is the sl(2) sector
tr DSZ7 4+ (D, : covariant derivative in the lightcone direction), (2.1.30)
and the third is the su(1|1) sector
tropM 77 M2 (2.1.31)

where 1) = \4 is an adjoint gaugino in NV = 1 notation of Table[I.T} In particular, the fermionic

su(1|1) sector as well as the relationship among rank-one sectors are extensively studied in [§].

2.2 Diagonalization by Bethe Ansatz

In the last section, we identified the one-loop anomalous dimension matrix as Hamiltonian of
integrable spin chains. This means that various mathematical techniques are applicable to the
study of energy eigenstates of the system.

Among them, Bethe Ansatz is widely used to study the spectrum of exactly solvable models
[T15]. One famous example is Hubbard model in 141 dimensions, whose ground state energy
and wavefunctions were determined from Bethe Ansatz approach [116, [117]. In this section we

diagonalize the Hamiltonian of XXX/, spin chain using so-called coordinate Bethe Ansatz.

Let Hxxx, P be the Hamiltonian of XXX, spin chain given by

N | —

Hxxx, , = Z (Ig 1 — Prjt1) = Z (It ® Ipy1 — O @ Opy) - (2.2.1)

L L
k=1 k=1

We consider a periodic spin chain, so the positions x = 1 and = L + 1 are identical. The

ground state of this Hamiltonian is ferromagnetic, and is given by
), =1 &), ®---@ ). (2.2.2)
In the N = 4 language, the ground state corresponds to half-BPS state
0), =tr[Z2Z... 7], (2.2.3)

which obeys the BPS relation A — L = 0]f]

For the classification of 1/2, 1/4, and 1/8-BPS operators, see e.g. [84].
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Impurities above the ferromagnetic vacuum are often called magnons. To describe spin

chain states with magnons, we introduce the notation

21,22, @) = [ @ [y @ [N @ 1), (2.2.4)

where the spins turn downward at the positions x = z1,... , 2z, and upward otherwise. In
the N’ = 4 language, an up-spin corresponds to an operator Z and a down-spin to an operator

W. One magnon state is constructed as superposition of plane waves:

L

p) =) e*|x). (2.2.5)

=1

The energy of one magnon is easily computed from

(1 —€™®) |p) for k==

(kk+1 — Prgs1) [p) = § (1 —e7P) |p) for k+1=uz, (2.2.6)
0 otherwise
which gives
. P
Hooox, . Ip) = 4sin? (£) ) = E ) |p) (2.27)

Recall that we have to impose cyclicity condition (2.1.14) in A/ = 4 theory. This requires
p = 0 for one magnon state. The one magnon state (2.2.5)) then describes a half-BPS operator
tr[(WZZ...7].

Let us proceed to two magnon state. We make the following ansatz:

‘pl 7p2> = Z Qﬁ(fl’l 7:[;2) ’xl ax2> ) (228>
1<z1<z2<L
w(l.l ,1’2) — eip1x1+ip2x2 + S<p2 ’pl) eip2x1+iplmg 7 (2.2'9>

where S(p;,p2) is called S-matrix which describes scattering of two particles of momentum
(also called quasi-momentum) p; and ps , respectively. For zo > x;+ 1, the Hamiltonian (2.2.1])

returns the eigenvalue
2

Epi.po) =Y E(p) =Y 4sin’ (%) . (2.2.10)

The S-matrix follows from the condition that the wavefunction (2.2.9) is an eigenstate with the
eigenvalue (2.2.10]) for xo = x7 + 1. The result is

e~z (e e —2)  wuy —uy +i
Spr,p2) = — = @ e =2 m—wmi’ (2.2.11)

where we introduced a rapidity variable

1 p o Uy i)2
== —= P = = 2.2.12
U = g cot 5 or e — ( )
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We also require periodic boundary conditions on the wavefunction ([2.2.9))

w(l’l ,Iz) = ¢($2 , L1 + L) 3 (2213)
which gives
. : 1
eP2l = S(p,, and el — — — _ — S(py,p,). 2.2.14
(p2,p1) S(pz,p1) (p1,D2) ( )
These two relations together imply that the quasi-momenta are constrained as
> peL=0 (mod 27). (2.2.15)
k=
Actually, from the cyclicity of trace (2.1.14) we must have
> p;=0 (mod 2m). (2.2.16)
J

An essential feature of integrable models is factorization of S-matrix. By factorization we
mean that scattering of a particle a and particles by , by,

... takes place elastically, so that the
whole S-matrix is given by the product of two-body S-matrices

whole {bk} HS a, bk (2217)
The XXX, /2 spin chain also has this property, from which one can generalize the above procedure
to general M magnon states. Let {x;} be the lattice coordinates satisfying

1§[L‘1<ZE2<...<ZL‘M§L,

(2.2.18)
and suppose the wavefunction takes the form

{pe}) = D al{pepy}) exp (Z ipﬂk)xk) : (2.2.19)

where 7 is permutation and Sy, is symmetric group of order M. The coefficients a({p~)}) are
described by S-matrix up to normalization, as

Cl( 7pz7p]7)
:szap )
a("'>pj7pi7'“) ( J)

(2.2.20)

where the two-body S-matrix is given by (2.2.11)). When M (< L/2) magnons are all separated
the XXX, Hamiltonian gives the eigenvalue

M
. 1
Buow =Y _ E(pr),  E(p) = 4sin’ (%) =0 (2.2.21)
k=1 4 k
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The periodic boundary conditions impose the nonlinear constraint among quasi-momenta:

oil — (Uj + 2/2) H S (p; , 1) ﬁ uﬂ_—ukﬂ (2.2.22)
uj —1/2 oy ol Wi Uk —

This is the Bethe Ansatz equation. Note that the trace cyclicity requires an additional condition

(2.2.16)).

One can solve the Bethe Ansatz equation for the simplest two magnon case. How-
ever, it is in general very difficult to find its solutions when the number of magnons becomes
large. Even in such cases, the problem can be simplified if one considers thermodynamic limit.
This is what we are going to discuss in Section [2.4]

2.3 Algebraic Bethe Ansatz for XXX, spin chain

As though the coordinate Bethe Ansatz is intuitive and easy to understand, it is difficult to apply
it to higher-loop anomalous dimension matrix, because non nearest-neighborhood interactions
distort the wavefunction [8]. This difficulty can be overcome by using more abstract formulation
called algebraic Bethe Ansatz. Below we explain main ideas of algebraic Bethe Ansatz applied
to XXXy /2 spin chain. For rigorous argument, please consult various reviews or textbooks, for
example [T18, (19, 120, 121].

The starting point of algebraic Bethe Ansatz is R-matrix and L-operator satisfying Yang-
Baxter relation. For XXX/, model, the R-matrix is given by

1 0 0 0
{0 b(u) c(u) O o _u
R(u) = 0 e(w) blu) 0]’ b(u) = it c(u) = ar (2.3.1)
0 0 0 1

with n € C an arbitrary constant, and the L-operator is given by

Loc(w) = Qu) @ I+ og@op,  (k=1,2,...,L), (2.3.2)

a=1

where ‘0’ denotes a fictitious site for reference. By choosing appropriate basis of vector space

at the site 0, we can express Log(u) = [Li(u)]¢ as a matrix

1 noy

2no (2u) I} —

These operators satisfy the Yang-Baxter relation:

Rw—vﬂQAM%L%@ﬂz{%AM§L%mﬂRm_v% (2.3.4)
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where ®( stands for tensor product over the referential vector space at 0. If we write indices
of the vector space at 0 explicitly, (2.3.4)) becomes

R — )% L () Lu(w)i2 = Li(0)2 Li(u) 2 R(u — 0)f 52 (2.3.5)

C1,C2

7

>u\b2 -

Figure 2.3: Graphical representation of Yang-Baxter relation for L-operator

From the Yang-Baxter relation we can deduce the existence of an infinite number of com-
muting charges, which is one of the important characterizations of integrable systems. To see

it, let us define monodromy matrix by

mm;mey”%NQ%mo:<§3_§3>, (2.3.6)

where we take the product of L-operators in the sense of (2.3.3). The trace of monodromy

matrix is called transfer matrix:
T(u) = trQ(u) = A(u) + D(u). (2.3.7)

By using ([2.3.4)) repeatedly, one can show the Yang-Baxter relation for monodromy matrix:

Rm—vﬂmmgﬂwﬂ:{mmgﬂmﬂRm—m. (2.3.8)
After multiplying R(u —v)~! from the left and taking the trace over the vector space at site 0,
one finds
[T(u),T(v)] =0. (2.3.9)
Thus, if we expand T'(u) in powers of u as T'(u) = > Q,u""!, this relation shows
n=1
(Qm, Qn] =0, (Y m,n), (2.3.10)
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as expected. The quantity @, is called the n-th conserved charge. From the Yang-Baxter
relation (2.3.8)), it also follows that

[B(u), B(v)] =0, (2.3.11)
where B(u) is introduced in ([2.3.6)).

One advantage of algebraic Bethe Ansatz is that one can construct eigenvector of Bethe
Ansatz equation (called Bethe vector) straightforwardly. In this formulation, the operator
B(u) plays the role of a creation operator, as is inferred from ({2.3.3)).

The M magnon state is given by
|M) = B(u1)B(ug) ... B(uy) |0) , (2.3.12)

where |0) is the ground state appeared in (2.2.2)). From the expression of L-operator (2.3.3)),

one easily finds that the M magnon state is the eigenstate of total spin operator

S* M) = Z%a,’j\M} = (#) |M) . (2.3.13)

k=1

It can be shown that M magnon state is an eigenstate of transfer matrix with the eigenvalue

M M
—uj— —uj +
T(u; {u;}) = 2u+ )" [ 4 (20— )" [ (2.3.14)
=1 u — Uj u — Uj

j=1
From the definition of transfer matrix (2.3.7)), one sees that T'(u) is a polynomial of u of degree
L, and therefore residues at the apparent poles at u = wu; should vanish in (2.3.14]). This

consistency condition leads to the following equations

L M
(uj+n/2> :Huj—u;an (2.3.15)
which is exactly same as the Bethe Ansatz equations ([2.2.22]) on setting n = 1.

Before closing this section, let us make a few comments on the conserved charges. The
transfer matrix 7'(u) and the Hamiltonian of XXX /5 spin chain (2.2.1)) are related as

L 3
1 . . 1
o3 (B N o) < (11 em,). 2210
J=1 a=1

d
— log T'(u)
u=n/2 2152

du

To show the first equality, the following equality is useful:
Lok (u - g) - n(Io ® Iy + 6y ® 5k) . (2.3.17)

Furthermore, it can also be shown that the transfer matrix is related to the total quasi-

momentum as

exp (1P) = ﬁT <u = g) : (2.3.18)
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Looking carefully at the results (2.3.16) and (2.3.18]), we notice that it is much convenient to

redefine an infinite number of mutually commuting charges by

T(u) = (2u )" " exp (n 3, e Qnﬂ) , (2:3.19)

where QQ = /H)()()(l/2 .

2.4 Thermodynamic limit of XXX, spin chain

We look for solutions of the Bethe Ansatz equation (2.2.22) when there are a large number of
magnons (or Bethe roots). To simplify the problem, we take thermodynamic limit of XXX;,
spin chain, that is, to send L — oo. Specifically, we consider the situation in which the number
of magnons M and the length of spin chain L become very large keeping the ratio M /L fixed,
in order to compare with the spectrum of classical string theory in later chapters. Moreover,
the rapidity w of individual magnons should run away to infinity in order to keep the energy
(2.2.21)) finite. To sum up, the limit we will take can be specified as

L — oo, with a=—, = kept fixed. (2.4.1)

u

L L

Let us apply the limit (2.4.1) to the Bethe Ansatz equation (2.2.22) following [I1]. By
taking the logarithm of both sides, we get

2
Llog <u] tz§2> E log (u — Zii—z) — 2ming, n; €7, (2.4.2)
J

where mode number n; specifies a branch of the logarithm. By taking the above limit (2.4.1)),

we find

- _= Z P 2mn; . (2.4.3)

The first term in the right hand side represents repulsive potential among Bethe roots.

For the moment, let us consider what happens if the first term is absent. One soon finds

the solution in which Bethe roots are aligned along the real axis as x; = 1/ (2mn;). Now recall

that the rapidity u is related to the quasi-momentum p by (2.2.12)), then it follows
Dj 1 2mn;

1 .
r;L=u;=—-cot—= — —, Soop =

2.4.4
2 2 lmit P, L’ ( )

which is a usual quantization condition of momentum. Here, any number of Bethe roots can
occupy the same mode number.
Next, we turn on the first term with n; fixed. The Bethe roots concentrated at x; =

1/ (2mn;) grow into the complex plane, symmetrically with respect to the real axis. Since we
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have taken the L — oo limit, we can approximate a set of Bethe roots {z;} by a continuous
segment £ € C. In general, there can be several non-overlapping segments Uy Cy. .
These segments can be regarded as emergence of branch cuts on the complex rapidity plane.

To describe them, we introduce the density of Bethe roots by
1
=7 Z Sz —xj). (2.4.5)
j

As the definition of §-function is a bit ambiguous for € C (or z € CP'), we may redefine it

G(z) = 2 x_#% = fdg p<_§>£ (2.4.6)

where C is a contour encircling all branch cuts Ui Cr. By construction, the resolvent is an

through the resolvent

analytic function of = over the region CP' \ {Uy Ci}. Asymptotically, it behaves as

G(z) = % + 0(%) L oa=Y o= Zé de p(€). (2.4.7)

From the definition (2.4.5)), one can identify « as the ratio M/L. The quantity «y is called

filling fractions.

The Bethe Ansatz equation (2.4.3) is rewritten using the resolvent as
p&) _ : i .
= G (x +1i€) + G (z — ie) for xe€C;, (2.4.8)
x

1
—+27Tn':2][
Z ’ C S

where we take the principal part to subtract the contribution from k£ = j. We can also rewrite

other conditions in terms of resolvent. The trace cyclicity condition
1
P = = — = —21m, ez, 2.4.9

is translated to
1 1
_ZZE: Zj'{ dg ZQWLJ% dz p(z) = 2rm, (2.4.10)
J

where we used (2.4.3) and §, §, déd¢’--- = 0. The last equality can be expressed in terms of

filling fractions:

Z njo; = m. (2.4.11)
J
Similarly, the anomalous dimension is expressed by

PR | A p(x)
= 872 Z 1 + u limit " 82 Z fL‘? 8m2L ?g ! z? ( )

j=1 4 j=1

There is an additional comment on what is called condensate. If several Bethe roots are

situated at the positions uy — ug 1 = i, we have to take the thermodynamic limit of ([2.4.2])
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carefully. Such configuration of Bethe roots is called condensate, and survives under the ther-

modynamic limit because
log (uj; — w1 — 1) = log (u; — uy) = log L + log (x; — xy,) . (2.4.13)

Thus, the condensate can be interpreted as an extra logarithmic cut with flat distribution
p(xz) = 1 (one root per the distance 1/L). When the contour around a branch cut Cj passes

condensate, there occurs a jump of mode number by 27.

We want to rephrase the above formulation in the algebro-geometric language. We introduce
two sheets of complex plane CPL connected by a certain number of branch cuts U, Cy, and
choose a- and b-periods as in Figure [2.4]

44
Y7

Figure 2.4: Choice of a- and b-cycles.

Let us define the function

p(@) = Gla) % | (2.4.14)

which is called quasi-momentum in [I1]. This should not be confused with the original momen-
tum p; appeared in (2.4.9)). The Bethe Ansatz equation (2.4.8)) is rewritten as

p(x +i€) + p (v — ie) = 27mn; for z€C;. (2.4.15)

The new variable p(z) shall define an Abelian integral ( [* dp) over the Riemann surface ¥ ~
(CIP’}r UCP! modulo 27 x (integer). The differential dp(z) is nonsingular except for the location

of double pole z = 0 (and for the location of condensate). Generally, Riemann surfaces of genus

g have K = g+ 1 cuts and 2¢g independent cycles which we denote by {a1,b1,... ,a,,b,}. Let
V) ,... b be open paths with the endpoints at co®, and define a number n’_ by
oot
p(0ot) —p(o07) = / dp = 27n_, (2.4.16)

34



then the equation (2.4.15)) can be interpreted as quantization of b-periods:

]{dp—j{dp ]{ dp =27 (n; — ng), (1=12,...,9). (2.4.17)
v, b

Without condensate, a-periods of the Abelian integral f dp) can be normalized to zero:
j{ dp = 0, (2.4.18)
Aj
and if condensate is present, we should modify this condition to

]{ dp = 2mm,; . (2.4.19)
A

J

E Condensate

Figure 2.5: Modification of a-periods by condensate.

From the formula (2.4.7)), we finds the function p(x) having asymptotics
1
Res (zdp) = a — 3 (2.4.20)

In this terminology, filling fractions are given by

1
ap = jgk dr p(x) = 57 jﬁk drp(z), Zak =a. (2.4.21)
k

The trace cyclicity (2.4.10|) is expressed as

G(0) = Res (M) = 21m. (2.4.22)

X

2.5 All-loop Bethe Ansatz conjecture

2.5.1 Towards the all-loop proposal

We would like to write now a short review on the study of spectrum in su(2) sector at higher
loops. We mainly focus our attention onto the work of Beisert, Dippel and Staudacher [7] and

around.
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Extension of one-loop anomalous dimension matrix to two loops was first studied
in [IT1]. They decided the form of dilatation operator without working on Feynman diagrams.
Instead, they inspected all possible forms of Feynman diagrams which could contribute to
two loop dilatation operator in su(2) sector, and fixed coefficients by gauge invariance, non-
renormalization theorem and consistency with the BMN limit [4] P

They also showed planar integrability of su(2) sector at two loops. It was done by noting

that the parity operation
PT*P = (T“)T = (T, Ptr(¢ipo---¢r) P =tr (oL dpag1) (2.5.1)

is an exact symmetry of SU(N) gauge theory, where T is the generator of SU(N) gauge
group. The parity-even sector is unrelated with parity-odd sector in general, but they observed
that they have the same eigenvalue of dilatation operator if N = oo, up to two loops. If
the underlying theory is integrable, the second commuting conserved charge Q2 (@1 being

Hamiltonian as in (2.3.19))) is a parity-odd operator giving rise to degeneracy
Q20+ ~ O%. (2.5.2)

As it seems almost impossible to construct systems with [@Q1 , Q2] = 0 which are not integrable,
they concluded that the complete degeneracy signals the first sign of integrability beyond one
loop.

They further conjectured three-loop planar dilatation generator in su(2) sector assuming

higher-loop integrability. Let us introduce the notation
{nl y Mgy } = Z P€+n1—1,f+n1PZ+n2—l,ﬁ+n2 Ty (253)
¢
where Py, ;41 is the permutation operator introduced in (2.1.24]), then their result reads

o) A k
4= ( ) Hor . (2.5.4)
0

1672
k=

where

Ho=+{},
Ho = +2{} —2{1},
Ho=-8{}+12{1} —2({1,2} +{2,1}),
He = +60{} —104 {1} +4{1,3} +24 ({1,2} +{2,1})
— dieg {1,3,2} + iz {2,1,3} — 4 ({1,2,3} + {3,2,1}), (2.5.5)

with €5, which does not alter the spectrum, set to zero.

2The BMN limit differs from the thermodynamic limit (2.4.1)) in that M is kept finite as we take L — oo.
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Applying this dilatation operator to length-four Konishi descendant [122]
Ox = ti(ZZWW) — tr(ZW ZW), (2.5.6)

they found its anomalous dimension as

Apmdrta( 2) Cus () e () (2.5.7)
K 1672 1672 1672 ‘ o

In [123], Beisert confirmed the conjectured Hamiltonian (2.5.5)) based on symmetry algebra
and the BMN limit. He also proved the Hamiltonian and its integrability at three loops in

su(2|3) sector, which is the maximally compact closed subsector of psu(2,2|4), along this line
of study.

The anomalous dimension agrees with field theoretical computation of [124]. More-
over, this result was shown to coincide with the anomalous dimension of twist-j operator (j = 2)
up to three loops in [20] by applying BFKL method to A/ = 4 theory.

Beyond one loop, Hamiltonian starts to acquire quite complicated structure. To obtain
general spectrum of such Hamiltonian, we have to look for a systematic (or sophisticated) way
of diagonalizing it. For this purpose, Serban and Staudacher studied a long range spin chain of
Inozemtsev type, and found that it reproduces su(2) dilatation operator up to three loops [6].

The Inozemtsev spin chain has the Hamiltonian

L L-1

7'[Inozemtsev = Z Z @L,ﬂ'//@(n> (1 - f)j,j—f—n) ) (258)

j=1 n=1

where L is the length of spin chain, « is coupling constant, and F; ; is permutation of site ¢ and

j. Recall that the Weierstrass g-function has the following series expansion:

m,n/n(z)zéJr S { ! - ! } (2.5.9)

(z—mL —inw/k)°>  (mL+ int/K)?

where the prime over the sum means that we omit (m,n) = (0,0). In [6], they considered

long-range limit L. — oo, in which elliptic functions reduce to hyperbolic ones:

1 1
li () =R —— + = ). 2.5.10
Ll—{lgopL’ / (Z) & (sinh2/<;z 3) ( )

As the authors already noticed [0], Inozemtsev spin chain has a limited range of validity in

the following sense:

1)  The Inozemtsev Hamiltonian (2.5.8]) contains two-spin interactions alone. How-
ever there can be more complicated interactions in the higher-loop dilatation oper-

ator.
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2)  They take the limit L — oo. When one wants to check if the agreement
continues for finite L, one must solve the Bethe Ansatz equation expressed in terms
of elliptic functions.

3)  From four loops, thermodynamic limit of the Inozemtsev spin chain is not
consistent with the perturbative BMN scaling [125]:

M \ 1 M
A—J:Z\/lJrﬁniJrO(j), > =0 (2.5.11)
k=1

k=1

At this stage, there was still possibility that the Inozemtsev spin chain ceased to agree
with N' = 4 theory, and the perturbative BMN scaling was valid beyond three loops. Beisert,
Dippel and Staudacher pursued this matter, and proposed so-called BDS Bethe Ansatz which
diagonalizes the Hamiltonian, and is compatible with the perturbative BMN scaling to all orders
[.

The precise form of the BDS Ansatz will be given in Section Here we present several

features of their proposal:

e The BDS Ansatz is a conjecture for all orders of .

e In contrast to the approach of [6], it is not clear how all-loop Hamiltonian operator looks

like the BDS Ansatz is diagonalizing.

e Just like [6], the BDS Ansatz is supposed to be asymptotic. Namely, it is exact only when
the length of spin chain L is infinite, and will breakdown at the loop order ~ \* when L
is finite [§].

e It diagonalizes five-loop Hamiltonian in su(2) sector, that is, six-loop correction to con-

formal dimension.

e It also reproduces with the leading 1/J correction to BMN energy (12.5.11). However, it

disagrees with the pp-wave limit of string theory.

e In the thermodynamic limit, it does not match again with classical string theory.

Concerning the last two problems, they speculated that these may be due to the ‘order
of limits’ problem [7]. In gauge theory side, we first assume L > 1, 1 > X and then expand
conserved charges in A. In classical string side, we firstly take A > 1 and then expand conserved
charges in 1/J. If there are terms like

AL

fAL) = s (2.5.12)

then these two limiting procedures return different values.
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Although there is potentially such an order-of-limits problem, the ‘discrepancy’ between
gauge and string theories is now understood in a different way. Much more convincing expla-
nation is that neither the perturbative BMN scaling (2.5.11]) nor the BMN scaling hypothesis

A—L:L{Zz%k (%)J (%)k} (2.5.13)

j21 k>1

remains valid from four loops in gauge theory. This is because the two-body S-matrix of gauge
theory acquires a nontrivial phase factor starting at four loops. This factor, called dressing
phase, induces terms with & < 0 in (2.5.13)), and therefore completely destroys the BMN
scaling

The existence of such phase at weak coupling was first found in the computation in the sl(2)
sector [127]. Later it has been confirmed by the field theory calculation of dilatation operator in
su(2) sector at four loops [I12]. We postpone the discussion on the dressing phase until Section

m. For now, let us summarize the Bethe Ansatz approach in su(2) sector more qualitatively.

2.5.2 All-loop Bethe Ansatz in su(2) sector

We will explain the Bethe Ansatz equation which is believed to reproduce the spectrum of su(2)
sector up to the order ~ A*! where the wrapping interaction begins to take place.

It is convenient to introduce new rapidity parameters r and z* by [7] 128]

A1 i A1
- N -
62z’ YT T T igmas

u=uz+ (2.5.14)

The first equation can be easily inverted as

x(u) = % (u +uy/l— 4—;%) , (2.5.15)

Note that  is an odd function of u. The second equation tells us that the variables 2% are not

independent, and constrained as

A1 A1
+ e — =1, 2.5.16
Tt 1672 2t v 1672 2~ ! ( )
An alternative definition of z* is
1 A1 A1
B - - - 2.5.17
" 2(3“" T ome e 7 +167r2:v)’ (25.17)

with the constraint (2.5.16]). We relate the z* variables to the magnon momentum p by

+
S (2.5.18)

3Breakdown of BMN scaling was also observed earlier in the plane-wave matrix theory, which is a truncation
of Kaluza-Klein modes in N = 4 super Yang-Mills on R, x S [126].
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This allows us to express u and z* as functions of p:

A
u(p) = 3 cot <§) \/1 + = sin? <§>, gt = eFP/? T . (2.5.19)

. (P
tsin (3)
sin 2

gi gi
uj —up = (x; — xp) (1 - ? ) = (:z:]i —z) [ 1- # ) (2.5.20)
i

i + g% F 9B
uj—ukiiz(xj—xk) 1— = (z;—af) (1- =, (2.5.21)

2xj[xk 2w
+ 9%
upti= (ot =) (1= —IB_ ), 2.5.22
uj —up £ 1 (93] ) 295;[3:]? ( )
where we defined \
5= 2.5.23
9B 87T2 ( )
The all-loop Bethe Ansatz in su(2) sector is given by

z U — U+ 7
Pt HS piapE) s S5 = =0 (e N) - (2.5.24)

by up —u; — 1

The factor o (p;,pr;A) is called dressing phase, which equals to the identity up to O(A?).
Without this factor, the two-body S-matrix written in terms of u variable is same as the one-
loop result (2.2.11)). The su(2) Bethe Ansatz without dressing phase was proposed in [7] and
called BDS Ansatz.

The above equation can be reexpressed in terms of z* variables alone, as

L _ _
(‘) [ L O . (2:525)
J |k

An infinite number of commuting charges are proposed as follows [7]:

k=1

M M
EEgészzigé{ } Z\/H—sm?@ —1, (2.5.27)

k=1

with £ = A — Ay. The motivation for defining charges as in (2.5.26|), is to identify them with

integral equation arising from finite-gap formulation of classical string theory. As discussed in
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the previous subsection, there are also various evidences for the expression for spin chain energy

2.5.27).

Let us make connection with the above formula with one-loop results. This can be done by

the following reduction

A1 1 P A oD 1 P
u=2x+ 16%2525(3% (5) 1+Psm = Ona;p u:xzécot <§>, (2.5.28)
and
A oD A 5D
A = 1+;SIH 5 On;?op A:1—|—2—7r281n 5, (2529)

which agree with (2.2.12)), (2.2.21) and (2.1.28)). It is important to notice that the distinction

between u and x starts from two loops in A.

2.5.3 All-loop Bethe Ansatz in the full sector

The all-loop Bethe Ansatz in su(2) sector is part of all-loop Bethe Ansatz in the full
psu(2,2]4) sector [9). Historically speaking, this is generalization of one-loop Bethe Ansatz in
the full psu(2,2|4) sector constructed in [114] based on earlier works on integrable aspects of
QCD [129, 130, 131), 132}, 133] and dilatation operator in the full sector [113]. In [9], Beisert
and Staudacher proposed the expressions of Bethe Ansatz such that in thermodynamic limit
they agree with the finite-gap formulation of superstring on AdSs x S° [28, 29], which will be
the issue of Chapter |3] We just cite their results in this section, so please consult the paper [9]
for details and more justification.

We have several remarks on the all-loop Bethe Ansatz in the full sector:

e We need several species of Bethe roots when the rank of gauge group is greater than one.

This means we have to use the nested Bethe Ansatz.

e It is convenient to work with su(2,2|4) algebra with u(1) constraint rather than psu(2, 2|4).
Since the rank of su(2,2|4) is 7, we need seven species of Bethe roots which are all inde-

pendent.

e Cartan matrix of su(2,2[4) superalgebra is not unique. We have to specify a particular

expression of Cartan matrix.

e We denote the momentum-carrying roots by xfﬁj. Other roots (xy,xs, 3, x5, %6, T7)
change the flavor of impurity. We also denote the number of the a-th roots by K,. One
can also construct Bethe vectors by analogy with . They are eigenstates of the
Cartan subalgebra of su(2,2[4), as they were in the su(2) case (2-3.13)[]

4Note that eigenstates of the Cartan subalgebra do not always belong to a single irreducible representation

in general.
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Figure 2.6: Dynkin diagrams of su(2,2|4) for the gradings 1,7, = £1. Each node indicates

that the corresponding diagonal element of the Cartan matrix is £2 or zero.

o [f weset n; =np and K = Ky = K3 = K5 = Kg = K7 = 0 in the following results, they

reduce to the Bethe Ansatz equation in su(2) sector.

We specify a Cartan matrix of su(2,2|4) as

+m

M
—2m +m
+m —
—m +m AN =N
—2
T2

+12
—2m
+n2

, (2.5.30)

+1)2

and the corresponding Dynkin diagrams are shown in The variables 1, , 7 take values £1.

Different choices of signs 7, 3 = £1 are related by duality transformations [114] 28, [9].
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The all-loop Bethe Ansatz equations in the full su(2,2|4) sector is given as follows:

Ky rT

1= H e (2.5.31)
i=1 4

| — = U17k_u2,j+2771ﬁ1_g%/2x1k( 2 )m (2.5.32)
io1 Uk T U2 — 277 1 —g3/2x (2 ) 1’
K2 . KS K

_ H Us g — Usz; — 1Th H Ugk — Usj + 2771 H Uz — Ui+ 5 (2.5.33)

ey Ugp — Ugj + 2771 ] W2,k — U3 — j=1 L U2k — U1 — %771 7
J#k
g — Uz + B T Tk — ()"

1= 12 ’ - (2.5.34)
o1 sk — U2 — 3 o1 T3k~ (z35)m

+ 1\ K + ym - \m 2 Jo, 4 -
Ly k;) H <(x4 W)= (M,j) 1 —g3/2x; kLaj o
— | = — = 0 (X4, Taj)
( + 2 —+ ) )

Typ)™ — (M,j)m 1 - 93/2$4,kx4,j

s 7j=1 s
J#k
K K K -
y ﬁ 1 — g5/2(xy,)" 21, 1—3[ ()" — T3, 1—5[ (23)"™ — 255 v 1 — 95/2(2y,) P,
ey 1= gp/2(x,)ma, e (x3p)™ — w3, i () )™ — L5555 P 1= 95/2(xy )
(2.5.35)
K Ky . + \n2
U u x (x
1 — H 5.k — 6,] 2772 5,k 43) ’ (2536)
— Usk — Uej — 255 ok T 4J
ol Ug e — Upj — 172 1 Ugp — Us,j + %% S Ug — U7j + %nz
=] N i o2 (2.5.37)
S Uek — Uej M2 s Uk — Usg — 372 S Uk — Ut — 572
J= J J
ik
- ﬁ Uz g — Ugj + 572 ﬁ 1 — g3 /2x7 k()™ (2.5.38)
| FETREETN | S YT
and higher charges are given by
. Ky
1 1 1
Qr = - — : (2.5.39)
12\ G
ol 1
E = g5Q2 = igy —-—. (2.5.40)

As usual, Dynkin index is defined as the coefficient of weight vectors (i expanded in terms
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of fundamental weights (%,

7
=Y, Hyl) = i), (2.5.41)

where { Hy} form Cartan subalgebra of su(2,2|4). One can read off the Dynkin labels of a state

by expanding the Bethe Ansatz equations around wu,; ~ ,; ~ 0o, which reads:

1
ry=—mkKy — 5771E7

ro = — K3z + 2m Ky — m Ky,

1
r3 = +mKy —mKs + 3 mE,

1
Ty =+L— (m +nm2) Ky +m Kz + 0o K5 + 1 2-—m—m)E, (2.5.42)
1
rs =+ Ky — e Ke + 3 mkb,
re = —1Ma K5 + 21 Kg — 12 K7,

1
r7 = —1a kg — 3 nk .

To reduce su(2,2[4) into psu(2,2]4), we need to impose the following constraint among central

elements:

1 — mrs +ners — nery = 0. (2.5.43)

44



Chapter 3
Classical string and integrability

We discuss superstring theory on AdSs; x S° background under the classical approximation
A > 1. This theory is known to be integrable in the sense that their equations of motion
can be rewritten in terms of a Lax pair [24]. This fact allows us to construct classical string
solutions in an abstract manner known as finite-gap method. Remarkably, Kazakov, Marshakov,
Minahan and Zarembo found that the finite-gap formulation is quite useful in comparing the

spectrum of string and gauge theories [I1], which is the main topic of this chapter.

3.1 Integrability of classical string on AdS; x S°

The AdSs x S® space supported by RR flux is hard to quantize in the Neveu-Schwarz-Ramond
formalism, due to the problem of defining RR vertex operator in curved backgrounds. Direct
application of the Green-Schwarz formalism to this background is neither practical for the
purpose of writing down the action in superspace coordinates (x, #) and identifying supergravity
fields.

To circumvent the problem, Metsaev and Tseytlin constructed the Green-Schwarz (k-

symmetric) superstring action on the coset superspace

SU(2,2[4)
SO(1,4) x SO(5)

[AdS5 x S” background] x U(1), (3.1.1)

up to O (0*) [22]. This was subsequently generalized to the full order of 6 in [23]. The action
of Metsaev and Tseytlin was further refined in [134] by performing Wick rotation

PSU(2,2/4) R PSL(4/4;R)
SO(1,4) x SO(5) Sp(4;R) x Sp(4;R)’

(3.1.2)

such that the superconformal symmetry is manifest.
The classical integrability of the Metsaev-Tseytlin action on AdS; x S° was discovered in

[24]. Below we follow the discussion of [28] where they employed the strategy of [134]. The

difference of signs between (3.1.1) and (3.1.2)) is unimportant for showing the integrability.

45



We begin with a brief introduction of supermatrices. For details, see [28] [135] and references

therein. Let n be the grading operator,

= 1, )7

where 14 is the identity matrix in d dimensions. Define supertrace as
str A = tr (nA) = tr (An) ,

where the right hand side is a regular trace. The superdeterminant is defined by

et [ A B\ _det(A-BD'C) det A
clp )~ det D " det (D—CA'B) "

There are several identities on superdeterminant, like
sdet (AB) = sdet (A) sdet (B), sdet exp (A) = exp str (A4).

Note also
str (1a4) = 0, sdet (§195) =1 (& : constant).

The supertranspose is defined as

ST
Al B B AT | CT
clp) \ =BT |DT )
The supertranspose is an operation of Z, grading:

(ASTYST =nAn,  (nAn)® = A.

The supergroup SL(4|4;R) is parametrized by supermatrices of the form

= detg=1
= , sdet g = 1.
g C|D g

(3.1.3)

(3.1.4)

(3.1.5)

(3.1.6)

(3.1.7)

(3.1.8)

(3.1.9)

(3.1.10)

If we impose reality conditions, the matrices A and D are real while Grassmann matrices B
and C are related by B = CT. The matrices in PSL(4|4;R) is a quotient of ([3.1.10)) by matrices

proportional to 1g.

It is useful to introduce Z, grading operator w by

EATE \ _ECTE 41 0
w-g= , E
EBTE \ EDTE

46

(3.1.11)



It then follows E? = —1, w? =1, and w:[g1,¢2] = [w-g1,w " ga]. Since w is an automorphism,

elements of PSL(4|4;R) can be classified with respect to its action, as
g=g9 4+ ¢® +¢® 4 ¢® w-g® = (_1)k/2 g™ (3.1.12)

By construction, F is invariant under the map E + hERST for h € Sp(4;R) x Sp(4;R). It

shows the denominator group of the coset is spanned by ¢(®) .

To write down the action, let us introduce a supermatrix-valued function on the worldsheet
g(1,0) € PSL(4]4;R), with the periodicity

g(1,0+2m) = g(1,0)h(1,0), h(r,0) € Sp(4;R) x Sp(4;R). (3.1.13)

We also introduce current of g by
J=—g'dg, (3.1.14)

which is invariant under the left multiplication g — Gg for G € PSL(4]|4;R). One easily finds
that this current obeys
dJ —JNJ =0, str J = 0. (3.1.15)

The Z4 grading w decomposes this current as
J=JO+ I+ IO+ JO =H+ Qi+ P+Q.. (3.1.16)

The flatness condition (or Bianchi identity) (3.1.15)) can be decomposed similarly. This decom-
position (3.1.16)) as well as the condition str g = 1 imply

str H = str@Qq = str P = str Q2 = 0. (3.1.17)
The superstring action is given by [134] 28]
A
S:Z/—_/str(P/\*P—QlA*Qg)—l-A/\Si;rP, (3.1.18)
7r

where A is a Lagrange multiplier to guarantee the supertraceness of g € PSL(4]4;R). From

infinitesimal variance g +— (1 4+ dG)g, one can derive its equations of motion as

d*P:H/\*P—I—QlAQ1+*PAH—Q2/\Q2+dA, (3120)
O:P/\Q1+*PAQ1+Q1/\P+Q1/\*P. (3.1.21)

The above equations are concisely summarized as

1 1
dxK — JAN«K —xK N J =0, KEP—{—§*Q1—§*Q2—*A. (3.1.22)
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If we introduce the left invariant current k = gK ¢! ,E| the equation of motion (|3.1.22)) becomes

dxk=0. (3.1.23)

In search of classical integrability, Bena, Polchinski and Roiban tried an Ansatz for Lax

connection [24]. In our language, it takes the form

a(z) = a(z)p+ B(2) (xp — A) +7(2) (@1 + @2) +6(2) (61 — @), (3.1.24)

1 1

and q12 = gQ129™
da 4+ a N\ a = 0 results in six equations for four functions with certain amount of redundancy.

where we defined left invariant currents by p = gPg~ The condition

They found there exists one-parameter family of solutions given by

alz)=1-— % <z2 + l) . Be) = % (22 - i) : (3.1.25)

22 22
1 1 1 1
=1-= - oz)==(z—-]. 1.2
@ =1-5(:+1). sa-5(=-1) (3.1.20
We can reexpress the connection (3.1.24)) in terms of the right invariant currents, as
A(z) Hat(2e ) p_L(2_2 (xP A)+1Q+ Q (3.1.27)
2 22 2 22 2! 2

This connection is generalization of J in (3.1.15]), and satisfy
dA(z) — A(z) NA(z) =0, str A(z) =0, (3.1.28)

as well as A(z =1) = J.
From Lax connection, one can construct an infinite number of conserved charges. To see it,

let us define the Wilson loop around Lax connection

Qo(2) = Pexp (f:ﬂ do A, (7,0 z)) | (3.1.29)

where P stands for the anti-path-ordering where larger values of o stands to the left. Written
explicitly, (3.1.29) is,

Pexp (j{b do A, (a)) =1- j{b doi1 A, (01) + f;b doy jgal dog Ay (01) Ay (02) + -+ . (3.1.30)

The monodromy matrix is then defined as

Q(2) = Qo(1)1Q(2). (3.1.31)

!Note that the element K also transforms covariantly under Sp(4;R) x Sp(4;R) [24].
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Owing to the vanishing curvature condition (3.1.28)), the monodromy matrix is independent of

7 [136]. Tt tells us, in particular, that if we expand it around some point z = zq
A2) =) Qulz—20)", (3.1.32)

all coefficients (),, are independent of worldsheet time, and hence conserved.

For later use, we introduce x variable as

1422 [x—1
=T or z 21 (3.1.33)

dx dz
_ = .1.34
1-1/22 =z (3.1.34)

which satisfy

This parameter z will be shown to correspond to x given in (2.5.14]).

3.2 Polyakov action on AdS; x S°

Let us make a few remarks on the truncation of classical string action. In classical theory,
we can freeze out the degrees of freedom in any particular directions and consider only string
solutions which move in remaining directions. This amounts to truncation of classical string
action on AdS; x S® to its subspaces, like bosonic part of AdS; x S%, Ry x S* € AdS; x S° or
AdSs xSt € AdS; x S®. By such truncation, the Lax pair formulation becomes much simplified.
Note that it does not work at all in quantum theory, because loop integrals must involve all
virtual particles of the theory.

The truncation is also useful in making comparison of the spectrum of gauge theory op-
erators. In particular, from the correspondence of global charges, one may guess that some

operators in su(2) sector (2.1.29) would correspond to classical strings on Ry x S*, and some
operators in sl(2) sector (2.1.30]) to strings on AdSz x S!.

Now we fix our notation for classical string theory on the bosonic part of AdSs; xS spacetime.
We define bosonic AdSs x S® spacetime by embedding into C'? x C? whose coordinates are
denoted by 0y, 1,12 and &3, &, &. We set the radius of AdSs and S® to unity, then

—

7 q= =l +ml* + " = -1, & {=lal +1&l +1&1° =1 (3.2.1)
Expressed in polar coordinates,

no = cosh pe’, n =sinhp cosfe'®, n, =sinhp sinfe'?2,

& =cosyeP, & =siny coste'??, & =sinvy sin e e, (3.2.2)
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Polyakov action (bosonic classical string action) on AdSs x S° isﬂ

S_Z; dea[yab(aaﬁ*-abmaaé‘-abé‘)+K(ﬁ*-ﬁ+1)+A(§.§_1)]. (3.2.3)

where A and A are Lagrange multipliers. The string equations of motion follow as

0,0T—A7=0, A=+0,77" 97, (3.2.4)
0,0°%€ —ANE=0, A=—0,E"9°. (3.2.5)
We take conformal gauge v = —1,77? = +1 and 7" = 77 = 0. Then Virasoro constraints
read
6ab . )
0 =Tow = Tor = 5 (0l - 041 + 0uE" - 04E)) |
2 (3.2.6)

0 =Trs = Tor = Re (057" - 01 + 0,€ - 0,E°)

We define conserved charges by

27
E= \/—_5 = \/—X do Im (n; 0;n0) , (3.2.7)
U 2m
VA s \/_ .
Sj=--8; = =5 ¢ " do Im (0} 0-n;)  (1=1,2), (3.2.8)
Go= YA A o) (h=1.23). (3.2.9)
7r 2 Jo
and winding numbers by
1
N, = g{t@', o+ 2m) —t(r, O')} , (3.2.10)
1
¢; = % VANE! - @i\ 3 2.
Ny, = ¢j(1,0 +27) — ¢i(7,0) (3.2.11)
1
N, = Q—{gpk(T o+ 2m) — (T, 0)} : (3.2.12)

The angular momenta S; and J;, are semiclassically quantized to integer values. For strings to
be closed, the winding numbers Ny, and N, must be integers. The timelike winding Ny must
vanish, namely ¢ (7,0 + 27) = t(7,0) (not mod 27), because t and t + 27 are not the same

point of the AdS spacetime, as mentioned in Section [1.2.2]

In later sections, we will mainly discuss its subspaces Ry x S* and AdSs x S'. Their metrics

are given by

dsp, g = —dt* + dy* + cos®y di} + sin*y dy3 (3.2.13)
3345, xs1 = —cosh®pd? + dp® + sinh®p d? + dpT . (3.2.14)

The two metrics are related by an analytic continuation:

p=1iy, t=¢1, G =g @G1=t — d53 qg,xs1 = —dSh, x5 - (3.2.15)

2This action also has an infinite number of conserved charges [137].
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3.3 Finite-gap formulation

We are going to review a method called finite-gap formulation, which makes full use of integra-
bility of the theory. This helps to construct general classical string solutions in the language of

algebraic geometry.

Originally, the term ‘finite-gap’ signifies the band structure in energy eigenvalues that often
appears in the Schrédinger equation with periodic potential [I38]. The (continuous part of)

energy Spectrum typlcally consists of a sequence of Segments
Ty [E2k:+1 5 E2k?] s T [E3 5 EQ] 5 [El ; +OO] . (331)

The length of the k-th segment tends to shrink as k increases. When the number of segments
with nonzero width is finite, the periodic potential is called finite-gap potential.

For a wide class of integrable models including classical string theory on Ryx S?, the equation
of motion is nonlinear. In such cases, one can separate the equation of motion into the kinetic
term and the potential term, such that the potential itself depends on a particular choice of
solution. For instance, the equation can be regarded as

0,0%€ + (aag'* . aag) £=0 < a“({iaw * 1/1# =0 (3.3.2)
0, -0 =V
To solve these equations, one can firstly make an Ansatz for the potential V', and secondly
solve the ‘linear’ Schrodinger equation. Of course, one must check if the solution is actually
consistent with the defining equation of the potential.

It is known that integrable models usually have solutions which can be expressed by Riemann
theta functions of genus g € Z>(. Roughly speaking the number of genus corresponds to the
number of cuts , so one can classify these Anséitze with regard to the number of gaps the
corresponding potential will produce. In this context, the term ‘finite-gap solution’ is used as

algebro-geometric representation of ‘Riemann theta’ solutions for finite genus.

3.3.1 Lax pair and monodromy matrix

We review finite-gap formulation of classical string theory on Ry x S? [11], [31]. Polyakov action

for a string staying at the center of AdS; reads, from (3.2.3),

\/X K ag
§== [ do [— (But)? + DuE" - 0 5] , (3.3.3)

where we omit the term including the Lagrange multiplier. This action can be rewritten in
an SU(2)-covariant manner. We introduce a group element g € SU(2) and Maurer-Cartan

one-forms by
51 _65 . —-1 Aa _Ba -1 Aa _éa
= ; o« =9 Oug = 1, Uy = Oy = ). (334
g < 6 & =g =\p o 99 c A (3.3.4)
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where

Ay = 0.6+ 650462, B = £10.82 — §20.61, Co = 1022 — 20487 . (3.3.5)
The action is rewritten as
VA
4

S=->2 [ & {(8&)2 + %tr (ji)] =—— [dt A xdt + %tr (dj A *dj)| . (3.3.6)

In differential forms, the equation of motion and Bianchi identity are written as
dxt=0, d*xj=0, dj+3Nj=0. (3.3.7)
Written in components, they become

9,0.t=0, 0=0,j_+0_j, =0, (3.3.8)

aJrj* _a*j++ [.jJr?j*] :Ov with .j:l: EjT:l:jO" (339>

The equation of motion for ¢ is solved as ¢t = k7 + k’o . The condition of zero timelike winding

(3.2.10)) requires x' = 0. Taking conformal gauge, Virasoro constraints read
1 2y 2
§tr (j2) = —&". (3.3.10)

One can rewrite the action in terms of ¢, , the right invariant current. It gives

S=—>2[d% [(8at)2 + %tr (62)1 _

™

1
[dt A *dt + §tr (de A xdl)| . (3.3.11)

The actions (3.3.6) or (3.3.11]) are invariant under a global SU(2);, x SU(2)r symmetry,

The corresponding Nother charges are

\/_ %da xj=——— @ doj, for SU(2)g, (3.3.13)
Q= \/—_ do %0 = —£ dot,  for SU)., (3.3.14)
47 47

which are indeed conserved because d * 7 = 0 and d * ¢ = 0. From the parametrization (3.3.4)),
we see that the pair (£;,—&;) form a doublet under the right shift g — g (1 + eo®), while the
pair (&;,&) form a doublet under the left shift g — (1 + e€0®) g. Thus, if the solutions are the
highest weight states of SU(2), we have

io3 io® L0
Q=5 (J1—2), Q=——" (i+ 1), o= (0 _1> : (3.3.15)
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It should be noted that we can also regard Polyakov action on Ry x S* as O(4) sigma model
[27]. We introduce a group element h € O(4) by

4
hij = 0 — 2X3.X; where ) X7 =1, (3.3.16)
i=1
which obeys the relations h = h7 = h~! and the eigenvalues of h are (=1, 1,1, 1). One advantage
of this parametrization is that two Maurer-Cartan one-forms defined by j = h=!'dh and ¢ =
dh h~! coincide:
(Ja)ij = 2(Xi 0 Xj — X 0. Xi) = —(La)ij - (3.3.17)

Following discussion similar to that of Section the equation (3.3.7)) can be extended to

the flatness condition for one-parameter family of conserved currents

_J—xxg _ J+
J(x):w or Ji(x):]_:':.f’
dJ(z)— J(x) N J(x) = 0. (3.3.18)

Alternatively, we may introduce a pair of Lax connections (L, M) which satisfy the following

auxiliary linear equations:

Y Y
8,1p — Lip — {a(, > (1—|—x 1_96)} b =0, (3.3.19)
Dob — Mp = [aT+% (1]+—‘x+ 1]_2:)} v =0. (3.3.20)

Then, one can show that the zero-curvature condition (3.3.18]) is equivalent to the compatibility

condition of these two equations
[0, — L, 0. — M]=0. (3.3.21)

As in (3.1.29)), the Wilson loop operator (or monodromy matrix),

27
Q(r) = Pexp (/ do L(t,0; :U)> , (3.3.22)
0
is independent of 7, because of the zero-curvature condition, or equivalently
[d— J(z),Qz)] = 0. (3.3.23)

In the right hand side of (3.3.22)), L (7,0 ;x) is a traceless 2 x 2 matrix for the parametrization
(3.3.4) and a traceless 4 x 4 matrix for the parametrization (3.3.16). By construction, Q(z)
is holomorphic in x except at x = +1. From trji = 0, Q(z) is unimodular, i.e. det = 1.

Suppose L(7,0) can be diagonalized at all values of ¢ by a gauge transformation

L(t,0) = Laig(m,0) =U(1,0)L(1,0) U (1,0) + 0,U(7,0) U} (7, 0), (3.3.24)
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then Q(x) is diagonalized as

di P e for SU(2
) ~ 4 das (e or SU(2), (3.3.25)
diag (e'PL e "PL PR ¢ 'PR) for O(4).

The eigenvalues p(x) or py r(z) are called quasi-momentum.
As discussed in [27], the symmetry (3.3.17) between the left and the right current relates

pr and pg in O(4) case, as
pr(x) +pr (1/z) = 27m | (meZ). (3.3.26)

Thus, any solution of classical strings on Ryx S? can be represented by the corresponding expres-
sion of quasi-momentum p(z) = py(x). Hereafter we only consider the SU(2) parametrization

of the classical string action on Ry x S3.

3.3.2 Asymptotic behaviors

From the definition of Lax connections (3.3.19)), one can derive asymptotic behaviors of quasi-
momentum p(x). This allows us to compute the conserved charges of classical string solution
solely from the behavior of p(z).

Around = = oo, the monodromy matrix behaves as

Q(z) = Pexp M daé *j+O (%)} , (3.3.27)

1 1
:1——]§da*g‘+o<—2), (3.3.28)
X xr

L (i) , (3.3.29)

2

where we used ([3.3.13)). Assuming the solutions are the highest weight states of SU(2) as in
(3.3.15)), we obtain

1 27 1
p(x) = Tz (1 —J)+ O (E> as T — 00, (3.3.30)

where we used the freedom to choose the branch of logarithm such that the term of O(z°)
vanishes. The states other than the highest weight, can be obtained by SU(2), x SU(2)r
transformation.

Around z = 0, the monodromy matrix behaves as

g(r,0)Qx) g7 (1,0) = Pexp []{ do —xz*xl+ O (952)1 : (3.3.31)
:1+x]{da «+ O (27), (3.3.32)
_ 1222 02, (3.3.33)
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where we used (|3.3.14)). For the highest states, we obtain
27
VA

where m € Z is same as the one appeared in (|3.3.26|).
Note that the asymptotic behaviors of Q(z) given in (3.3.30)), and gQ(x)g~! in (3.3.34]) are

already diagonal from the assumption of highest weight state.

p(r) =2mm +x (Ji + J2) + O (2?) as = — 0, (3.3.34)

We further investigate asymptotic behavior of p(x) around x = 4+1. For this purpose, we
have to diagonalize Q(z). This can be done by using the similarity transformation (3.3.24) at
the leading order of (z T1)7", as

Q(z) = Pexp V do + % +0((zF 1)0)} : (3.3.35)
= Pexp V do — i’;ai +0((zF 1)0)} : (3.3.36)

where the normalization of (jgiag)+ is fixed by Virasoro constraints . At higher orders
the monodromy matrix is diagonalized recursively [27].

Actually there exists sign ambiguity when we derive (3.3.36]), which reflects the freedom to
swap the first and the second eigenvalue of Q(z) ~ diag (e ,e~?). We fix this ambiguity by

demanding the quasi-momentum to behave asE|

p(x) = —;;Ijl +0((zF1)") as x — =£1. (3.3.37)

To account for the other possibility, we introduce another Abelian differential called quasi-

energy, by
TK

rF1

q(z) = F +0((zF1)°) as x — *£1. (3.3.38)

3.3.3 The spectral curve

The quasi-momentum defined by need not be real, nor it must be an analytic function
of x € C\ {z = £1}. General solutions can have singularities such as marked points or
branch cuts. To describe the singularity structure of p(x), while avoiding the complexity of
diagonalization of monodromy matrix, we are motivated to study the characteristic equation

for the monodromy matrix,

I': det(yly —Q(z)) =0. (3.3.39)

The solution of this equation y = y(z) defines what is known as the spectral curve. Since the

characteristic equation (3.3.39) is quadratic in y, it defines the spectral curve as a 2-sheeted

3Strictly speaking, we have to specify a path on which = +1 is connected with z = —1. We will return to

issue in Section
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ramified cover of z-plane, I ~ (CIP&L UCP. . There is a natural involution which swaps the two

sheets, which acts on the quasi-momentum as

A

g :plx) —» —plz), i.e. (y,x) — (1/y,x). (3.3.40)

However, as discussed in [27, [31], the curve I' has an infinitely many singular points at
e = e~ = £1. Thus a better definition of the spectral curve is to take ‘logarithm’ of (3.3.39)),

as
S : det (yly — L(z)) =0,
ULx) U™ = —i% log (UQz)U™). (3.3.41)
One can further perform birational transformations and remove finitely many unphysical sin-

gularities from (3.3.41)). Eventually the equation (3.3.41)) is brought into the hyperelliptic form

2K

Sy =][@-a). (3.3.42)

I=1
The number of cuts K is related to genus g of the hyperelliptic curve by K = g + 1.

Put it shortly, it is shown that the quasi-momentum p(z) is a function over the hyperelliptic
curve Y expressed as 2-sheeted ramified cover of xz-plane, ¥ ~ (CIP’}r U CP! . When a solution
can be described by an algebraic curve with finitely many branch cuts, it is called finite-gap
solution. In what follows we will always assume K to be finite.

Alternatively, one can start from a hyperelliptic curve ¥ and Abelian differential dp defined

on it, together with the projection,

T: ¥ — CP', (3.3.43)
) W
vt = . (3.3.44)

From this point of view, the spectral parameter € CP' is identified as the one appeared in
the flatness condition E|

Note that there is huge redundancy in expressing a classical string solution in terms of
complex planes connected with branch cuts. In contrast to the thermodynamic limit of Bethe
Ansatz equations, we have the freedom to connect branch points of arbitrarily, because

all of them define the same algebro-geometric data of a finite-gap solution.

Now we know that the quasi-momentum is a meromorphic function on X except at some
singularities, we can speak of quantization of period integrals of an Abelian differential dp. Let

{a;,b;} (i=1,...,9) be a basis of one-cycles with the canonical intersection

J J J J

+

4The superscript # in z& is used to distinguish two sheets of (CIP’li. This is unrelated with 2* defined in

@5.14).
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Let w; be the holomorphic differentials on Y, normalized such that

/ Ww; = (Sij y / W; = Hz‘j . (3346)
aj b;

J J

Since holomorphic differentials do not have any singularities, one may redefine dp(x) by sub-

tracting w;’s to obtain normalized Abelian differential:

/ dp = 0. (3.3.47)

As a consequence, the Abelian integral

p(P) = / dp, (3.3.48)

oot

is single-valued on the upper sheet CIP’Er .

Next, consider discontinuity of p(z) across one of the cuts Cy, . If p(x+i€) (¢ < 1) stands on
the upper sheet, then p(x — i€) stands on the lower sheet. When € = 0, we can regard p(z % i€)
as two independent solutions of the spectral curve equation , related by the involution
¢ of (3.3.40). Since Q(x) is unimodular, we must have e®(@*%) ¢~} — 1 This condition

demands the discontinuity across a cut to be multiple of 27, as
p(x + i€) + p(x — i) = 2mny, for x € Cy, (3.3.49)
which is shown to be quantization of b-periods, following the same discussion in Section [2.4]

Let us comment on the uniqueness of Abelian differentials. The normalized Abelian differ-
entials (i.e. vanishing a-period ([3.3.47))) are uniquely specified by their pole structure, as can be
shown by using the Riemann bilinear identity [139, 138, [140]. In the case of quasi-momentum,

its pole structure is described as

dp(zF) ~ Fd (;_’1) as x — +1, (3.3.50)
+ TR _
dp(x=) ~ Fd (x n 1) as v — —1. (3.3.51)

The same applies to the quasi-energy, which can be uniquely defined as a normalized Abelian
differential (of the third kind) whose pole structure is given by ((3.3.38)).

Before closing, we explain a little on analytic profile (& ,&) of general finite-gap solution
on Ry x S*. We have considered so far how to construct an algebraic curve with an Abelian
differential (X, dp) when a consistent string solution is given. Conversely, one can consider
the Riemann Hilbert problem, that is to determine the pair (X, dp) such that they reproduce

mode numbers and conserved charges of a consistent classical string solution. Furthermore, one
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can also reconstruct analytic expression of classical string solution (& ,&) from the algebro-
geometric data, which has been done by [30, [3T].

The idea of the construction in [31] is to solve the auxiliary linear problem

(d—J(z))p(z) =0, (3.3.52)

which is equivalent to (3.3.19)) and (3.3.20). Remarkably, the solution ¥(P) (P € X) is uniquely
specified by its analytic properties, and is expressed by so-called Baker-Akhiezer vector.

Given the solution of , one can immediately reconstruct the profile of classical string
solution (& ,&2). Note that the equation is formally solved by

J(z) = U (2)d¥(x), U(z) = (P(a),p(z7)). (3.3.53)

Then, using J(0) = j = —gdg™", one can obtain g~! from ), as

-1 & & . 1 B W (0F) by (07)
T <—52 fl) B U(0) (), v (0) = <w2(0+) %(O_))- (3.3.54)

Explicit expression of the Baker-Akhiezer vector in terms of Riemann 6 functions is found,

for example in [31], as

U (P,o,7) =k_(P)

’“U

4 (A(P) + fb dQ — C'y(o,o)) 0 (A(oo+) - C’y(0,0)) oxo [ i F
0 (A(P) — Cwo,o)) 0 (A(cot) + [, dQ — CA/(O,O)) P < / dQ) ’

oot

(3.3.55)

0 (A(P) + [, dQ = Cy00)) 0 (A(07) = Cri00) oo (i [
0 (A(P) — C’y’(0,0)) 0 (A(co™) + [, dQ — Cv/(O,O)) b ( / - dQ) .

[e.e]

Yo(P,o,7) = ki (P)
(3.3.56)

It is worth mentioning that the Baker-Akhiezer vector v (7, 0; P) depends on worldsheet coor-

dinates solely through the differential form
1
dQ:= Py (odp + 1dq) . (3.3.57)
s

This expression infers that the quantities ‘quasi-momentum’ and ‘quasi-energy’ are nonlinear

(and sophisticated) analogue of the Fourier transformation on worldsheet [28] [141].

3.3.4 Comparison with gauge theory

In this subsection, we will summarize the results derived so far using resolvent. Then we
compare them with the thermodynamic limit of XXX; , spin chain discussed in Section [2.4{ [T1].

Just like gauge theory (2.4.14)), we define resolvent G(x) by subtracting pole singularities

from the quasi-momentum, as

(3.3.58)



Similarly, the density is defined as

(3.3.59)
where C = U, C;, surrounds all branch cuts.
From (3.3.30]), the resolvent has an asymptotic behavior
2 Jy—J.
G(z) ~ al </§ S 2) as T — 00, (3.3.60)
x vV
which translates into
2T
drp(x) = —=(E — J+2Js) , J=J1+ Jo, (3.3.61)
oot =5

where we used £ = v/Ar, which follows from ¢t = k7 and (3.2.7). From (3.3.34) we obtain,

G(z) ~ 2mm — 27z (I{ _Nt JQ) as © — 0. (3.3.62)
VA
This gives
1
——f iz &) ]{dx G - (3.3.63)
2m x c x
1 ( 2

T (B, (3.3.64)

- }{ d:):Gx fd:ppx
27TZ (0) ZE I

where ¢(z) is a small circle around = = z. The condition for discontinuity ((3.3.49)) is rewritten

as

27K n 27K
r—1 z+1

G(x +ie) + G(x —ie) =2 ][df gf(——@g = 2mny + for 2 €C,. (3.3.65)

The main differences between the finite-gap formulation of classical string theory and the

thermodynamic limit of Bethe Ansatz equation are:

e The quasi-momentum p(z) in string theory (3.3.58) has single poles at © = +1, while
p(z) in the gauge theory (2.4.14) has a single pole at z = 0.

e The finite-gap formulation is valid under the classical approximation A > 1, while in gauge

theory side we have to take weak coupling limit A < 1 together with the thermodynamic

limit (24.1).

To compare both sides, we take a clever limit called BMN expansion [44] 45]. The idea is
to take the limit J — oo such that

J — oo, a= ?, 7= % kept ﬁxed (3.3.66)

5An extra factor of v/\/(47) is needed to identify Tgauge With Tsiring -
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together with the assumption of A = A/J? being small. We further assume the energy is

E—J= J{ZZ% (%)j G)k} (3.3.67)

Jjz1 k>1

expanded as

by analogy with . This way of limiting procedure is, of course, motivated by thermo-
dynamic limit in gauge theory . Furthermore, as we will see later, one can find several
nontrivial examples of correspondence of the spectra between gauge and string theories in this
limit, at least to a few orders in .

Let us apply the limit to what we obtained in this section. In terms of Z, the
equations (3.3.61)), (3.3.63)), and are rewritten as

o E—J+2J
d _bzJr2h 3.3.68
i o) = =5 (3.3.68)
fd:ﬁ P2) _orm, (3.3.69)
C T
A )

dr —= = F — 3.

ijg las J. (3.3.70)

These equations agree with the gauge theory results (2.4.7)), (2.4.10)), and (2.4.12)), upon iden-

tification

(A(N), L, M) e (E(N), J, J3) . (3.3.71)
Moreover, the equation for discontinuity (3.3.65)) becomes

- plf) E
2 ][df f)(g)N == - S+ 2mng for x € Cy. (3.3.72)
i-¢ J 2 5hp

Since we compare our results with the one-loop results in gauge theory, the above equation can
be evaluated at the zeroth order in A. With the assumption (3.3.67)) in mind, we can replace
the first term in the right hand side with 1/z. The resultant equation turns out exactly same

as the Bethe Ansatz equation in gauge theory side ([2.4.8]).

We make a few remarks on further developments on the correspondence of algebraic curve.

One can further make such comparison at higher orders in ), as already discussed in [11].
Later it turned out in [7), 10] that there is mismatch between integral equations of gauge and
string theories, which can be reconciled partly by introducing the dressing phase.

Another remarkable progress is the correspondence of algebraic curve for sectors other than
su(2). Generalization to sl(2) sector and so(6) sector, and the full psu(2,2|4) sector are dis-
cussed in [20], [27], and [28] 29], respectively.
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Chapter 4
Solutions of the integral equations

We see several examples of solutions of the integral equations which arise as thermodynamic
limit of XXX/, Bethe Ansatz equation, or as finite-gap formulation of classical string one loop
in \. As we saw in the previous chapter, the two formulation coincide after taking BMN scaling
limit (2.5.13)) or (3.3.67)) at one loop.

We will confirm the above statement with close inspection on concrete examples. They

also help us to understand how an algebraic curve with Abelian differential corresponds to a

classical string solution.

4.1 Symmetric two-cut solutions

We consider the solutions of XXX,/ Bethe Ansatz equation in thermodynamic limit with two
cuts, each of which is located symmetrically with respect to imaginary axis [44], [45 [11]. We
will then identify them as finite-gap interpretation of so-called Frolov-Tseytlin string solutions
[38].

Let ¥ be an elliptic curve defined by
Yooyt = (22 — ) (2 — 23), (4.1.1)

where we assumed branch points are located on the real axis. Later we will make analytic
continuation of branch points to the complex plane. Recall that quasi-momentum dp given
in (2.4.14]) has double poles at = 0, and has no other singularity elsewhere. Then quasi-

momentum on the curve ¥ will be given in general form

d - -
dp = (a—j+2+ao>. (4.1.2)
y \x x
Higher terms in z should vanish for it destroys asymptotics of p(x) as x — oo. The coefficients

a_y,a_1,aq are determined from the conditions dp ~ dx/(22%) + O(1) and (2.4.20)), as

—dx 1 -2« xla:g)
dp = - . 413
' ¢<x3—x2><x2—x%>< 7w )
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We define period integrals by

1 — 2« x1x2>
— = 2mm, 4.1.4
% / V(22 — 22) (22 — 22) ( 2 212 (4.14)
1—2a x129
dp = 4/ ( — > = 47n. 4.1.5
% P V(22 — 22)(22 — 2?) 2 212 (4.1.5)

These integrals can be expressed in terms of complete elliptic integrals (See Appendix |A] for

definitions). After short calculation we obtain

1 nE'(k) + im (E(k) — K(k))

b=2a= k nK'(k) —imK(k) ’ (4.1.6)
and 1 1 1 1
_ - = 4.1.
TTYUNKE) —imK(k) 2T 4k nK'(k) — imK(k)’ (41.7)

where E/'(k) = E(v1 — k2) and K'(k) = K(v1 — k2?).

The anomalous dimension at one loop in A is given by

A 1-2a 1/1 1
_ i1 418
7T 1621 ( T1Te 2 <:c% N x%)) ’ ( )

where L > 1 is the length of spin chain. The R-charges, or the angular momenta, are expressed

as J1 = (1 — a)L and Jy = oL . Reality constraints restrict possible sets of (m,n). We are
interested in the case either m or n is zero. It will turn out that the case m = 0 corresponds
to the folded string solution, while the case n = 0 corresponds to the elliptic circular string

solution.

Double Contour solution. We set m = 0 and analytically continue x; and x5 into complex
values keeping x; = Zo . This is called double contour solution [44].
With ¢ = v/1 — k2, the anomalous dimension is written as

n’\ q>
= K E(@-1—-=|K . 4.1.
y= K (B0 - (1- %) K0 (4.19)
The filling fraction and the R-charges areﬂ

a_}@_ ﬂ@) _ LK) —E(@@ LK) +Eq)
¢ K(q) 2 ¢K(q) 2 (K

: (4.1.10)

The double contour solution is dual to folded string solutions found by Frolov and Tseytlin

[38]. The conserved charges of folded string are given by

E= ”*/— 22 4+ ud K(z), (4.1.11)

'Here we interchanged J; and J;, so that a = J; /L.
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and

Ji = ”T\/X V1+ud (K@) —E(z), Jo= VA uy E(x), (4.1.12)

T
where n € 7Z is the number of foldings, x and us are parameters. If we consider the limit

us > 1, these conserved charges reduce to

FomA K(z)+ O ("\/X> —J+0 (nﬁ) , (4.1.13)

J K(z)’ T Uz Ug

with J = J; + J,. Now we assume the conserved charges are expanded in powers of A = A / J?

as (3.3.67)), and try to compare the above results with (4.1.10). We may identify Ji / J with the
filling fraction of (4.1.10f). The two elliptic moduli are then related as

i(1— k)
Wk

In fact, by performing modular transformation we find

r==4

(4.1.14)

K(z) = VEK'(k), E(z)= % (\/EK’(IC) + %E’(lﬂ)) : % ~ % (1 —

where we used ¢ = v/1 — k? again. At the same time, we obtain relation

E(q)
¢K(q)

) . (4.1.15)

1 Lm
Uy & ,
2T VRK(K) nvA

which is indeed very large for A < 1. Using ([.1.16) and (£.1.13)), one finds that the correction

term E — J has the same order of magnitude as the anomalous dimension (4.1.9)).

To compute subleading terms, it is useful to erase uy from (4.1.11]) and (4.1.12)) as

E i J 2_x2n2/\ I 2 7 2_n2/\
(K(x)> _<E(I)> R (K(I)—E(x)> _<E(ac)) =2 (4.1.17)

(4.1.16)

By expanding x in series of A as & = To+ x1 A+ - -, one obtains the next correction term
-~ [2A Ji E (o)
E-J~ (2K {E —(1-20)K } D : 41.18
(2%) Ko fBm) - (- K} Zxi- g0 )

By using the modular transformation (4.1.14}), one can find that this expression equals to the

one-loop anomalous dimension (4.1.9)).

Imaginary root solution. We set n = 0, and bring the four branch points onto the imaginary
axis keeping @12 = —Z12.

The anomalous dimension is

y = %”L K(k) (E(k) ! _2’“ K(k)) . (4.1.19)
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The filling fraction and the R-charges are

_E(k) - (L -RWK®E) L1+ RK(E) - Bk
2k K (k) T kK (k) ’

(4.1.20)
The imaginary root solutions are dual to circular string solutions of Frolov and Tseytlin,

whose conserved charges are given by

B A

14 ud K(z), (4.1.21)
m

and

7, = MYA Vet (K(z) - E(2), o= "Y2" @) (1-K), (4122

T 2 T a2

where n € Z is the number of winding. The comparison between ~ and E — J can be done in

a similar manner [45].

Comparison of higher conserved charges has been done in [142] [42].

4.2 Pulsating and rotating strings

In general, it is not easy to compute the quasi-momentum of a given classical string solution
explicitly in the manner described in Section [3.3] However, the pulsating string of [41], or the
pulsating and rotating string of [42] are interesting examples whose quasi-momentum can be

easily computed from the definition [I1].

4.2.1 The profile

We follow [43] to obtain pulsating and rotating string solution.

We consider Polyakov action on R, x S? in conformal gauge,

\/_
= 4—;\ d*o [—

S (0a1)? + 0, - 0°€ |, (4.2.1)

which is same as (3.3.3). Pulsating and rotating strings are obtained by an Ansatz
t=rt, & =cosfe™, & =sinfe . where 0 =0(7), ¢2 = ¢a(7). (4.2.2)

Equations of motion and Virasoro conditions are solved by

2
Jo = sin®0 ¢, K2 = 0%+ mj cos 62 + (£> . (4.2.3)

sin 6
where 7, = Jy/ V) is the angular momentum in ¢, direction, and the dot (") represents deriva-
tive with respect to 7. One can rewrite the second equation as

o / df sin6
Vmicostd — (m? + k2) cos? 0 + k2 — T3

(4.2.4)
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and integrate it out as

cosf = a_sn <m1a+7', a__) , (4.2.5)
G+
where
L m bRt (k42— dmd (2 - ) o)
1= o2 ) 2.
There is another solution obtained by interchanging a, and a_. As is clear from (4.2.5)),

interchange of a; <> a_ induces modular transformation of Jacobi elliptic functions. Thus
a+
cosf =aysn | ma_t, — |, (4.2.7)
a_

is also a solution.
The first equation of (4.2.3) can be rewritten as

doy _ T2
df  sinfy/m?costd — (m? + K2) cos? 0 + K2 — J}

(4.2.8)

and integrated out by

Py = J> IT (sn (m1a+7, Z—) ,a_ a_) , (4.2.9)

miay

where

A dt
II(p, v, k) = /o v Va-B (=) (4.2.10)

is the incomplete elliptic integral of the third kind. Notice again that

g = J> II (sn (mla_T, a_+> gy, a_+) , (4.2.11)

mia_ a_ a_

is also a solution.

4.2.2 Finite-gap representation

Let us study the finite-gap representation of the pulsating and rotating string solution. Since

Q(x) is independent of 7, we may set 7 = 0 to evaluate the right hand side of
B 2
Q(z) = Pexp (/ do (0,7 x)) | (4.2.12)
0
By using (4.2.2)) and assuming 0(0) = /2, ¢2(0) = 0, one obtains

L(0,0;2) = —— ( 172 GGWU). (4.2.13)

P\ deme i,
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It is easy to see that one needs o-dependent special unitary transformation U(o) to diagonalize
LE| Since the monodromy matrix (3.1.29)) is gauge-invariant quantity, we perform an SU(2)

(or O(4)) gauge transformation on Lax connection L by
e—im10/2
L—L=ULU"+0,UU", U= o2 |- (4.2.14)
elm [

It turns out that L’ is independent of o, as

R iz — v o=t (4.2.15)
2 —1 —0 —ijg + v

so that the quasi-momentum p(x) equals to 27 times the eigenvalue of L'. Using 62 = k% — J2

at 7 = 0, one finally gets

2mw my (22 —1 2 )
p(z) = — 5 ~ T ) +K2—JF +1m, (4.2.16)

2 —1 T

which is the result derived in [II]. We added an extra term +mm;, which amounts to trivial

redefinition of quasimomentum p. This result can be reexpressed in terms of ay variables
defined in (4.2.6). By noting that

2

2 2 _ 72 2
A =11 22 =""T (@2 ) a-a)= <é> L (4.217)
my miy

we obtain

2rmx 2 —1

plx) = — 1 \/( P \/(ai —1)(1- a2_)>2 +a%a® +7mmy, (4.2.18)

which is manifestly invariant under the interchange a, <> a_ .
The quasi-momentum (4.2.16)) has the following asymptotic behaviors:

p(z) = —x?jl +0(1), around o = 1, (4.2.19)

p(x) = 2rmy + 2rmy Jo w + O(2?), as v — 0, x>0, (4.2.20)
2 1

p(x) = 2mm g +0 (—2) , around x = 00. (4.2.21)
T T

Under the inversion z +— 1/, it transforms as

p(z) — p(l/x) = p(—x) = —p(z) + 27m, . (4.2.22)

When we set Jo = 0, the algebraic curve is represented as symmetric 2-cut solutions. In
fact, the quasi-momentum (4.2.18)) becomes

2“Special” is required to maintain the unimodularity of monodromy matrix.
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G w_ wy
w_
Cy Cs
—w_
C2 —W4y —wW_
w4 : imaginary w4 : complex

Figure 4.1: Choice of branch cuts. For k£ > 1, four branch points are connected as in Left

Figure. For 0 < k < 1, they are connected as in Right Figure.

(z) 2Tmyx 2 -1 2—|—k52 n
)= — Tm
p 2 —1 2x L

= — 72Tm11 V(22 — 1+ 2ikz) (22 — 1 — 2ikz) 4+ mmy
:L' —
_ _xg”jll Vi —w) (z—w ) (z+wy) (z+w_)+mmy (4.2.23)

where

k=a_ ="  wy=ik+V1- k. (4.2.24)

my
Thus, four branch points are located symmetrically with respect to the imaginary axis when
Jo = 0.

Let us specify how to connect four branch points. The cases £ > 1 and 0 < k < 1 can
be discussed separately. For & > 1 case, wy become purely imaginary. Thus we connect
wy with w_, and —w, with —w_, and call it “imaginary cut” solution. The imaginary cut
solution is included in type (i)’ helical strings of Section [7.2.2] For 0 < k < 1 case, we have
(wy)" = —w_. So we connect the complex conjugate pair of branch points, and call it “double

contour” solution. The double contour solution is included in type (i)’ helical strings of Section

21

4.2.3 On the gauge theory dual

Let us comment on the gauge theory dual. In [42], it was shown that the pulsating and rotating
strings are dual to “singlet solutions” of so(6) Bethe Ansatz equations. The solution presented

in [42] was half-filled, i.e. ny = ng = ny/2, where n; is the number of momentum-carrying
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Bethe roots and ny 3 are the number of auxiliary Bethe roots. Another expression of the so(6)
singlet solution is found in [27].

As explained in [I1], we can recover the so(6) singlet solution by taking weak coupling
limit of the finite-gap solution. Firstly we rescale = by z = 4nkd = (4nE/V/A) i then the

quasi-momentum (4.2.16|) becomes

- 1 _ 1 ) 2 )
p(fﬂ):_z%(fg_ i )\/(27mm1 (xz—m)—jzx) + (k2 = J3) 2% +my ,

1672k

1 _ 1 T \? TN
_ 2 _ _ _ 2
5 (532 16;2&) \/(27rm1 (x 167r2/<a2> p x> + (1 - 72 +7mmy  (4.2.25)

Secondly, recalling that J, = VA7 and E = vV Ak, we take the limit A\ — 0 and obtain

1
pa() = ZFﬁ\/(Zﬂmlfc (1= B))P=B(B—2)+7m, (4.2.26)
where f =1— Jo/k =1 — Jy/E. Then, the resolvent
- 1 -
G() = & o= + p=(7) (4.2.27)

is exactly same as that of so(6) singlet solution of [42]. Notice that by taking the weak coupling
limit, the two-cut solution (4.2.25)) shrinks to a pair of one-cut solutions (4.2.26)). Hence, to
reproduce the finite-gap representation of pulsating and rotating strings, one has to consider

the sum of resolvents
GZ) =G () — G (—2) = -G_(Z)+ G_(—T) (4.2.28)
in the gauge theory side.

The sum of all filling fractions in the region x > 1 is called “length” of the string Lpkg in
[27]. This length agrees with the length of so(6) spin chain at one-loop in A, if there are no
branch cuts passing across the unit circle.

Their argument is not applicable for general pulsating and rotating strings because branch
cuts cross the unit circle. However, there is another quantity called “length” in strong coupling.
In [43], they claim that Lxr = J + I should correspond to the length of spin chain, where Iy

is the action variable along theta direction

Iy = ﬂ dr 6% = QKJXE(m) )

27 T K

(4.2.29)

They expanded the quantity £ — Lkt in series of /L%y, and around k = 0 they found
agreement with the gauge theory results [42] [143].
We do not understand well whether such nice agreement can be generalized to other exam-

ples in non-holomorphic sectors.

3This rescaling is almost same as what we did in ([3.3.66]).
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Chapter 5

Correspondence for the systems of

infinite size

It was Staudacher who pointed out that S-matrix is simpler object than Hamiltonian to study
matching of the spectrum in AdS/CFT correspondence [§]. In fact, in ordinary quantum field
theories in infinite volume the physical spectrum should appear as poles of the S-matrix. Thus,
it is quite interesting to compare the S-matrix of a spin chain of infinite length, and that of
string worldsheet whose spatial circumference is decompactified.

Surprisingly, it is shown that we can uniquely determine this S-matrix and the dispersion
relation to all orders in A, on the basis of existing results from perturbative computation, and
the requirement that they agree with the results of string theory at strong coupling. They
provide nontrivial examples of precise matching in AdS/CFT correspondence, which we are

going to review below.

5.1 Asymptotic spin chain

In [12] [61], Beisert considered a spin chain of infinite length, called an asymptotic spin chain
[8], and argued that if the length of a spin chain is strictly infinite, one can add extra central
charges to its superconformal symmetry algebra. After the central extension, eigenvalue of the

dilatation operator for BPS states becomes a nontrivial function of A.
We start by defining the ground state of asymptotic spin chain as

10)

[... 227 ...], where A—-L=0, (A, L=o). (5.1.1)

L=oc0

We assume the ground state is invariant under the insertion or the removal of Z, because it
has an infinite number of Z’s. Accordingly we do not take trace in the right hand side, and
neglect the trace cyclicity condition for the moment.

Excitations over the vacuum can be classified according to representations of the

superconformal symmetry algebra. Since the dilatation operator (or the Hamiltonian) is part
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of symmetry algebra and is not a central element in N' = 4 theory, psu(2,2|4) global symmetry
is spontaneously broken down to psu(2]2)* x R [[]

A |
Sy | Jy — Sy | Jy |- (5.1.2)
SQ J3 52 J3

The residual bosonic symmetry is (SO(4)adas X SO(4)sphere) X R, where the central element
corresponds to dilatation. We may discuss psu(2|2); x R and psu(2|2)r x R separately, by
identifying dilatation operator of the two algebra.

The algebra su(2|2) ~ psu(2|2) x R is a part of the full psu(2,2|4) algebra. It has bosonic
subalgebra su(2) x su(2), whose generators are denoted by R,’ and £ with a,b,a, 3 = 1, 2.
The supersymmetry and superconformal generators are denoted by Q%, and &%, respectively.
There is a central charge € corresponding to the dilatation of psu(2,24).

Being part of the psu(2,2|4) symmetry, the commutation relations for psu(2|2) x R is given

as follows:
1
(M”37 = 923" = 5 03¢ (5.1.3)
N o Lo
[£%, 37 = 053" = 5537 (5.1.4)
{Q%,, 6"} =82 L% + 65 R." + 0.05 €, (5.1.5)

which can be determined from the symmetry, and other commutation relations are trivial.

Now we extend the above algebra by adding two extra central elements as follows:

{9, 9%} = e, (5.1.6)
{6%,6%} = cape™R. (5.1.7)
Since the generators Q and & have mass dimensions +1/2 and —1/2, the mass dimensions of

B and K are +1 and —1, respectively. As we shall see below, they act as the insertion or the

removal of Z.

5.1.1 The spectrum

We proceed to one magnon states. There are 16 magnons that have Ag—J; = 1in N = 4 theory,
where 4 is conformal dimension at A\ = 0. They constitute the fundamental representation of
su(2]2)?. Let us rewrite the indices of N' = 4 bosonic fields as

®! = (07),a @, DMZ = (0")aa D Z (5.1.8)

!The semidirect product means there are nonzero commutation relations between dilatation and the gener-

ators of psu(2|2)2.
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where the indices I or u are raised or lowered by d;; or by 7,, , respectively. Sixteen magnons
are then decomposed as

¢l ¢2 wl 1/)2

Qgi Pl P21 pli P2l

QEQ @12 (1322 \1112 \1122 (519)
1wt 9? pliz plig
52| ¥ T® Dz Dz

Other fields such as Z and F* = (o#) , F% + (6"),; F @b are realized as higher dimensional
representations of su(2]2)2.

From this decomposition table, one sees that the bosons ¢* have bare dimension 1/2 and
the fermions ¥® have bare dimension 1, which are equivalent to the mass dimensions of three-
dimensional free field theories.

Let us focus again on one of the su(2]2)?’s. If the cyclicity condition is relaxed, one magnon

states can carry nonzero quasi-momentum:

ne”

]X(p))EZeip”[...ZZ...i\(...ZZ... , (5.1.10)

where X € {¢', ¢*| 9!, 1?} is in the fundamental representation of su(2|2) algebra, which we
denote by (2|2), with p quasi-momentum of the magnon.

Let us see how the generators of su(2]2) act on the fundamental representation (2|2),. From

(5.1.3) and (5.1.4). the rotation generators act as
1
Ro" [67) = 05 [¢") — 5 0a167). (5.1.11)
(0% o 1 «
L% [7) = 05 [v*) — 595 [97) (5.1.12)
and supersymmetry and superconformal generators act as

Q% [¢") = ad, [v7) ( )
Q% [07) =bePeq 0" 27, ( )
S0 |0") = ce®eng [0 Z7), (5.1.15)
&0 |¢7) = d 3] |9). (5.1.16)

The symbols Z* signify insertion or removal of Z, which are needed to equate the mass dimen-
sion of both hand sides. Note that we do not distinguish the states with a different number of
Z*’s when we classify the excitations with respect to representations of su(2[2).

Alternatively, these relations can be deduced from psu(2,2|4) superconformal symmetry of
the parent N = 4 theory using the decomposition of . One can find that insertion of Z
is understood as dg1 ~ [¢, Z] and removal of Z as taking OPE with Z(0), like dg¢(x) - Z(0) ~
xp(x) - Z(0) ~ 1(0), at weak coupling [144].

71



Actions of B and R are determined from ( and - as
PB|X) =ab|XZT) and  R[|X)=cd|XZ"). (5.1.17)
Using to evaluate {Q%,, &5} | X(p)), one finds
ad —bc =1 and ¢ X(p) = %(ad—{—bc) | X (p)) . (5.1.18)

If we impose the trace cyclicity condition on the (2|2), state, it must obey P = K = 0 as well
as p = 0, giving € = +1/2. Thus we can relate the central charge with the conformal dimension
as € = (A — J;) /2 for the states with € > 0.

If the fundamental representation is unitary, we also have
a=d, b=¢, peR. (5.1.19)
In other words, the generators Q and & are conjugate with each other.

We can obtain nontrivial results from centrally-extended supersymmetry algebra once we
consider multi magnon states (or tensor products of (2|2),,), because those generators act on
the overall state.

Consider actions of 8 and K on the multi magnon state of the following form:

Xi(p) - X)) ~ 3 eip1"1+"'ip”f"“f[...ZZ...Xl...XM...ZZ.... (5.1.20)
n1<-Knyr 7/1\1 TL/]>

First, we have to notice difference between the states | X Z*) and |Z*X). If we insert Z* to

the left of an impurity X, we get

|Z+X(p)>zzwn[ 27, X...ZZ...}

n+1

=3 et [ 22X .27 ] — | X(p) 2", (5.1.21)

and similarly we get |Z~ X (p)) = e™ | X (p)Z~). Next, by applying (5.1.17)) successively to the
state ([5.1.20]), we obtain

PBIXi(p1) - Xmlpm)) = Zajbj exp (-i Z pk) 1 X1(p1) - Xp(pmr)) s (5.1.22)

=1 k=j+1
R Xi(p1) - Xm(pm)) chd exp <+z Z pk> | X1(p1) - X (par)) - (5.1.23)
k=j+1

The factors aibr and cxdi can be determined by the following argument. We require the
conditions P = K = 0 must hold on the physical states that satisfy the trace cyclicity condition
22/121 pr = 0 for any M. This requirement can be fulfilled if

akbk =g (€7ipk - 1) 5 dek = gcﬁ (eipk - 1) ) (5124>
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where constants o and 3 are independent of py, and g, = VA /(4m) are put for convenience.
Written in this way, it is clear that 8 and K generates gauge transformation corresponding to

the insertion or the removal of Z,

B: X = galZ7X], R: X » gpZ27,X]. (5.1.25)

Gathering the results (5.1.18)) and ([5.1.24]), central charge for the multi magnon state is obtained

as

CIXu(p) - Xuelpar)) = Y <i% \/1 +16 g2af sin’ (g) ) X1 (p1) - Xar(par)) . (5.1.26)

Since the factor g?a/3 is a function of the 't Hooft coupling, we can rewrite this equation as

O:% (A—J) = %\/1+f(>\)sin2 (g) (5.1.27)

Consistency with the BDS Ansatz [7] requires
A
) =5+0(), (5.1.28)

and comparison with the BMN /pp-wave limit [4], or the results of string theory (discussed in

Section |5.2)) dictates
fA) = 4
1672

It is convenient to parametrize the four parameters a,b,c,d by another set of variables

=g2. (5.1.29)

xt, 17, o, as follows:

o xt iy xt x”
— v, b=vg—(1-"), =0 ——, d=+g.—|[1—"—]). 5.1.30
a=+/g.7 Ve - ( z) €= V9o — Ve 3 ( ﬁ) ( )
We have the consistency condition
L1 _ 1 1
ad—bc=1 = 74+ ——-0 ——=—. (5.1.31)
xt T ge
The momentum p and the central charge C' are expressed as
+
w_ T e L 1 5.1.32
e pop g \& T oF + — ) (5.1.32)

The new parameter 7 controls normalization of the fermionic state [¢) with respect to the
bosonic state |¢). We have |z7| = |2~ | for real values of p, and the unitarity imposes
the constraints

=—i(zt —a27), (5.1.33)

which can be solved by
= |=i (@t =2, ol =1 (5.1.34)

Their complex phases are left undetermined.

2Explicit forms of the coefficients, at one loop in A, can also be obtained via the reduction of the super-
conformal transformation of the psu(2,2[4) theory down to psu(2]2)? x R3. They are consistent with (5.1.24)
[144).
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5.1.2 The S-matrix

Next let us consider scattering of two magnons over asymptotic spin chain. The two magnon

states transform as the representation (2|2),, x (2|2),, , and appears like

X1 (p1) Xa(pa)) ~ [...ZZ...XI...XQ...Z...}

- =
p1 D2
+sint[...ZZ...<X1X2>...Z...]—I—S(pg,pl)[...ZZ...Xl...XQ...Z... (5.1.35)
— — - =
p1 P2 p2 p1

The second term represents the state where two magnons get close to with each other. The
coefficient i, will be determined such that it is compatible with su(2]2) symmetry. The last

term contains S(py, p2), namely S-matrix of the asymptotic spin chain.

The S-matrix can be regarded as an operator interchanging two adjacent magnons,

Ser |- Xk Xi--+) = (coefficient) |- - - X; X -+ -) . (5.1.36)

We require the S-matrix is compatible with the symmetry algebra, that is,

Sk + 31, Sk) = 0, (5.1.37)

where J is any generator of the su(2|2) algebra. Noticeably, combining the last condition
and the conjectured S-matrix in su(2) subsector (with the dressing phase) together, one can
uniquely determine the su(2]2)-invariant S-matrix. The results are listed below. We decompose
(2]2),, x(2]2),, into irreducible representations of the su(2|2) algebra, and regroup each element

of the S-matrix with respect to these representations, as

Sial10%) = Awa| @y 67) + Buoloy o) + % Crac™ens| VSV 27, (5.1.38)
Sialfs) = Dial3*h) + Eraltpl y) + % 126 e @3 Z7T), (5.1.39)
Siald95) = Graltf ¢7) + Huald307), (5.1.40)
Sia|f ) = Kia[5 ¢h) + Lo 45¢7). (5.1.41)

74



The coefficients from A5 to Li5 are given by,

+ —
Ap =80, 20 (5.1.42)
Ty — Iy
+ 1 —1/oaF o= — 2=
Biy = 80,270 (| gl lmur @y may ) (5.1.43)
2 1 5 —
Oy = S0, 1172 Y0 (5.1.44)
a xfrd 1—1/af2f 25 — 2]
1—1 +,.— 1+ _ T
By = -0, (1—glot/m @ —or (5.1.46)
e —sy, 0 2 me)ey mwy) 1 25— ”{ , (5.1.47)
Y172 Ly Ly 1= 1/ayay oy —
o T3 —af
G2 =Sy —=, (5.1.48)
Ly — Iy
0 N Ty — Ty
Hyg =5, — —+, (5.1.49)
e my — )
+
Kp=5,20 "% (5.1.50)
T Ty — Iy
Lyp= 5% 2= (5.1.51)
Ty — Iy

Various formulae useful to derive the above result are listed in [12]. The scalar factor SY, are

related to the dressing phase as [60]

— + -+
ry —x7 1 —=1/27x
(5?2)2 = 2 . /o 2_ o®(p1,p2) - (5.1.52)
ay —ay 1—1/afa
The representation of super-Lie algebra su(2|2)? has an unusual feature that the product
of two irreducible representations can be irreducible. A good example is the tensor product of

two short (4 dimensional) representations

2
(22),, © (2]2),, C (8]8), with C=Y \/1 +16 g2 sin® (%) : (5.1.53)
k=1

which is in the long (16 dimensional) representation in general, depending on the value of
central charge C. It can become short again if C' can be rewritten in the single square-root
form.

An important example of higher-dimensional short representation of su(2|2) is supersym-
metric extension of the totally symmetric representation of su(2), which is called (BPS) magnon

boundstates [50} 59, 58, [145]. For the two magnon case, the boundstate condition is given by

Ty, =z . (5.1.54)
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Since the coefficient A5 diverges there, the S-matrix becomes the projector onto the symmetric
product representation. The field content of two-magnon boundstate is explicitly obtained in
[T45]. In general, Q-magnon boundstate forms 16(Q?-dimensional representation of su(2]2)2.

Energy and charge of (-magnon boundstate are given by
B =Y _E(z1), Q=Y Q). (5.1.55)
k k

By introducing the outermost rapidity variable by

X* =), X ==z, (5.1.56)
and using the boundstate condition :c;r =z, forj=1,...,Q — 1, the energy and the charge
become

VA 1 1

EFE=—"<Xt - — X+ — 5.1.57

i { X+ e } ’ (5.1.57)

VA 1 1

=Xt 4+ — X ——5. 5.1.58
@ 4mi { * Xt X—} ( )

We may further diagonalize the su(2|2) spin chain using nested Bethe Ansatz, which was
done in [I2 [146]. The resultant Bethe Ansatz equations are a part of Beisert-Staudacher
equations discussed in Section [2.5.3]

Let us comment on further development concerning the su(2|2) invariant S-matrix. The
above form of S-matrix is called spin chain frame. By a suitable definition of complex phase
in (5.1.34) one can derive S-matrix in string frame, which naturally arises from worldsheet
scattering in string theory [147, 60]. In addition, close connection between the su(2|2) S-matrix

and Shastry’s R-matrix of one-dimensional Hubbard model, is pointed out in [61), 14§].

5.2 Giant magnons and their scattering
Excitations over the asymptotic spin chain were characterized as the limit
A, L — o0 while A— L, p and X\ kept finite. (5.2.1)

In view of AdS/CFT correspondence, string states corresponding to these excitations should

be found in the region
E, J— o while E—J, pg and A\ kept finite. (5.2.2)

Of course, classical string theory is valid only at strong coupling A > 1.
Hofman and Maldacena considered classical string solutions with infinite angular momen-

tum, and found a solution called giant magnon which is dual to one magnon state in the
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asymptotic spin chain [49]. By exploiting the relation between classical string on R x S? and
sine-Gordon model, they computed scattering phase between two giant magnons, and found
agreement with the conjectured all-loop S-matrix with the dressing phase in the limit A — oo.
We summarize their results in this section.

Giant magnon from Nambu-Goto approach

First, we follow construction of giant magnon solution in [49] where Nambu-Goto action is

used. The metric on R, x S? is written as
ds* = —dt* + df? + sin® 0dp? (5.2.3)
and Nambu-Goto action is given by
S = drdoy/—detG (5.2.4)

with G, an induced metric. We fix the gauge by

2T

t=ar, ¢=bo—ar, (5.2.5)

with a and b constants. The induced metric is then written as

G — —az. + a? sin.2 62+ 62 00 — ab S.inj 0 (5.2.6)
00" — absin® 0 0”2 + b?sin* 0
Assuming the Ansatz § = 0(o), the Nambu-Goto action takes the form
S = \2/_ d7'do’\/ cos? 06" + sin? 0 (5.2.7)
T
where 7" = ar, ¢/ = bo. The solutions to the equation of motion are
)
sinf = 1, or sinf = - (@ =x%sinf. = £cosoy,), (5.2.8)
cos o

where —o!, < ¢’ < ¢/, and O is a constant. The latter solution is called giant magnon.
One advantage of the parametrization (5 is that it relates momentum on the worldsheet

with the conserved charges in the spacetime, as

VA oL oL VA
E—J=—[dd — do' T," = Py | 5.2.9
or | 7 <a @0.t) 0 (&/gb)) o ) (5:2.9)
VA oL VA
J=— d ! d U/ E Pa’ . 5.2.10
or | Y7 9(0,9) s ( )
The canonical energy momentum tensor of giant magnon ISE|
/ @ /
TTIT = —— , TT/O' — O ,
cos? o’
3 inl
T, = ©°sin” o 7.7 — 6,

cos? o’ (cos? o’ — ©2)

3Note that the ansatz # = §(c) should not be imposed before we obtain explicit expressions of T,°.
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We immediately obtain

o : A
E—-J= —Q do' T,7 = \/—X sin—gp, (5.2.11)

21 ) g s 2

X [ : A A 1 in A
_ YA ddnfmlcmhf]f—m it (5.2.12)
2 ) g 2m 2 2 ol —o'
where we defined

Ap=Ac" =20, =7 —20,, (5.2.13)

which is angular distance between two endpoints of an ‘open’ string. It is clear that £ — J

remains finite while J diverges. With the identification of
Ap = |pl, (5.2.14)

the energy-spin relation (5.2.11)) becomes

&

E—J=

()

which agrees with the strong coupling limit of one magnon state over the asymptotic spin chain,

A—Jﬁ=¢L+iﬂm2Gv. (5.2.16)

2 2

: (5.2.15)
m

Giant magnon looks non-closed in the spacetime, in correspondence with the fact that one
magnon state with p # 0 breaks the trace cyclicity condition. For the string to be closed, we
have to add “the opposite piece” of a string with Ap = —p.

Polyakov approach

We rewrite the giant magnon as a solution to classical string action on R;x S? in conformal
gauge, because it helps us to find connection with sine-Gordon solitons. In order to achieve the
limit (5.2.2)), we decompactify the string worldsheet as

(t,x) = (kT, ko), K — 00, (5.2.17)

We identify the coordinate ¢ with the AdS-time. The giant magnon solution is then rewritten

as,
. sin (£
& = {COS <§> + ¢ tanh z, sin (g) } e, &= COS}EZQL‘)U : (5.2.18)
where we used the target space coordinates given in (3.2.2)), and
x — vt x—cos(%)t
Ty = = . = xcoshf — tsinh 6. (5.2.19)
V1—v? sin (%’)
This solution obeys the boundary conditions
W
& — exp (iE + zt) , & —0 as r — £0o0. (5.2.20)
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Thus, the endpoints of a string move the equator of S? at the speed of light. The angular
momentum density Im (£} 0-&;) is constant away from the origin x, = 0. Thus the angular

momentum around the equator diverges.

The giant magnon solution has natural interpretation from sine-Gordon point of view.
Through the identification

cos ¢ = Z ( — 0,8 0:8; + 3(,5;8053') (5.2.21)

j=1,2

the field ¢ is same as the soliton solution of sine-Gordon equation
— 02¢ + 02¢ —sin ¢ = 0, ¢ = 4arctan (e~ ™) . (5.2.22)

Of course, this is not just coincidence. In Chapter [0, we will see that the any consistent solution
of string theory on R; x S® can be identified as the solution of Complex sine-Gordon system
via the reduction procedure found by Pohlmeyer, Lund and Regge. Further, we will investigate

the Pohlmeyer-Lund-Regge reduction thoroughly in Appendix [B]

Soliton picture is quite useful to compute phase shift for the scattering of two giant magnons
(GMs). This scattering takes place on the worldsheet rather than in spacetime, which corre-
sponds to scattering of magnons on the asymptotic spin chain.

By the scattering of GMs we mean certain classical string solution which reduces to soliton

scattering solution of sine-Gordon system via the map (5.2.21)):

sinh ( wiy )
inh (| ———
1 V1 — w2
tan <§) = — 1 —w for kink-kink scattering, (5.2.23)
Ty
“ cosh (—)
1 —w?
L ( wt, )
cosh | ——
1 /T — w2
tan (%) =— 1 —w for kink-antikink scattering. (5.2.24)
w

sinh (L)
1 — w?

By comparing a kink solution (5.2.22]) with scattering solutions (5.2.23)) or (5.2.24)), we find the

spacetime profile is no longer rigid for scattering solutions. In fact, the GM scattering solution

looks like two GMs placed next to each other at ¢ = —oo. As the time evolves, two GMs
begin to collide while the center of mass moves along the equator at the speed of light. The
“scattering” of GMs finishes at t = oo, and the relative position of two GMs is interchanged.
To compute the phase shift of GM scattering, we do not need an explicit profile of the solu-
tion. We use the fact that under the map both the scattering solutions of sine-Gordon
and the GM scattering solution have the same dependence on the worldsheet coordinates, giving

the same time delay.
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For simplicity let us focus on kink-kink scattering solution (5.2.23)). By taking the limit
t — +o0o and comparing them with kink solution (5.2.22)), one finds that for v; > v, the time

delay that particle 1 experiences as it passes through particle 2 is given by

2/T— 02 ,
Aty = VoY log w, vj = cos (%) = tanhd;, (5.2.25)

U1

where w > 0 is the relative velocity between particles 1 and 2 given by

w = tanh 6, = tanh (91 ; 92) . (5.2.26)

It can be expressed in terms of p; » by using the definition of rapidity variable 8;, as

_ pP1—p2
s 1 — cos (—2 )

w = )
1 — cos (p—lgm)
From (|5.2.25]) and ([5.2.27]) one can compute the phase shift by applying the following formulaﬁ

0012 (61 762)
861

(p1,p2 >0). (5.2.27)

= Atlg, €; = g sin (%) . (5228)

By performing integration, one finds

)= \/—X [— cos (&> + cos <]2>] log [1 o (1%)] — D16y (5.2.29)

2 2 1 — cos (Z%)

The first term agrees with the strong coupling limit of AFS phase [10], which is classical part
of the dressing phase. The second term comes from difference of gauge choice between gauge
theory and string theory. Because GMs are excitations of nonzero size, the S-matrix depends
on the gauge we choose. For classical string theory in conformal gauge, the unit length is chosen
such that energy is constant, { = 1. For spin chain theory, the unit length is chosen such that
angular momentum J is constant. If the unit length differs by F — J; = ¢, then S-matrix

S = € acquires an extra phase e”1€2.

We mention succeeding developments on generalization of giant magnon solutions. The
giant magnon with the second spin Js is constructed in [51] and called dyonic giant magnon,
which is dual to magnon boundstates found in [50]. The giant magnon with three spins .J; 23 is
constructed in [I50] via the generalized Neumann-Rosochatius Ansatz. The scattering solutions
of giant magnons as well as dyonic ones are obtained explicitly by using the dressing method in
[54, [151], and the phase shift for scattering of two dyonic giant magnons is studied in [58] [59)].
Finite-J; extension of giant magnon is first discussed in [52] (see also [73]). The one-loop
quantum correction to strings with an infinite spin is studied in [53], where they also studied

finite-gap representation of (dyonic) giant magnon solutions.

4Recall there exists similar formula in quantum mechanics, which has been generalized to the case of solitons
by Jackiw and Woo [149)].
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5.3 The dressing phase

5.3.1 Notation

There are two sorts of notation used in the literature. We will introduce them in turn.

Perturbative gauge theory (BDS) notation

The first one is particularly suited for perturbative gauge theory computation, and used, for
example, in the paper of Beisert, Dippel, and Staudacher [7] as well as in Section m

As before, we introduced variables u and x through

_ 1 p A 9P
u(p)—560t§ \/1+Psm 5 (5.3.1)
A1

u(r) =2+ (5.3.2)

1672z’
where p stands for momentum of a magnon. The relation (5.3.2)) can be solved explicitly in x

as
1 A

then it follows
r(u+1/2)  at

p) = ——— = . 5.3.4
exp (ip) r(u—1i/2)  x~ ( )

We will also use the following coupling constant,
g5 =)/ (87%). (5.3.5)

Higher conserved charges are written as

qr(fc)zril{ Lo } (5.3.6)

@ @)

and the dilatation operator A is written as

A =N+ (5.3.7)

@QQ-

By using ([5.3.6)), one can show the identity

/ A op A 1 1

A
A =4/1+ = sin? g (for Ag=1). (5.3.9)

2

then (/5.3.7]) becomes
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String theory (crossing) notation

Next we introduce the notation which is suitable for expressing the functions invariant under
Janik’s crossing transformation [14].
We shall use
ge =)/ (167%), (5.3.10)

instead of gg defined in ([5.3.5). We redefine variables u and z* by
Uold = G U, vt = gont, (5.3.11)

where uqq , :cfld are the variables used in the previous subsection. Note that we have encountered

the same rescale of z* in (3.3.60]). In terms of new variables, the relations ([5.3.1)) and (5.3.2)

are rewritten as
1 1
u= g5 cot (g) \/1 + 1642 sin? (g) —a+-. (5.3.12)

Equivalently, the functions ¥ = 2*(p) can be expressed as

: . 1+\/1+16ggsin2 (2)
r=a(ut L) = , 2 : (5.3.13)
2 4¢.sin (75’)
which are a solution of the constraint
1 1 1
T T+ == 5.3.14
x il + i ( )

The last equation can be interpreted as the BPS condition for centrally-extended supersymme-

try algebra psu(2|2)? x R3. The parameter u can be reexpressed in terms of %, as

1

1 1
— + -
u—§<x —|—x—++x +x—_>. (5.3.15)

The constraint (5.3.14)) defines a torus as the space of spectral parameters spanned by x* (or
x~), which is called rapidity torus. Uniformization of the rapidity torus is studied in [14], 152].
In the uniformized language, the crossing transformation z* — 1/z% can be mapped to the

shift of half periods over the torus.

5.3.2 The dressing phase in gauge theory

All-loop asymptotic Bethe Ansatz equation in the rank-one subsectors of N = 4 super Yang-
Mills was proposed in [§] ﬂ With the notation introduced above, the Bethe Ansatz equations

including the dressing phase are written as

4\ L K — +\ " 2 4+ -
x) Ty, — 1—95 (2Ik T; ) ( , )
— | = | | 2i0(xp, x;) ) - 5.3.16
() -] ( —%-) 3/ (ae) P 0

J

>The proposal of [§] was generalized to the full psu(2,2[4) sector in [9].
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where n = 1 for su(2), n = 0 for su(1|1), and n = —1 for si(2) subsector.
At weak coupling, four loop computation in si(2) subsector clarified the necessity of 6(zy, ;) #
0 also in the gauge theory side [I127]. The numerical result of [127] was made precise in [153].
To explain the four-loop results, we have to introduce the universal scaling function f(gg),
also known as cusp anomalous dimension or soft anomalous dimension. The universal scaling
function appears in several situations of AdS/CFT. For instance, they appear in the expression

of anomalous dimension
Ap =S+ f(g)log(S) + O(S°), (S>1), (5.3.17)
of the low-twist operators
O = tr (D7 Z") + (permutations), (5> L~ O(1)), (5.3.18)

where D, is covariant derivative in light-cone direction and Z is a complex scalar. In the large

spin limit S > L, the universal scaling function satisfy the Eden-Staudacher equation [17]

J1(V2g1)

Tagt (5.3.19)

flg) = 4¢*> — 164" /Ooo dt 6 (t)

&(t):ett_l Jli/\fqit)—Qf / ' K(V2gt,V2gt) ()| | (5.3.20)

0
where g = gp, Jo1(t) are Bessel functions. As shown in [I7], one can compute the integration
kernel K(t,#') from the Bethe Ansatz equation in sl(2) sector. If the dressing phase 6(zy, z;)
is absent in ([5.3.16|), the kernel is given by

Ji(t) Jo(t") — Jo(t)J1(t)
t—t '

K(t,t) = (5.3.21)

However, it turned out that the universal scaling function derived from the above kernel
disagrees with the results of four loop computation done by [127]. This suggests the
dressing phase is nontrivial; 6(xy, z;) # 0.

Let us consider the general form of dressing phase consistent with the integrability. It is

argued that the dressing phase at weak coupling should take the form [10], 154]:

o) =3 S frals ) |0 (@0)as(s) = ar(;)as ()|,

r=2 s=r+1

Brs(g Z 9" B, Brrram(g) =0 (m € D), (5.3.22)

n=s—1

where g,.(z) are the higher conserved charges defined in ([5.3.6)).
The perturbative calculation at three and four loops revealed [7), 127, 153] 112]

B =0, B =4¢(3). (5.3.23)
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5.3.3 The BHL/BES proposal

Historically, the dressing phase 6(zy, ;) was first introduced on the classical string theory
side [10]. It was then subsequently extended to incorporate the result one loop in 1/v/A [I3].
The universality test of the dressing phase, namely to check independence from subsectors one
chooses, was done up to one loop [155].

Janik argued in [I4] that S-matrix equipped with the dressing phase should be crossing
symmetric, by analogy with the S-matrix of relativistic quantum field theories. It was then
shown that the dressing phase up to one loop in 1/ VA indeed satisfies Janik’s crossing relation
[15]. Beisert, Herndndez, Lopez constructed a general class of solutions to the crossing relation
all order in 1/+/X [I56, 16]. Beisert, Eden, and Staudacher picked up one of the BHL solutions,
and proposed it as the exact form of the dressing phase. This is called BES (or BHL/BES)
phase [21].

The BHL/BES phase at strong coupling takes the form

0 (ur, uy) Z Z Crs(9) (Gr(ur) Gs(u5) = Gs(uk) Gr(uz)) (5.3.24)

r=2 s=r+1
where ,(u) = ;™' q,(u), and
o) = kg (5.3.25)
o =)™ Cm) o T n = 3IPG(s —r A - 1)
O 2(—27T)"F(n _ 1) ( 1)( 1) F[%(S T+ 1)]F[%(S ot 3)] (5326)

Their proposal is based on the proposal of crossing symmetric phase [16] and on the transcen-
dentality principle [I8], 19} 20].
For n = 0,1, they used the previously known results [10} [13] as an input:

y_ (A=E=D") (r=1)(s—1)
H— - P (5.3.27)

gﬂs) = 6T+1,s ) C£

The term n = 0 is called AFS phase [10], and expected to capture classical string results. The

term n = 1 is called HL phase [13], and corresponds to one-loop results in string theory.

Furthermore in [21], they found that ‘analytic continuation of indices’ gives weak coupling
expansion of the dressing phase, consistent with the results (5.3.23)). Suppose the function
¢rs(g) in (5.3.25) can be analytically continued in the following manner:

eralg) = =Y Mg, (5.3.28)

then, after suitable regularization we find

gyl =0, Y =—-4¢3). (5.3.29)



The latter equation is indeed consistent with 65 3 =4¢(3) in m In general, one can relate

Cg 2" with Brs as

ﬁ(fs) C(T+S 20— 1) (5330)

Putting this relation and (|5.3.26|) together, and using the identities

™

AT (5.3.31)

C(1— 2) = 2(27) % cos (%) P(z)C(z), TD(1—z)=

(¢
we can deduce an all-order expression for Sy, O = Bff:ﬁél as

ety . (r—1)(r+2v) 2u+ 1 20+ 1
e 7 il G s | rerd IC T VR CE 22

The above result (5.3.32) can be rederived if we slightly modify the kernel of the Eden-
Staudacher equation ([5.3.20]), which is called Beisert-Eden-Staudacher (BES) equation. To see
this, we have to replace the undressed kernel (5.3.21f) by

K(t,t) —  K(tt)+ Kyt t), (5.3.33)

where the dressing kernel K, is given by

R oo R t” .

Ra(t,#) = 82 / A" R4, 291") 5 — Ro(20.1',1). (5.3.34)
0 € -

. () Jo (1) — ' Jo(t) Jo ()

Ko(t, ) = 10 °(t3_t,2°( 2 (5.3.35)

. I () (1) — tJo(t) Ju(t)

Ky(t,t) = 28220 tQ—t’QO e (5.3.36)

Note Ky is the even part of K under (t,t") — (—t,—t'), while K, is the odd part. After some
calculation, the dressing kernel (5.3.34)) can be rewritten as

k+1<p+1
K tt,zgzuﬂ Z J% J21 1 )( ),u+k+lx
kd>1
(2k) (20 — 1) 2p+1 2p+1
2 1). (5.3.37
i+t \ngion=) \ugxierog )@t (6337

As discussed in [I7), 21, the dressing kernel and the dressing phase at weak coupling (|5.3.22])

are related as

2p+v
" Z Z Z g (= ( (pp;/r)++1i2w]2p+2u( ) J2p-1(t)

p=1 v=0 p=v

B T () Foprra(l)) - (5:3.38)

One can easily check that the results (5.3.37) and (5.3.38)) actually reproduce ([5.3.32)).
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5.3.4 Breakdown of perturbative BMN scaling

It was shown in [I7], the nontrivial dressing phase at four loop violates BMN scaling
hypothesis for anomalous dimensions in the gauge theory side. Let us observe that the term of
6533) = 4((3) diverges in the BMN limit.

The BMN limit is defined by
n A= A L — o with n, A fixed. (5.3.39)
L’ L%’ ’
As can be seen from and , the x* variables in the BDS notation scales as

) 1 2 1+ +/14+4g2n?
=17 (1:&&__ (i) +> ( + 2+ e ) for L > 1. (5.3.40)
n

p:

2L 2 \2L

Thus, for L > 1 we have

1 1 ‘ 14+ /1+43%n?
(1 ﬂ) where p, = i +2gen (5.3.41)

(x®)" - Lrpr o 2n ’
and the higher conserved charges (5.3.6)) behave as

' | 1 1 1+ 1+ 452n2
! {( }N " TV TR (5349)

r—1 ZE,;'{)T_l - (:EE)T—I Lr p:L 10 Pn 27
Now it is easy to see that the first nontrivial term of BES phase behaves like
0w, 2;) = 40(3) g8 | aa(wn)as (x5) — o) as(zv)|

I 4¢(3) g mun; (px — py)
P03
showing the breakdown of perturbative BMN scaling.

@r(Tn) =

— 00 as L — oo, (5.3.43)

More generally, the BES phase behaves in the weak coupling region as

:Eknx] Z Z Z g [QT xk)Qs(xj) qr (m])QS(xk)]

r=2 s=r+ln=s—1
0 0 0 (n) ~on S=T __ 8T
-y 3 Y e 2 n’“?ﬂ(’;kl ) g Is1 (5344

r=2 s=r+1n=s—1 p ’0]

For fixed r, we relabel the index by s =7+ 1+ 2v, n =r + 2v + u where pu,v > 0, then the

sum becomes

0o 00 00 (r+2v+p) ~ 1+2v 14+-2v
nign -
Oepry) = 333 pwew Drrtis I rg;ff; 5t L1, (5.3.45)
r=2 v=0 pu=0 Pk p]

which implies the breakdown of perturbative BMN scaling at all orderﬁ

Note also that one-loop quantum correction to energy-spin relation of classical strings neither

obeys the BMN scaling hypothesis, as shown in [48].

SInterestingly, BES claims that the coefficient 57({;) has transcendentality 2n — r — s + 2 [21].
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Chapter 6
Large spin strings

We study a family of classical string solutions with large spins on Rx S* subspace of AdSs x S°
background, by pursuing connection with Complex sine-Gordon solitons. Via the reduction
procedure of Pohlmeyer, Lund, and Regge, the equations of motion for the classical strings
are cast into Lame equations and Complex sine-Gordon equations, which are solved under
periodic boundary conditions. The general solution interpolates various kinds of known rigid
configurations with two spins. The analytic profile of the solution is also reproduced as general
2-cut finite-gap solutions [62].
This chapter is mainly based on the author’s paper with K. Okamura [96].

6.1 Classical strings as complex sine-Gordon solitons

In this section, we will briefly sketch how classical strings on Ry x S? are related to the solitons
of Complex Sine-Gordon (CsG) equations.

We begin with the Polyakov action for a string which stays at the center of the AdS5 and
rotating on the three-sphere. From (3.2.3)) or (3.3.3) it reads,

Savesr == [ [ 2o oo+ 0 0] +a0d -1} @1

Taking the standard conformal gauge, Virasoro constraints read

1 1 1 = 1 -
0 = 730 = 7;—7 - _5 (87'770)2 - 5 (60770>2 + 5 |a7'€|2 + 5 |aaf|27
o (6.1.2)
0 =Tr = Tor = Re (0,€- 0,€).
just as in (3.2.6)). The equations of motion that follow from (6.1.1)) are given by
8,0 =0  and 8,0 + (0,6 - 0°")E=0. (6.1.3)

Now we are going to solve the equations ([6.1.2)) and (6.1.3)) to find consistent string motions.
Our strategy for that purpose is to make use of the trick invented by Pohlmeyer, Lund, and
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Regge, that is, to relate O(4) nonlinear sigma model with conformal gauge to CsG system
[55, 56, B7]. With a solution of the CsG equations at hand, the problem of constructing
corresponding string solutions will boil down to just solving a Schrodinger equation with a
potential resulted from the CsG solution.

The recipe for the Pohlmeyer-Lund-Regge reduction for O(4) sigma model is as follows.
First, define worldsheet light-cone coordinates o by 7 = 0" +0~, 0 = 0" —0~. Second, choose
a basis of O(4)-covariant vectors as X;, 0, X;, 0_X; and ¢, X0, X*0_X' = K; (i,j,k,1 =
1
define two O(4)-invariants ¢ and x through the relations

,4) so that any vectors can be written as a linear combination of them. We can then

PRI

0. X -0_X =cos ¢, (6.1.4)
PX-K=20,xsin(¢/2), PX-K=-2_ysin’(¢/2). (6.1.5)

Third, by using the equations of motion, Virasoro constraints and the normalization condition

|§’\2 = 1, write the equations of motion for ¢ and x as

sin (¢/2) 20,0 0%
2cos? (¢/2) sin ¢

They are nothing but the CsG equations. Finally, substitute into - to get

0a0" ) — sin ¢ — (0ux)> =0, 9,0°x + —0. (6.1.6)

0,0°E + (cos p) € =10. (6.1.7)
This is the Schrodinger equation with a self-consistent potential mentioned above.

In [51], the authors utilized Pohlmeyer’s reduction to obtain a family of classical string solu-
tions called dyonic giant magnons, which were associated with kink solitons of CsG equations.
In the same spirit, we are now going to exploit so-called helical wave solutions of CsG equations
to find new, more general motions of strings on Ry x S3.

Before doing so, let us end this section by making some additional notes on CsG system.
The CsG equations follow from the Lagrangian

| tan*(9/2)
2

Losg = ( 0.0)° + (8ax)® — cos . (6.1.8)

By introducing a complex field ¢ = sin(¢/2) exp(ix/2), we can rewrite it as

Dot D4
1 — [y)2

where we have also introduced a real parameter u to rescale the worldsheet variables as (7,5) =

+p P, (6.1.9)

Leose =

(ur, po). Then the equations of motion can be combined into

(99
—p (1

1—[yf*

When y = constant, this CsG system reduces to sG system with the sG field ¢.

Du0 + " —[y*) =0. (6.1.10)
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6.2 Helical string solutions with a single spin

To illustrate our strategy to find general classical string solutions, let us begin with a simple
single-spin case. It should result from a so-called “helical wave” (or “kink train”) of sG theory,
which is a rigid array of kinks. An example of such helical solitons is given by
. (x —x0) —v(t — o) )}
en(T,t) = 2arcsin | cn kL, 6.2.1
benl1) o (= (621

where v is the soliton velocity, (¢y, o) are initial values for (¢,z) which will be set to zero in

what follows, and cn is the Jacobian cn function.ﬂ The parameter k£ determines the spatial
period (or “wavelength”) of ¢ field with respect to x — vt as 4k K(k)v/1 — v2. Note that in the
limit & — 1, (6.2.1]) reduces to an ordinary single-kink soliton with velocity v,

é(x,t) = 2arcsin {1/ cosh (%)} . (6.2.2)

As discussed before, our strategy to find periodic string solutions is to substitute (6.2.1]) into
(6.1.7) to obtain a Schrédinger equation. For a generic helical soliton, the string equation of
motion (6.1.7)) can be written in the form
—02 + 0% — y°K> {2sn2 (Mk> - 1” C— J2U € 6.2.3
{ 7 Nipsr S (6.2.3)
with (kut, kpo) = (t,z). In particular, we have U = 0 for the cn-type helical soliton (6.2.1)),

but we will keep U general for the moment. Let us introduce boosted worldsheet coordinates,

T(r,0) = %, X(r,0) = %, (6.2.4)
with which we can rewrite the string equation of motion as
[—02 + 0% — K (2s0®(X, k) —1)] €= UE. (6.2.5)
We can solve this equation under an Ansatz
&(T, X;w;) = Vi(X;wy) e @)™ (5 =1,2). (6.2.6)

Here w; are complex parameters and ); are independent of 7". As for constraints on w, see
Appendix The differential equation satisfied by )); then takes the form

dXx?

which is known as Lamé equation. General eigenfunctions of Lamé equations were found by

d2
{— — k2 (2 sn? (X, k) — 1) + u§] Y, =UY;, (6.2.7)

Hermite and Halphen in the nineteenth century; see Chapter 23.7 of [157] for details. They are
given by

@1(X —w, k)

Y(X5w) o« Oo(X, )

exp (Zo(w, k)X) with u? = dn®(w, k) + U, (6.2.8)

! For our conventions of elliptic functions and elliptic integrals, see Appendix
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where ©,,, Z, are the Jacobian theta and zeta functions defined in Appendix [A 1] respectively.

The result is a good starting point for us to construct string solutions that satisfy the
string equation of motion , the consistency condition for Pohlmeyer’s reduction ((6.1.4])
and the Virasoro conditions . Actually it turns out that, corresponding to several possi-
bilities of choosing a helical soliton solution of (C)sG equation, there can be as many consistent
string solutions. As it seems likely that all of them are related by appropriate reparametrization
of the elliptic functions, in this thesis, we are only concerned with cn-type helical soliton of
(6.2.1]).

Recall that in Gubser-Klebanov-Polyakov (GKP) case [35], there were two possible config-
urations of closed strings moving on S?: the folded and circular string. We will see, in our
helical case also, there are two types of rigid string configurations possible. They will turn out
to reduce, in certain limits, to each of two GKP configurations. The first type stays only one of
the hemispheres about the equator, say the northern hemisphere (See Figure below), while
the second type sweeps in both hemispheres, crossing the equator several times (Figure .
We will call the first type “type (i)” and the second “type (ii)” helical string solution, after
the name “helical wave” in soliton theoryﬂ Below we will demonstrate these two types in turn.

We will only present the results, and the details will be presented in Section [6.3| and Appendix
A3

6.2.1 Type (i) helical strings with a single spin

We begin with the type (i) case. The profile is given byﬂ

t(T,X)=al +0X with a = ken(iw), b= —iksn(iw), (6.2.9)
\/E @0(0) @1(X — zw)

(T, X) = (i) Golia)  6o(X) exp [Zo(iw) X +idn(iw)T] , (6.2.10)
&1, X) = Szgi)) (6.2.11)

with w a real parameter. The soliton velocity v, which appeared in the definitions of T and X
, is related to the parameters a and b in as v = b/a. Using various properties and
identities listed in Appendices and one can check the proposed set of solutions —
(6.2.11)) indeed satisfies the required physical constraints. Note that the AdS-time variable t
can be rewritten as t = k7.

The spacetime profile of this kind of solutions is depicted in Figure[6.1} From its appearance,
it looks quite similar to the one obtained in [I58], which is known as a “spiky” string on S2.
Indeed, the single-spin limit of the type (i) helical spinning strings agrees with so-called “spiky
strings” studied in [I58], 52], [73]. Also, the authors of [I50] argued both the “spiky” strings and

2Throughout this chapter, the term “helical strings” is used to mean helical spinning strings.
3We often omit the elliptic moduli k in the expressions of elliptic functions.
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giant magnons can be obtained from a generalized Neumann-Rosochatius Ansatz on a string

sigma model.

The type (i) single spin solution does not actually have singularities at the apparent spikes,

as can be seen from 805 ‘ = (0 with { defined in (6.2.12) below. Two-spin helical spinning
o==l

strings are different from the spiky strings in that they have no singular points in spacetime.

When embedded in R x S? | the singular “cusps” of the spiky string that apparently existed on

R x S? are all smoothed out to result in non-spiky profiles.

0.5

X20

-0.5

X

Figure 6.1: Type (i) helical solution with a single spin. The diagram shows k = 0.68 and n = 8 case.

Each turning points are located away from the equator, and each segment curves inwards.

In order to make the string closed and rigid, we impose a periodic boundary condition.

Since our solutions are quasi-periodic in X with the period 2 K, we shall refer to the region
Kv1—v?
—l<o<l, l=—Y—T (6.2.12)
14

at fixed 7 as “one-hop”. Just as (3.2.12), the periodicity of a closed string requires

2 2Kv1 — v?
Ao =T _2V U (6.2.13)
one- hop n 12
21N, i sn(iw) dn(z
Ap, = e _ 9k (—iZo(z'w) L COL nW)) 42+ 1), (6.2.14)
one- hop n CIl(Zu))
with n = 1,2,..., and N, ,n} being integers. When o runs from 0 to 27, an array of n hops

winds N, times in ¢;-direction in the target space, thus making the string closed. The integer
n} is related to periodicity with respect to w. When we make a shift w — w + 2K’ the integer

n) increase by one while §; and Ay; are unchanged.

Let us compute the conserved charges for the type (i) strings. The energy E and the spin

Jy are defined as (3.2.7) and (3.2.9):

l l
VA ”_\/X do Ot Ji = \/—X T = ”—‘/X/ do Im (£50,&1) . (6.2.15)
2 ) s 2 )
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Then the conserved charges for this type (i) solution are computed as

nk _ n(K—-E)

&€= N = dn(iw)

(i) (6.2.16)

In what follows, we will see two distinct limits that reduce the solution to two simple known

examples ; one is the folded string of GKP, and the other is the giant magnon of HM.

The GKP Case. In w — 0 limit, a type (i) solution reduces to a folded string solution
studied in [35]. See Figure for the spacetime profile. In this limit, boosted worldsheet

coordinates become (T, X) — (7,5) defined in (6.2.4)), and the fields (6.2.9)-(6.2.11)) reduce to,

respectively,
t— k7, & — ksn(G,k) €7, & — dn (G, k) . (6.2.17)

This solution corresponds to a kink-array of sG equation at rest (v = 0), and it spins around
the northern pole of an S? with its center of mass fixed at the pole. The integer n counts the
number of folding, which is related to p via the boundary condition (6.2.13)).

0.5

X20

-0.5

-1 -0.5 0 0.5 1

Figure 6.2: Type (7) helical solution with a single spin; w = 0 and k& = 0.75. This can be regarded as

a folded string of [38], in which case n represents the number of folds.

The HM Case. The limit &k — 1, u — oo takes the type (i) solution to an array of giant
magnons, each of which having the same soliton velocity of sG system [49]. The endpoints of
the string move on the equator § = 7/2 at the speed of light, see Figure . In this limit,

boosted worldsheet coordinates become T' — 7/ cosw — (tanw) & and X — 6/ cosw — (tanw) T,

and the fields (6.2.9)-(6.2.11]) reduce to

t— 7, flé[tanh(M>cosw—isinw er, & —

Cos w

COS W
cosh ( o—(sinw)7 )

(6.2.18)

Ccos w
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The following boundary conditions are imposed at each end of hops:
& — exp (£iAp1 /2 +i7), & —0 as o — +oo, (6.2.19)

in place of (6.2.13) and (6.2.14]). One can see Ay, is determined only by w, which is further
P ¥ Yy by w,

related to the magnon momentum p of the gauge theory as Ayp; = p = m — 2w in view of the

AdS/CFT [49].

0.5

X5 0

-0.5

-1 ~05 0 05 1
X1

Figure 6.3: Type (i) helical solution with a single spin, in the limit & — 1. The diagram shows n = 8

case, and it can be understood as an array of n = 8 giant magnons.

6.2.2 Type (ii) helical strings with a single spin

Let us turn to the type (ii) solution. In contrast to the type (i) case, it winds around the

equator of S%, waving up and down; see Figure . The profile is given byﬁ

HT,X)=aT+bX, with a= dn(iw), b=—iksn(iw), (6.2.20)
3 = ! O0(0) (X — iw) ex w 1k en(iw

(T, X) = VE enlin) Ooli)  Oy(X) p [Zo(iw) X + ik en(iw)T] , (6.2.21)
&H(T,X) = % (6.2.22)

where w is again a real parameter, and the soliton velocity is given by v = 13/ a. In this type
(i) case, the AdS-time can be written as 7y = 7. Just as was the case with type (i) solutions,

we need to impose the periodic boundary conditions for a type (i) solution to be closed :

or  2Ky/1— 02
_2m _ v (6.2.23)

one-hop m % ’

ik? sn(iw) cn(iw)

dn(iw)

> +@2m, + D, (6.2.24)

Y1 — 2K (—ZZ()(ZCU) +

4We use a hat to indicate type (ii) quantities.
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where m = 1,2,... is the number of hops, M,

is the winding number in ¢;-direction, and m/

is an integer.

0.5

X5 0

-0.5

X1

Figure 6.4: Type (ii) helical solution with a single spin. The diagram shows k£ = 0.68 and m = 8

case. As compared to the type (i) case, each segment curves outwards about the northern pole.

The conserved charges for the type (ii) solution are calculated in the same manner as in

the type (i) case. They are given by

mK - m(K—-E)
dn(iw)’ J = ken(iw)

£ = (6.2.25)

The GKP Case. In w — 0 limit, a type (iz) solutions reduce to a circular string studied in
[35]. See Figure for a snapshot. Again, the boosted coordinates (6.2.4)) become (T, X) —

(7,0), and the profile reduces to

~

t—7, &Gk, & (k). (6.2.26)

The integer m counts the number of winding, which is related to p via the boundary condition
(16.2.23]).

The HM Case. The limits & — 1 and u — oo reduce the type (ii) solution to an array of

giant magnons and flipped giant magnons, one after the other. The shape of each giant magnon
is same as (6.2.18]), see Figure .

6.3 Helical string solutions with two spins

Let us now turn to the problem of finding generic helical string solutions with two spins. As
discussed in Section , string solutions on Ry x S* of our concern are related to CsG solitons

via Pohlmeyer’s reduction. Therefore we begin with generalizing helical solitons of sG equation
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Xo 0

-0.5

Figure 6.5: Type (ii) helical solution with a single spin, with w = 0. This can be regarded as a

circular string of [38], in which case m/2 represents the winding number along a great circle.

(6.2.1]) to those of CsG equations. One can easily confirm the following function is an example

of such helical solutions of CsG equations:

Yen = ck cn (cxy, k) exp (itv\/(l — k) (1 + (1 — k2))> ) (6.3.1)

where ¢ takes the value in —1/k < ¢ < 1/k for 0 < k <1, and z,, t, are defined as

r — vt t—ox

S =
V1 — 02 V1 — 2

Ty =

(6.3.2)

Thus the periodic function (6.3.1)) can be thought of a natural generalization of (6.2.1). We

will use this solution to find the dyonic extended version of helical solutions.

The string equations of motion become the same as under identifications (ur, uo) =
(ct,cx), and we can solve them with the same Ansatz . For the case of cn-type helical
soliton (6.3.1)), U is evaluated as Ue, = (1/¢%) —k? > 0. If we started with other helical solitons
such as of sn- or dn-type, they would give different ranges for U in general. Hence we will treat

U as a controllable parameter.

We are interested in string configurations with two spins, which interpolate known string

solutions in an obvious way.
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0.5

X20

-0.5
-02

Xy

Figure 6.6: Type (i7) helical solution with single spin, in the limit £ — 1. The diagram shows m = 8
case, and it can be realized as an array of four giant magnons and four flipped giant magnons by
turns. It can be regarded as the same configuration as that of Figure [6.3] which is made up of eight

giant magnons; these two configurations can be switched to each other without energy costs.

6.3.1 Type (i) helical strings with two spins

First we will focus on the type (i) case. The solution can be written in the following form:

t=al +bX, (6.3.3)
= 60(0) @l(X — iwl) ex W U

S e Gux) P (Zotien)X +iwT) (6.3.4)
= O0(0)  Os(X — iw) ex LW 1

& = Ti i 600 D <Zz( )X + 2T> . (6.3.5)

Here w; and wy are real parameters. The normalization constant C' is chosen as
dn?(iw,) e
C=|—-——"2—sn( , 6.3.6
<k2 en2(iws) n”(iw;) ( )

so that the sigma model condition |&|* + &[> = 1 is satisfied. The parameters a and b in
(6.3.3)) are fixed by Virasoro conditions, which imply

a® 4+ b = k* — 2k*sn®(iw;) — U + 2u3 (6.3.7)
1 — k% sn(iwy) dn(iwg))

k2 cnd(iws)

ab= —iC? <u1 sn(iw) en(iwy ) dn(iw;) — ug (6.3.8)

Just as in the single spin cases, we can adjust the soliton velocity v so that the AdS-time

is proportional to the worldsheet time variable. It then follows that v = b/a < 1 and 7y =

Va2 — b2 7. Two angular velocities are constrained as

(1 — k?) sn?(iwy)
en?(iws)

ul =U+ dn’(iwy), ui=U— : (6.3.9)
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where the parameter U corresponds to the eigenvalue of the Lamé equation (6.2.5). From

(6.3.9) we find the two angular velocities u; and us satisfy

(1 — k?) sn?(iwy)
cn?(iws) '

(6.3.10)

u? —u2 = dn®(iw;) +

When wy = us = 0, this reproduces the type (i) single spin solution of Section m The
consistency condition (6.1.4)) is indeed satisfied as

2
%Z 0,617 — 10-&°) = k* — 2k*sn?(X) — U, (6.3.11)
=1

from which we can deduce the equation of motion (6.2.5)).

As in the single spin case, we can write down the conditions for a type (i) dyonic helical

string to be closed. They read,

2r 2Ky1 -2

Ao =22V " (6.3.12)
one-hop n M
27N,
Apy| = ”n% = 2K (—iZy(iw1) — vuy) + (20 + D), (6.3.13)
one- hop
21N,
Doo| = Wn 22— 9K (—iZy(itss) — vuz) + 20h7. (6.3.14)
one- hop

As o runs from 0 to 27, the string hops n times in the target space, winding N,,, and N,,, times

in - and o-direction, respectively.

Global conserved charges can be computed just as was done in Section [6.2] The rescaled

energy £ and the spins J; (j = 1,2) are evaluated after a little algebra to give

E=mna(l-2*)K, (6.3.15)
T = "(Z“l {—E + (dDQ(ml) + Uu—kfisn(iwl) cn(iwr) dn(z’wl)) K] , (6.3.16)
o = nC]: 02 [E +(1-k?) (22853 - %isn(zgziz(;w?)) K] . (6.3.17)
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6.3.2 Type (ii) helical strings with two spins

Next let us turn to the type (i) solutions. We can reach them by shifting the parameter ws of

a type (i) solution by K’ E| The resulting expressions are

t=aT +bX, (6.3.18)

& =0 ﬂ%j?i)wl) @1((32 &éwl) exp (Zo(ml)x + iu1T> , (6.3.19)

£y = é\/E(aG)Oj(Oz)wg) @Q(é)i(;(éwQ) exp (Zg(in)X + iuzT) , (6.3.20)

where C' is the normalization constant given by

C = (M — snz(ml))l/2 . (6.3.21)

dn?(iw,)
The Virasoro conditions constrain the coefficients a, b as

a2+ = K —2k?sn®(iw) — U + 202, (6.3.22)

N

ab = —iC? <u1 sn(iwy) en(iwy ) dn(iwy) + ug (1 — k2) SH(Z;?(:ESW)) . (6.3.23)

The soliton velocity is given by 0 = l;/ a < 1 so that we have Ay = Va2 — b2 7. The angular

velocities u; and uy satisfy

1—k?

uj = U + dn’(iw), uy=U+———, (6.3.24)
dn®(iws)
and are constrained as T
2 2 2¢: —
uj —uy; = dn“(iwy) — —5——. 6.3.25
1 2 ( 1) dn2(lu_}2) ( )
When ws = uy = 0, it reduces to the type (ii) single spin solution.
The closedness conditions for a type (i7) solution are given by
2 2K+/1 — 02
Ao Sl (6.3.26)
one-hop m %
2w M,
Ay L= Toe 9K (—iZo(iwy) — Duy) + (2mf + 1), (6.3.27)
one-hop m
2w M,
A,y L= T _ 9K (—iZ3(iwg) — Dug) + (2my + 1), (6.3.28)
one-hop m
where m = 1,2, ... is again the number of hops for 0 < o < 27, and M, and M, are winding

numbers for ¢;1- and po-direction, respectively.

®The type (i) solution can be also obtained by applying a transformation k — 1/k to the type (i) solution,

just as for the cases with the Frolov-Tseytlin solutions. See, for example, [I1].
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The conserved charges of m hops can be evaluated as

~

£ = ma( ) K, (6.3.29)
[ E+ (dn (iwy) + Uu—kfzsn(zwl)cn(zwl)dn(zwl)) K} : (6.3.30)
{E (1- &%) (dn2(1z'w2) - "f isn(ggzii(;w)) K} . (6.3.31)

6.4 Taking various limits

Now that we have obtained generic helical solutions with two spins, for both type (i) and (i)
dyonic solutions, we can reproduce known string configurations as their special limiting cases.
Interesting limits are the “stationary” limit w; — 0, the “infinite spin” limit £ — 1 and the

“uniform charge-density” limit & — 0. We will see them in turn.

6.4.1 Stationary limit: Frolov-Tseytlin strings

In the stationary limit where both w; vanish, the soliton velocity tends to zero, thus reducing
the solutions to the spinning strings of Frolov and Tseytlin [38].
As usual, let us begin with the type (i () case. In this limit, the boosted coordinates (/6.2.4])

become (T, X) — , and ([6.3.3))-(6.3.5]) reduce to
t=1/k2+u 7, & = ksn(G, k) ™7 & = dn(G, k) e™2" (6.4.1)

with a constraint u? — u3 = 1. This is the folded spinning/rotating string of [38], which
stretches over a great circle in the #-direction and spinning around its center of mass with
angular momentum J;. The center of mass itself moves along another orthogonal great circle
of S° with spin J;. To compare our results with the one presented in [38], one should relate the

parametrization as

T =ptpr, O =popr, Krr =M\ k2+ud, w;= pu; with p=1/w}—w3. (6.4.2)

In this stationary limit, the conserved charges take the following simple form,

E=m/kP+wy K, Ji=nu(K-E), JH=nuE, (6.4.3)

with the hopping number n now represents the folding number.
As discussed in Section[4.1], by expanding the moduli k& and the charges E and J; in powers of
A/ J? with J = J;+J5, we can compare them with global charges of double-contour distribution

of Bethe roots on the gauge side.
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Circular strings of Frolov-Tseytlin [38] are also reproduced in much the same way, by taking
the stationary limit for the type (i7) solutions. In this case (6.3.18])-(6.3.20)) reduce to

t=1/1+ud7, & = sn(G, k) ™7, £ = en(a, k) e™eT (6.4.4)

with a constraint uf — u% = k?. This string wraps around a great circle of S° and rotates both

in X'-X?2 and X3-X* planes. The conserved charges are given by

E=m/1+u2 K, jlz%(K—E), Jo =

muo

T (E-(1-k)K), (6.4.5)

with m now represents the winding number for #-angle.
Again, the moduli ¥ and the charges can be expanded in powers of \/J? to obtain ¢ of
(0.0.1). This time, they can be compared to the a; for a imaginary root distribution of Bethe

roots on the gauge side.

6.4.2 Infinite spin limit: dyonic giant magnons

When the moduli parameter k goes to unity, both type (i) and (i7) solutions become an array
of dyonic giant magnons. The relation (6.3.10)) (or (6.3.25)) implies that the ws-dependence of

the solutions disappears in this limit. We will therefore write w in place of w;. The relation

u? —u3 = 1+ tan®w implies @ = u; and b = tanw in view of (6.3.7) and (6.3.8)) (or (6.3.22)
and (6.3.23)), and the profiles of both types of strings become

/ . sinh(X —iw) , cos(w)
t = 1 2 — itan(w) X +iu T — usT ) 6.4.6
T S cosh(X) c ’ &2 cosh(X) ‘ ( )

Let us impose the same boundary conditions as in the single spin case (6.2.19)), then it requires
1 — oo as well as the relation Ayp; = 7 — 2w.

The conserved charges for one-hop (i.e., single giant magnon) are given by

E=u (1 - tg—w> K1), J=u [(1 - tg—w) K(1) — cos? w} . o= upcosiw, (6.4.7)

1 1

where K(1) is divergent, i.e., £, J; — 0o. Energy-spin relation then becomes

E—Ti=1/TJ?+ cos?w. (6.4.8)

By comparing (6.4.8) with (0.0.2)) with an identification Q = Jo = (V/\/7)Js, we find p = 71— 2w
as we mentioned earlier. It would be useful to note that, one can match the expressions above

with the ones presented in [51], by redefining the parameters as
T=|cosa| T, X =|cosa| X and  wup =tana, (6.4.9)

where T and X are the boosted worldsheet variables used in [51].
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6.4.3 Uniform charge-density limit

Another interesting limit is k& — 0, where the densities of J; tend to distribute uniformly along
the worldsheet space variable o in our gauge choice.

As for the type (i) case, the parameters a and b go to a — uy = +1/U + tanh® w, and
b — —tanhws,, and the fields become

t=%, &=0, &=V (6.4.10)

and the conserved charges for one-hop are E = v/\/2, J; = 0 and J, = v/A/2. This is a
point-like, BPS (E — J, = 0) string, rotating along the great circle in the X3-X* plain.

For the type (i7) case, the profile becomes

t=va2—07, & =Csin(X —iw)e™”, & =0C cos(X —iwy) e (6.4.11)

where ' = (cosh2 ws + sinh? wl)fl/ ? The angular velocities satisfy u? = u3 = U + 1. The

parameters @ and b (with a > b) are determined by

at+ b =-U+2u, (6.4.12)
ib = C?VU +1 (sinhw; coshw; T sinhws cosh ws) (6.4.13)

where F reflects the sign ambiguity of angular momenta. The conserved charges for one-hop

are evaluated as

I (6.4.14)
. 7% .
J=— 5 sinh w; cosh wy , (6.4.15)
A 7O .
Ja = 5 sinh wy cosh wy . (6.4.16)

As we are assuming a > b > 0, the situation b = 0 can be realized when w1 = wy with “-”

sign of , or when w; = —wy with “+” sign. In both cases, the soliton velocity © = l;/ a
vanishes, which then implies the equal spin relation J; = J; in view of and .
This equal two-spin (or “rational”) solution can also be realized as J; = Jo case of a so-called
constant-radii string solution, which follows from an Ansatz {; = a; ewiTHn9) (j = 1,2) with
a; constants [38]. From the viewpoint of a finite-gap problem, an equal two-spin case mentioned
above corresponds to a single-cut limit of the symmetric two-cut imaginary root solution, that
is, the limit when the outer two branch points of the cuts go to 700, thus making it a single-cut.
This situation can also be realized as a certain limiting configuration of a single cut distribution
of Bethe roots, that is, when the filling fraction of the spin-chain (the ratio of the number of

impurities to the number of sites) goes to 1/2.
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6.5 On the moduli space of helical solutions

The profile of helical string solutions contains many parameters under several constraints. For
the sake of completeness, we count the number of independent parameters and show several

numerical examples which solve all constraints explicitly.

6.5.1 Number of independent parameters

Computing the moduli space of solutions, namely the number of independent parameters, is

easy. There are four parameters corresponding to four conserved charges, say
(k,U,wl,wQ) — (NLM 7N902 ,Jl,J2>. (651)

In addition, the parameter u, that is spatial scale of worldsheet, controls the number of hops
n.

Any classical solutions are characterized by two real parameters and three integers (n, Ny , Ns),
so the moduli space of solutions is real two-dimensional. If one imposes the semiclassical quan-
tization conditions on J; and J,. then the moduli space becomes zero-dimensional, specified
by five integers (n, Ny, No, Ji, J3).

From Complex sine-Gordon point of view, there are three parameters (k, U ,v) which char-
acterize helical-wave solutions . Helical-wave solutions of the real sine-Gordon model do
not depend on U.

There are other constraints which should be kept in mind when we look for consistent

solutions.

e The reality of w; is required for the normalizability of {; as well as the equation of motion.

e The condition v = b/a is required for the timelike winding number to vanish. The
parameters a and b, which are chosen as a solution of Virasoro constraints, must of course

be real.

e The parameters u; and us; must be real, which imposes the lower limit on U.

6.5.2 Numerical results

We tried to find a pair of real parameters (w; ,ws) which can solve the closedness conditions

for given (k,U) and (n, N,, , N,,), by computer-aided search.

Because periodic boundary conditions like (6.3.13), (6.3.14) contain the ambiguity of 7/ ,,

we had to look for solutions up to

Ny = Ny, +n, and Ny, =Ny, +n. (6.5.2)
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k n | Ng, | Ng, w1 Wo v LL & J1 T2
0.7 3 6| 1 -1 |/ 0.8953 | 2.914 0.4460 | 3.155 || 18.52 | 11.56 | 6.284
6| 1 -2 1.118 | 3.195 0.5317 | 2.986 || 17.76 | 12.17 | 4.852
6| 1 -3 1.267 | 3.436 0.6073 | 2.801 || 17.16 | 12.43 | 3.784
6| 1 -4 1.376 | 3.676 0.6767 | 2.595 || 16.47 | 12.35 | 2.930
6| 1 -5 1.443 | 0.2194 || 0.7241 | 2.431 || 15.92 | 12.14 | 2.357
6| 1 -6 1.465 | 0.5698 || 0.7404 | 2.369 || 15.80 | 12.20 | 1.998
6| -1 5 2.282 | 3.506 | -0.7245 | 2.431 || 15.91 | 12.13 | 2.355
6 -1 | 0.6285 | 3.540 0.2411 | 3.421 || 20.28 | 8.394 | 11.10
6 -1 || 0.3723 | 0.2639 || 0.05333 | 3.520 || 21.22 | 7.162 | 13.08
6| -3 1 3.353 | 3.459 || -0.05283 | 3.520 || 21.23 | 7.167 | 13.07
0.7 50 6| 1 -5 1.344 | 3.338 0.2392 | 3.423 || 76.73 | 64.01 | 12.38
0.710.138 || 6 | 1 -1 1.057 0 0.7626 | 2.280 || 6.146 | 3.042 | 1.458
0.7 1.127 | 6| 1 -6 1.143 | 1.846 0.6686 | 2.621 || 12.00 | 8.511 | 1.648

Table 6.1: List of numerical values of parameters (k, U, w; ,wy) that make strings to be closed.

Once we find a consistent pair of parameters (w;,ws), we can compute the physical winding
number (N , NZ,).

P17
The results are listed as follows:

There are several interesting features of this result:

e As far as we studied, there is only one solution (N ,Ng)) for any winding number
(N, , Ny, ) defined modulo n. In other words, the winding numbers |N,, | and |N,,| are

bounded from above.

e It seems that the bound on |N,,| is stronger. In fact, the above table suggests |NV;| <
n/2. Existence of such bound was also consistent with the argument in the Nambu-Goto

approach of [I5§].

e The inequality £ > J; + J> is satisfied for all solutions. This is interpreted as the

counterpart of unitarity bound imposed on gauge theory side.

Obviously, the numerical results listed above are neither comprehensive nor satisfactory.
One should not draw any conclusion from it, except that there indeed exist lots of solutions to
both Virasoro constraints and periodicity conditions.

6.6 (eneral 2-cut finite-gap solutions

Helical (spinning) string solutions are identified as general 2-cut finite-gap solutions in [62],

which we will summarize below.
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In Section we see that general finite-gap solutions on R x S? constructed in [31] are
expressed in terms of the Riemann 6 functions. General 2-cut solutions can be obtained when
the Riemann 6 functions reduce to the Jacobi € functions, that is, when the genus is one.

A genus-one algebraic curve is called elliptic. Let us define an elliptic curve by
v’ i=(z —21) (x — 71) (2 — 29) (7 — To) . (6.6.1)

The hermiticity of flat currents requires that the branch points should be located symmetrically

with respect to the real axis. We introduce the normalized holomorphic differential on this

dz
wi=v v, Vi=—, 6.6.2
// y 062)

where the integral over a stands for the a-period chosen as in Figure[6.7 Then, the parameters

elliptic curve by

p+ are given by

o+

iwy = ip- = 2K (k) (/ W Z2§EZ;> : iwy = ipy = 2K (k) </ LW %) . (6.6.3)

+
By using Riemann’s bilinear identity, one can express the integral fiij in terms of the

location of the branch points. The results are

O iF (pe k) | pr\ _ (V£ V@) (VI + V)
/ w= TOK(E) with  tan (7) = P— , (6.6.4)

ooT

where F' (¢, k) is the normal (or incomplete) elliptic integral of the first kind given in Appendix
A.1l From (6.6.3) and (6.6.4), we obtain the relation between the parameters w; o of helical

strings and the location of the branch points:
wi = F (o, k) —K'(k), wy = F (p_, k') +iK(k). (6.6.5)

It can be shown that the right hand side of the second equation is always real. So we may

redefine wy as

Re [F (p_, k)] (for k<1, k—1),
wy = - (6.6.6)
Re[F (o, k)] — B (for k>1, k—1).
This expression is more useful than (6.6.5)) for studying the behavior of wy near k£ = 1.
The profile of 2-cut finite-gap solutions obtained in [62] reads
Os(X —ip . N
Z, = C 3{ ip+) exp (ZQ(zm, W)X + v, T + w?) ,
2 (zp+)@0 (X)
AR (6.6.7)
61 (X - Zp—) .~ > . ~ .0
Zy = C £~ exp (Zo(zp_, E)X 4+ w_T + ZQOZ) :

Oo (ip-)O0(X)
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Figure 6.7: Choice of a- and b- cycles for an elliptic curve.

where C' and ¢{ , are real constants. It has exactly the same form as (6.3.4) and (6.3.5) after
trivial interchange of Z; <> Z,. Let us explain a little more about parameters used here in
terms of algebro-geometric data.

The elliptic modulus £ is determined from the location of branch points, as

K =vI—k2= % , (6.6.8)
The boosted space coordinate X is defined as
1 1
XEXO+%/dQ:XO+%/(adp+qu). (6.6.9)
b b
The integral over b-cycle gives
N ~ xr — vt Y —Y—
X =2Kk)X =Xy + ———, v= Y/, 6.6.10
(k) 0ot T ——— ( )
where (z,t) is given by
(x,t) = (o, ut), = RM (6.6.11)

and y4 = y(x)|,_., - The tilde stands for rescaling by 2K(k), like p+ = 2K(k)p+ , and so on.
The differential dQ appeared also in the exponential term of the general formula
and . A part of exponential term gives the boosted time coordinate 7" multiplied by

angular velocities vy , which are given by

- t—wz y(0) £ 1
T=—=— and Vg =
V1—12 * |21 — Zo

In finite-gap solutions, the b-period of quasi-momentum is quantized. In the present situa-

(6.6.12)

tion, the mode number

1
nz—/dpEZ, (6.6.13)
2 b
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is identified as the number of hops. The periodic boundary conditions for a closed string are

expressed as
1

2

Global conserved charges are computed as

1 1
E—J =2Re —,]{d : Jo =2Re —,]{a : (6.6.15)
2m J, 21y

where the differentials o and & are defined as

a Z—j(H%)dp, dzﬂ(x—%)dp. (6.6.16)

dp=—-N;€Z. (6.6.14)
+

Recall that an array of dyonic giant magnon solution is obtained by taking £ — 1 limit of
helical spinning string. In the finite-gap formulation, from the relation (6.6.8)) one finds the
limit £ — 1 is equivalent to 1 — 2.

The quasi-momentum dp(z) on the upper sheet CP}F in this singular curve limit is given by

nkdr 1 —z> |1+ a)?
<x—mxx—@>(w—n2+uw4v)'

dp(x) = (6.6.17)

We substitute this expression into ((6.6.15)). Because the integral over b-cycle picks up a pole at

xr = x1, global conserved charges are expressed as functions of x , as

E_Azﬂﬁ(ﬁ_i)_@r;gy (6.6.18)

47 Ty L1
n\/_‘(xl_'_ ) <f1+xil)‘ (6.6.19)

For the case of a single dyonic giant magnon, i.e. n = 1, we obtain the famous square-root

formula

A D
E—J = \/J22 + 5 sin’ (§> . (6.6.20)
The results (6.6.18]) and (6.6.19) exactly match with the conserved charges of magnon bound-
states (5.1.57) and (5.1.58)) upon identification of the parameters 27 = X+,
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Chapter 7
Large winding strings

We study a family of classical strings on R, x S? background which has large winding numbers
and oscillates in spacetime. They are obtained from helical spinning strings discussed in the
previous chapter by interchanging worldsheet time and space coordinates. They interpolate
various classical strings whose energy is roughly given by the length times the tension of a string,
like pulsating strings and single-spike strings. From a finite-gap perspective, this transformation
is realized as an interchange of quasi-momentum and quasi-energy defined for the algebraic
curve.

This chapter is mainly based on the author’s paper with H. Hayashi, K. Okamura, and B.
Vicedo [97].

7.1 2D-transforming classical strings on R, x S°

We consider classical string theory on R x S and relate it to CsG system via the Pohlmeyer-

Lund-Regge reduction procedure, just as in Section

We are interested in how the 2D transformation acts on classical strings and solutions of
Complex sine-Gordon equations, respectively. Let us first look at the string equations of motion
and the Virasoro constraints (6.1.2). In view that they are invariant under the 7 < o
flip, any string solution is mapped to another solution under this map. On closer inspection
of the Virasoro constraints , one actually finds that the 7 <> ¢ operation can be applied
independently to the R € AdSs and S C S° parts. We will use this observation to generate
new string solutions from known solutions on R x S, by transforming only the S part while
retaining the gauge ¢ o« 7. In order to satisfy other consistency conditions such as closedness
of the string, one needs to care about the periodicity in the new o direction (that used to be

the 7 direction before the flip).

Before discussing the CsG counterparts of such 7 <» ¢ transformed string solutions, it would

be useful to review some relevant aspects of the (C)sG <> string correspondence before the
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transformation. A good starting point is a single-spin helical spinning string. From the stand-
point of sG theory, the helical string corresponds to the following helical wave (“kink-train”)

solution of sG equation,

¢@,x)=:2aﬂﬁhl[ml((x__ii>%;?%;__%>,k>] . (7.1.1)

via the PLR procedure. The single-spin helical string thus has two controllable parameters

derived from the sG soliton ([7.1.1]); one is the soliton velocity v and the other is the elliptic
moduli parameter k that controls the period of the kink-array. In the & — 1 limit, it reduces

to an array of giant magnons, while as v — 0, it reduces to a folded/circular string of [35].

Actually there is another periodic solution of sG equation, namely a periodic instanton.
Generally, one can interpret a static, finite energy classical solution of sG theory in (1 + 1)-
dimensions as a finite action Euclidean solution in (1 + 0)-dimension that interpolates between
different vacua of the theory. Such a sG instanton solution is known in the literature (see, e.g.,

[162]) and is given by

¢@q:2mmem(ﬂ;%J>}. (7.1.2)

Here t' = it is the Euclidean time. One can see that a static kink soliton of sG equation
—0%¢ = sing (set v = 0 in ([7.1.1))) is related to the instanton (7.1.2) of the Euclidean sG
equation 92¢ = —0%¢ = sin ¢ by a formal translation = <> ¢’ (i.e., space-like motion turns into
“time-like” motion), which amounts to swapping worldsheet variables 7 <> ¢. Starting from
the instanton solution , and boosting it by a parameter v, we obtain a one parameter

family of sG solutions of the form

t'—ty) —v(a' — xy)
t',2') = 2arcsin | cn ( 0 0%k 7.1.3
o) o (I @
with (t',2") = (it,ix) , which is related to the sG helical wave (7.1.1)) by 7 <> 0.

Via the PLR map, each periodic instanton corresponds to a point-like segment, or “string-
bit”, and an infinite series of such periodic sG instantons (7.1.2)) arrayed in the o-direction make
up the corresponding classical string. Note that for the boosted instanton (7.1.3]), v no longer

represents a velocity, rather it should be viewed as a parameter that controls the difference

between time-origins ¢ for each bits. A pulsating string corresponds to the v = 0 case, when
the timing of the pulsation of each string-bits is perfectly right. When the pulsation timing
of the bits is off in a coherent manner, a symmetric “spike” comes into being, reflecting the
staggered motions of bits.ﬂ In the limit & — 1, the oscillation period of each bit becomes

infinite, and the bits stay in the vicinity of the equator for an infinite amount of time, except

I The situation is much the same as the case of familiar transverse waves, where oscillation in the medium
takes place in a perpendicular direction to its own motion. This direction of motion corresponds to, in our case,

the circumferential direction along the equator of the sphere.

108



during a short sudden jump away from the equator — this is one way to interpret the single-spin

single-spike string of [63] from the sG point of Viewﬂ

We have just discussed the way to realise the oscillating solutions resulting from a 7 <> o
transformation in terms of a collection of sG instantons. We gave this interpretation because it
is very intuitive. Actually one cannot generalize this argument to the CsG case directly, since in
this case the argument requires y to be imaginary. So for the CsG case, it would be convenient

¢

instead to interpret the effect of the 7 <+ o operation as flipping the sign of the “mass” term

in the Lagrangian as

0w O D 0

T— ) = T Y

ECSG =
In this way one can easily understand how one solution of CsG is related to another via the

T <+ o transformation, keeping ¢ and y real.

Notice also, as in the soliton cases, that there are two classes of “boosted” instantons
possible; the first is an instanton that oscillates about one of the barriers of the periodic
potential with fixed finite oscillation range, while the other no longer oscillates back and forth
but goes on from one barrier to the neighboring one. A similar kind of distinction exists for

what we call type (i)’ and type (i7)" strings.

7.2 Helical oscillating strings

We are now in a position to discuss the 2D transformed helical strings. We first study the type
(1) case in the following section [7.2.1] The results on the type (ii)" solutions will be collected
in section [(.2.2)

7.2.1 Type (i) helical strings

We start from the profile of helical spinning strings (6.3.3)-(6.3.5)), and swap 7 and o of &(7, o)
(¢ = 1,2) while keeping the relation ¢ (7,0) = aT + bX as it is. One then obtains the 2D-

transformed version of the type (i) two-spin helical (spinning) strings, which we call type (i)’

2 As is noticed in [63], for sG case, it is also possible to argue that the 7 <+ o transformation results in
the change of sG kink soliton from ¢ = 2arcsin (1/ cosha,) to ¢ = 2arcsin (tanhz,). However, it seems this

interpretation cannot be directly applied to CsG case.
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helical (oscillating) strings,

t=al +bX, (7.2.1)
= ©0(0) 61T —iw) ex W 1

£ = TrouioT oo D (ZO( T + 1X> , (7.2.2)
= ©0(0)  O(T — iwy) ex w u

N o o) D (ZQ( )T+ 2X> . (7.2.3)

The coordinates (7, X) and the normalization constant C' are same as before. Virasoro con-
straints fix the parameters a and b as in (6.3.7)) and , and the PLR reduction relation
(6.1.7) relates u; and uy as . We adjust the parameter v such that the AdS time is
proportional to the worldsheet time variable, namely 1y = v/a2 — b2 7 with v = bja<1.

We are interested in closed string solutions, which means we need to consider the periodicity

conditions. The period in o -direction is defined such that it leaves the theta functions in (6.3.4])

and ((6.3.5)) invariant, namely it is given by

1 — )2
_t<o<e,  =BVITV o). (7.2.4)
v

Then, closedness of the string requires

s 2K+/1 — 0?2

Ao = — = BT (7.2.5)

Agy = e ok (% + iZo(iw1)> + (20, + D, (7.2.6)

Agy = e _ ok (% + z’ZQ(m)) +onlT, (7.2.7)

where n = 1,2,... counts the number of periods in 0 < ¢ < 27, and N, ,, are the winding

numbers in ¢ 5 -directions respectively. The integers nj , specify the ranges of w; » respectively.
The energy and angular momenta of a string, defined in ((6.2.15), yields

o na(lv— ) n(a2b— B g (728)
T = %22“1 [E — (dn2(m1) + Z—i sn(iw; ) cn(iw;) dn(iw1)> K] : (7.2.9)
Jo = ”(’;“2 [—E (11— k) (z‘;gz% . U; Sn(i;?(?i;”)) K] . (7.2.10)

It is meaningful to compare the above expressions with those of type () helical spinning strings,
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(6.3.15)-(6.3.17) :

2 _ g2
ED =na (1-v)K= MK, (7.2.11)
a
4 2 1.2
‘71(” = nCl;2u1 [—E + (dn2(iw1) + sz sn(iwy) en(iwy) dn(z’wl)) K] , (7.2.12)
1
@ nC%uy oy ((s0(iws)  dv sn(iwy) dn(iws)
5 == [E+O k)(m%w) i LR (7.2.13)

If we regard £ and J; as functions of v = b/a, the global charges of the transformed solutions are
related to the original ones by &(a, b) = —E@(b, a) and ji( )= —j(i)(—l/v) Similar relations
are also true for the winding numbers given in and (7.2.7), N, ( _Nw?( 1/v)
(¢ = 1,2). They are just a consequence of the symmetry a <> b the V1rasoro constraints

possess. For example, if (a,b) = (ag,by) solves and (6.3.8), then (a,b) = (b, ap) gives

another solution.

Notice that in the limit v — 0 (w2 — 0), all the winding numbers in — become
divergent (and so ill-defined), due to the fact that the 6 defined in becomes independent
of 0. Therefore, in this limiting case, we may choose p arbitrarily without the need of solving
(7-2.5)), provided that N, and N,, are both integers.

=

Figure 7.1: Type (i)’ helical string (k = 0.68,n = 6) , projected onto S2. The figure shows a single-

spin case (ug = we = 0). The (red) circle indicates the § = 0 line (referred to as the “equator” in the

main text).

The type (i)’ helical strings contains both pulsating strings and single-spike strings in par-
ticular limits. Below we will consider various limits including them.
e w9 — 0 limit: Pulsating strings

Let us first consider the w; o — 0 limit. In this limit, the boosted coordinates reduce to

(T,X) — , and (7.2.1)-(7.2.3) become
:,Mﬂugﬁ & = ksn(7,k) e, & = dn(F, k) ™7, (7.2.14)
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with the constraint u? — u3 = 1. Since the radial direction is independent of o, we may treat
i as a free parameter satisfying N, = pu; and Ny, = pus . Then the conserved charges for a

period become

1
Ezwk\/Ngle (ﬁ_l) N32, S =0=0. (7.2.15)

Left of Figure shows the time evolution of the type (i)' pulsating string. It stays above

the equator, and sweeps back and forth between the pole (§ = 7) and the turning latitude
determined by k.
When we set uy = 0, this string becomes identical to the simplest pulsating solution studied

in [41] (the zero-rotation limit of rotating and pulsating strings studied in [42] 43])E|

e k — 1 limit: Single-spike strings

When the moduli parameter k goes to unity, type ()" helical string becomes an array of single-
spike strings studied in [63, 64]. Dependence on wy drops out in this limit, so we write w instead
wi . The Virasoro constraints can be explicitly solved by setting a = u; and b = tanw. The
profile of the string then becomes
. sinh(T —iw) , cos(w)
t=4/1+ud7, = gitan(@)THmX = L X 7.2.16
27 s cosh(T) & cosh(T) ( )

with the constraint u? — u3 = 1 + tan?w [] The conserved charges are computed as

2—t 2
g::(ﬂL__3315)1<u), J=uicosiw,  Jo=uscos’w, (7.2.17)
tanw

where K(1) is a divergent constant. For n = 1 case (single spike), the expressions ((7.2.17))

result in
A
Ji=1/J3 +cos?w, ie., J= \/J22+—200$2w. (7.2.18)
T

Since the winding number A, also diverges as k — 1, this limit can be referred to as the

“infinite winding” limit ] which can be viewed as the 2D-transformed version of the infinite
spin limit of [49]. By examining the periodicity condition carefully, one finds that both of the

divergences come from the same factor K(k)|,_,,. Using the formula (A.4.24)), one can deduce

that A onl 1 1
2l :—(w—LﬁiJﬂ)ze. (7.2.19)
2 k—1 2

Using the # variable introduced above, which is the same definition as used in [63], one can see
(7.2.18)) precisely reproduces the relation between spins obtained in [63].

E —

3 The type (i)’ pulsating solution studied here and also the type (ii)’ pulsating string discussed later are
qualitatively different solutions from the so called “rotating pulsating string” [42], so that the finite-gap inter-
pretation and the gauge theory interpretation of type (i)’ and (i7)" are also different from those of [42].

4 Here u1 2 and w are related to + used in [63] (see their Eq. (6.23)) by u; = tan 7y

1
COS ¥ COS w cosw
5 Notice, however, that the string wraps very close to the equator but touches it only once every period

and ug =

(every “cusp”).
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Figure 7.2: In the w2 — 0 limit, type (i)’ (Left figure) and type (i7)" (Right figure) helical strings

il

reduce to different types of pulsating strings. Their behaviors are different in that the type (i)’ sweeps
back and forth only in the top hemisphere with turning latitude controlled by the elliptic modulus,
while the type (i7)" pulsates on the entire sphere, see Section For the type (ii)’ case, we only
showed half of the oscillation period (for the other half, it sweeps back from the south pole to the
north pole).
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2

Figure 7.3: The k — 1 limit of type (i)’ helical string: single-spike string (w = 0.78). The figure

shows the single-spin case (ug = wa = 0).

Let us comment on a subtly about v — 0 (or equivalently w — 0) limit of a single spike
string. It is easy to see the profile of single-spike solution with w = 0 agrees with
that of pulsating string solution with £ = 1, however, due to a singular nature of the
v — 0 limit, the angular momenta of both solutions and do not agree if we

just naively take the limits on both sides.

e k — 0 limit: Rational circular (static) strings

Another interesting limit is to send & to zero, where elliptic functions reduce to rational func-

tions. The Virasoro conditions become
a? +b* = uj +tanh’w, and ab= fustanhw, (7.2.20)

where uy = /U + tanh®w. This can be solved by a = uy and b = tanhw (assuming U > 0).
The profile is given by

t=VU7, =0, &=¢Vl7, (7.2.21)

This is an unstable string that has no spins and just wraps around one of the great circles, and
can be viewed as the 7 <> ¢ transformed version of a point-like, BPS string with E — (J; +.J;) =

0. The conserved charges for one period reduce to
E=mNU, THh=F=0. (7.2.22)

The winding number for the ¢, -direction becomes N,, = /U, so the energy can also be
written as
VA )

21

E =N,V = (27N,,) x ( (7.2.23)

Thus the energy of rational circular strings is given by (length) x (tension).
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® Uy, wy — 0: Single-spin limit

A single-spin type (i)’ helical string is obtained by setting us = ws = 0, which results in
Jy = Ny, = 0[] In view of (6.3.9), the condition uy = wy = 0 requires U = 0, u; = dn(iw)
and C' = k/dn(iw), and the Virasoro constraints (6.3.7) and (6.3.8)) are solved by setting

a=ken(iw), b= —iksn(iw) and v = —i sn(iw)/ cn(iw) . Periodicity conditions then become
Ao = T _ ﬂ) 2mNg, _ 0, (7.2.24)
n psn(iw) n
2m N, w) dn(z
Apy = 2290 — 9K (M + Zo(iw)) + @)+ 1), (7.2.25)
n sn(iw)

and the conserved charges for one period are
ik 1

&€= sn(iw)

E-(1-®K|, Z=o0. (7.2.26)

7.2.2 Type (ii)" helical strings

/

The type (ii)" solution can be obtained from the type (i)’ solutions, either by shifting wy

ws + K’ or by transforming & to 1/k. The profile is given byﬂ

~

aT + bX (7.2.27)

e Ou(0)  Oy(T —iw)
\/EGO(iW1) ©0(T)
A @0(0) @2(T — ’iLUQ)

& =0C Trouie ouT) P (Zg(iwz)T—i—iuQX), (7.2.29)

The normalization constant C'is same as that of Section|6.3.2] The equations of motion imposes
the relation ([6.3.24) on u; and wuy . Virasoro conditions are equivalent to (6.3.22)) and (6.3.23)).
As in the type (i)' case, we can set § = Va2 — 27 with o =b/a < 1.

The periodicity conditions for the type (i)’ solutions become

2r 2Kv1—12

3

exp (Zo(iwl)T + iu1X> : (7.2.28)

Ao=—=—"—" (7.2.30)
m Op

27 M,

gy = M e (ﬂ + Z'Zg(z'wl)> F@em 1), (7.2.31)
m 0

2 M,
Apy = T _ 9K (% + Z'Zg(iwg)) +(2ml+ )7, (7.2.32)
where m = 1,2,... counts the number of periods in 0 < ¢ < 27, and M, , are the winding

numbers in the ¢, o-directions respectively, and m/ , are integers. The conserved charges are

6 Tt turns out the other single-spin limit u; ,w; — 0, which gives J; = 0, does not result in real solutions

for this type (i)’ case.
7 We use a hat to indicate type (i)’ variables.
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given by

a2 212
é_ ma(l —v?) K — n(a® — b%) K. (7.2.33)
v b
12 1.2
G- mCu {E . (an(iwl) £ i) cn(zm)dn(mo) K} , (7.2.34)
VU
. mC?uy 1 ik? sn(iws)cn(iws)
=— = |-E+(1—#k? — K| . 7.2.35
._72 k2 |i + ( ) ( dn2(iw2) @’UQ dn3(iWQ) ) :| ( )

Just as in the type (i) <> (i)’ case, the winding numbers and the conserved charges of the
original type (ii) and (ii) are related by £(a,b) = —E@(b,a), Ji(0) = —ji(ii)(—l/ﬁ) and
My, (8) = =My (=1/0).

Figure 7.4: Type (ii)" helical string (k = 0.40,m = 8). The figure shows a single-spin case (uy =
Wy = 0) .

As in the type (i)' case, we can take various limits.

e w2 — 0 limit: Pulsating strings

The profiles (6.3.18))-(6.3.20]) reduce to

t=\/14+u27, & =sn(f k)™, &= cen(Fk)e™ (7.2.36)

with constraint u? — u3 = k*. The conserved charges for a period become

P2

T
£ = E\/Mgl + (k2 — 1) M2 Ji=To=0. (7.2.37)

Right of Figure shows the time evolution of the type (iz)" pulsating string. Again, when we

set ug = 0, this string reduces to the simplest pulsating solution studied in [41].
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e k — 1 limit: Single-spike strings

This limit results in essentially the same solution as the type (i)’ case, that is an array of
single-spike strings. The only difference is that while in the type (i)’ case every cusp appears
in the same side about the equator, say the northern hemisphere, in the type (ii)" case cusps

appear in both the northern and southern hemispheres in turn, each after an infinite winding.
e k — 0 limit: Rational circular strings
In the k£ — 0 limit, the profile becomes

t=\a2—027, & =C sin(T —iw)e™X, & =C cos(T — iwy) e (7.2.38)

with ¢ = (cosh2 wy + sinh? wl)_l/z

following set of relations between the parameters @ and b (with a > ?))

and u} = ui = U + 1. Virasoro constraints imply the

a2+ = U+ 2u2, (7.2.39)
ab=C*U~+1 (sinh wy cosh wy F sinh wy coshwy) . (7.2.40)

Here F reflects the sign ambiguity in the angular momenta. The periodicity conditions become

21 w1 — 92

Aco=—=—— (7.2.41)
m o
27 M
Apy =" T L o) 4+ 1), (7.2.42)
m 0]
27 M
Apy= 202 T2 (9 1) (7.2.43)
m 0
The conserved charges for a single period are evaluated as
R 0 (1 — o2 R Ca R C’2
E = M, T = T — sinh w; coshwy , Jo = _T — sinhwy coshwy . (7.2.44)
20 20 20

® uy ,wy — 0: Single-spin limit

As in the type (i)' case, we obtain the type (i7)’ helical strings with J, = M, = 0 by setting
Uy = Wy = 0 Then we find U = —1 + k%, uy = ken(iw) and C' = 1/ cn(iw). The Virasoro
conditions require & = dn(iw), b = —iksn(iw) and & = —iksn(iw)/dn(iw). The periodicity

conditions become

2 2K 2 M,
Ao= L2 =2 T ), (7.2.45)
m pksn(iw) m
2 M, w) dn(?
Ap = =220 — 9iK (M + Zo(z'w)) +@m) +1)7, (7.2.46)
m sn(iw)
8 For the type (ii)’ case, the other single-spin limit u; = w; = 0 results in U = —1, u3 = -1 + (1 —

k?)/ dn®(iwg) and C' = dn(iws)/ cn(iws). It turns out equivalent to the wy s — 0 limit, because up must be

real, and thus the second condition implies wy = 0.
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and the conserved charges for a single period are given by

1 A

~ % o
E=—K, jl—mE, Jo=0. (7.2.47)

7.3 Finite-gap interpretation

The helical strings (6.3.4), of [96] were shown in [62] to be equivalent to the most general
elliptic (“two-cut”) finite-gap solution on R x S C AdSs x S°, with both cuts intersecting the
real axis within the interval (—1,1) (see Figure (a)). The aim of this section is to present
the corresponding finite-gap description of the 7 <> o transformed helical string ,
obtained in the previous section.

Recall first from [62] that the (o, 7)-dependence of the general finite-gap solution enters
solely through the differential form

dQ(o,T) = % (odp + 7dgq) , (7.3.1)

where dp and dq are the differentials of the quasi-momentum and quasi-energy defined below by
their respective asymptotics near the points x = £1. The differential multiplying ¢ in dQ(o, 7)
(namely dp) is related to the eigenvalues of the monodromy matrix, which by definition is
the parallel transporter along a closed loop o € [0,27] on the worldsheet. This is because
the Baker-Akhiezer vector @ (P, o, 7), whose (o, 7)-dependence also enters solely through the
differential form dQ(c, 7) in (7.3.1)), satisfies [31]

I
P(P, o+ 27, 7) = exp {z/ dp} P(P,o,7).

oot

Now it is clear from ([7.3.1]) that the o <> 7 operation can be realised on the general finite-gap

solution by simply interchanging the quasi-momentum with the quasi-energy,
dp < dq. (7.3.2)

However, since we wish dp to always denote the differential related to the eigenvalues of the
monodromy matrix, by the above argument it must always appear as the coefficient of o
in dQ(o, 7). Therefore equation should be interpreted as saying that the respective
definitions of the differentials dp and dg are interchanged, but dQ(o, 7) always takes the same
form as in .

Before proceeding let us recall the precise definitions of these differentials dp and dq. Con-
sider an algebraic curve Y, which admits a hyperelliptic representation with cuts. For what
follows it will be important to specify the position of the different cuts relative to the points
x = =+1, i.e., Figures (a) and (b) are to be distinguished for the purpose of defining dp
and dg. We could make this distinction by specifying an equivalence relation on representa-

tions of ¥ in terms of cuts, where two representations are equivalent if the cuts of one can be
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deformed into the cuts of the other within CP' \ {#1}. It is straightforward to see that there
are only two such equivalence classes for a general algebraic curve . For example, in the case
of an elliptic curve X the representatives of these two equivalence classes are given in Figures
(a) and (b). Now with respect to a given equivalence class of cuts, the differentials dp
and dq can be uniquely defined on ¥ as in [31] by the following conditions:

(1) their A-period vanishes.

(2) their respective poles at © = +1 are of the following form, up to a trivial overall change
of sign (see [62]),

n Trdx n Trdx
dp(x™) Nt :F—@ “ye dp(x™) D :F—(x 1) (7.3.3)
do(z®) ~ T gt ~ (7.3.4)

where 2% € 3 denotes the pair of points above x, with 2% being on the physical sheet,

and z~ on the other sheet.

Once the differentials dp and dq have been defined by and with respect to a given
equivalence class of cuts, one can move the cuts around into the other equivalence class (by
crossing say © = —1 with a single cut) to obtain a representation of dp and dq with respect
to the other equivalence class of cuts. So for instance, if we define dp and dq by and
(7.3.4)) with respect to the equivalence class of cuts in Figure (a), then with respect to the
equivalence class of cuts in Figure (b) the definition of dp will now be and that of

dq will now be (7.3.3)).

(a) (b)
X9 Ii ) |i

X1 X1

) )
/ /

+1 -1 +1

xT

T

Figure 7.5: Different possible arrangements of cuts relative to x = £1: (a) corresponds to the helical

string, (b) corresponds to the 7 <+ o transformed helical string.

In summary, both equivalence classes of cuts represents the very same algebraic curve 33, but

each equivalence class gives rise to a different definition of dp and dg. So the two equivalence
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classes of cuts give rise to two separate finite-gap solutions but which can be related by a
T 4+ o transformation (7.3.2). Indeed, if in the construction of [62], it is assumed the generic
configuration of cuts given in Figure 7.5 (b), instead of Figure|7.5|(a), then the resulting solution
is the generic helical string but with

X < T

namely the 2D transformed helical string , . Therefore, with dp and dq defined
as above by their respective asymptotics and at x = +1, the helical string of
[96], [62] is the general finite-gap solution corresponding to the class represented by Figure
(a), whereas the 2D transformed helical string corresponds to the most general elliptic finite-gap
solution on R x S% with cuts in the other class represented in Figure (b).

As is clear from the above, a given finite-gap solution is not associated with a particular
equivalence class of cuts; since dp and dq are defined relative to an equivalence class of cuts,
one can freely change equivalence class provided one also changes the definitions of dp and dgq
with respect to this new equivalence class according to , so that in the end dp and dg
define the same differentials on ¥ in either representation. For example, we can describe the
2D transformed helical string in two different ways: either we take the configuration of cuts
in Figure (b) with dp and dq defined as usual by their asymptotics and at
x = +1, or we take the configuration of cuts in Figure [7.5] (a) but need to swap the definitions
of dp and dq in and . In the following we will use the latter description of Figure
(a) in order to take the singular limit & — 1 where the cuts merge into a pair of singular
points.

We can obtain expressions for the global charges J, = (Jp + Jg)/2, Jo = (J — Jr)/2 along

the same lines as in [62] for the helical string. In terms of the differential form

o Q(aﬂ—i)dp, a \/X<x—1)dp, (7.3.5)

47 E T

we can write

Ji1 = —Resgra + Resoo+a = Resp+ & + Resoot+ v, (7.3.6)
Jo = —Resgra — Resyo+av. (7.3.7)

Note that a and & both have simple poles at x = 0, oo but & also has simple poles at z = +1
coming from the double poles in dp at = +1. It follows that we can rewrite ((7.3.6)), (7.3.7))

as

2
1 N - ~
J=— ; 5 /AI & — Res(y1)r@ — Res(_yy+ &, (7.3.8)

2
1
JQ = —/ a, (739)
; 21 A
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where A; is the A-cycle around the I-th cut. Whereas in [62] the residues of & at © = £1 were
of the same sign (as a consequence of p(x) having equal residues at = +1) so that their sum
gave the energy E of the string, in the present 2D-transformed helical case the residues of &
at © = £1 are now opposite (since p(x) now has opposite residues at x = +1) and therefore

cancel in the above expression for J; , resulting in the following expressions

2 2
1 1
_ :E _ 5 :E _ . 7.3.1
J1 - i /AIOé, Jo 2 i /AIOé (7.3.10)

K3
B M

+1

X-------

Figure 7.6: Definitions of cycles. Figure 7.7: k — 1 limit of cuts.

In parallel to the discussion of the helical string case in [62], there are two types of limits one
can consider: the symmetric cut limit (where the curve acquires the extra symmetry z <> —x)
which corresponds to taking w;, — 0 in the finite-gap solution, or the singular curve limit
which corresponds to taking the moduli of the curve to one, k — 1. In the symmetric cut
limit the discussion is identical to that in [62] (when working with the configuration of cuts in
Figure (a)), in particular there are two possibilities corresponding to the type (i) and type
(17)" cases, for which the cuts are symmetric with ;7 = —Zy and imaginary with z; = —Z1,

xe = —Iy respectively (see Figure 2 of [62]).

In the singular limit £ — 1 where both cuts merge into a pair of singular points at z = xy,
71 [62], the sum of A-cycles turns into a sum of cycles around the points x1, Z; , so that ((7.3.10))
yields in this limit

— J1 = Res,, & + Res,, &, Jo = Res;,a + Res,, o (7.3.11)

Moreover, in the singular limit dp acquires simple poles at x = xy, Z; so that the periodicity

condition about the B-cycle, f 5 dp = 2mn , implies

Res,,dp = 2 .
i
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Let us set n =1 (n can be easily recovered at any moment). Then ([7.3.11]) simplifies to
() - (2-5)
—Si=—|lm—— )|t — —
4 1 1
A 1 1
Jy = £ ‘ (3?1 + _> - (fl + __) ‘ , (7.3.13)
A7 x z

The energy E = VAr = (nv/A/m) € diverges in the singular limit & — 1, but this divergence
can be related to the one in Ag; . In the present case the o-periodicity condition |, g dp € 2L

: (7.3.12)

can be written as
2Kv1—v?  2m  _ 27k|1 — T

v n M= /Yy
where we used . Using this o-periodicity condition the energy can be expressed in the
k — 1 limit as

£==1(1-0") K(1).

We can relate this divergent expression with the expression ([7.2.6]) for Ay, which also diverge

in the limit £ — 1, making use of the relation u;v = tan w, E| and find

£ Ajl _ (w1 - w> —4. (7.3.14)

Comparing this scenario with the one for helical strings in [62] we can write an expression for

0 in terms of the spectral data z; of the singular curve. Identifying

f = —% In (ﬂ> , (7.3.15)

T

the expressions (7.3.12)), (7-3.13) and (7.3:15) together imply the relation”]

/ Aoz
— i =1\/J3+ = sin? 4. (7.3.16)

9The notation in Section m isu; =v_ and w; = p_ .
10 The sign difference between (7.2.18) and here is not essential.
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Chapter 8

AdS helical strings

This chapter is devoted to construction of helical string solutions on AdSs x S' € AdSs x S!.
The construction almost parallels that in previous two chapters. However, non-compactness of

the AdS space leads to new non-trivial features compared to the Ry x S? case.

8.1 Classical strings on AdS; x S! and Complex sinh-

Gordon model

A string theory on AdSs x S' C AdSs x S® spacetime is described by an O(2,2) x O(2) sigma
model. Let us denote the coordinates of the embedding space as 1o, m1 (for AdSs) and &; (for
S1) and set the radii of AdSs; and S* both to unity,

—

7= =l Hmlf=-1, & =1. (8.1.1)
In the standard polar coordinates, the embedding coordinates are expressed as
no = coshpe’, m =sinhpe’® |, & =e'¥, (8.1.2)
and all the charges of the string states are defined as Nother charges associated with shifts of
the angular variables. The bosonic Polyakov action for the string on AdSs x S! is given by
S = —4—; dodr [yab (Bul™ - Dol + Dul™ - DY) + K(ﬁ* i+ 1) + A(g; 6 1)] . (8.1.3)

and we take the same conformal gauge as in the R x S® case. From the action (8.1.3) we get

the equations of motion

0,0 — (OuiT™ - 0“M T =0, 0,061 + (0uly - 0°61) &1 =0, (8.1.4)

and Virasoro constraints
0=Tpy=Tpr = %b (ulT" - 00T+ D - Do) (8.1.5)
0=Tro = Tor = Re (017" - 0y + 0,61 - 0,E}) . (8.1.6)
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We assume 5“b8a§’1* -Opé1 = 1 and 9,&; - 0,&; throughout this section. In contrast to the Ry x S3
case, however, it is possible to construct string solutions with §%9,£; - 9,61 = 0 as was done in
[163].

The PLR reduction procedure, which we made use of in obtaining the O(4) sigma model
solutions from Complex sine-Gordon solution, also works for the current case in much the same
way. The O(2,2) sigma model in conformal gauge is now related to what we call Complex
sinh-Gordon (CshG) model, which is defined by the Lagrangian
0“0
T+

with ¢ = 9(7,0) being a complex field. It can be viewed as a natural generalization of the

+ Y%, (8.1.7)

Leshe =

well-known sinh-Gordon model in the sense we describe below. By deﬁning two real fields o and
B of the CshG model through ¢ = sinh (a/2) exp(i3/2), the Lagrangian (8 is rewritten as

1 tanh?(a/2
Lome = 7 (9ua)’ + w (9u8)° + sinh2(cr/2) (8.1.8)
The equations of motion that follow from the Lagrangian are
L0 Oath
904 — ¢ (L+9¢") =0, 8.1.9
vV T Y (L) (8.1.9)
inh(a/2
00,0 — M (8.0)> —sinha = 0,
, 2 cosh”(a/2)
i.e., (8.1.10)
geg,5 1 20290 _ 4
sinh v

We refer to the coupled equations (8.1.10) as Complex sinh-Gordon (CshG) equations. If 3 is

a constant field, the first equation in (8.1.10)) reduces to
0,0« —sinha = 0. (8.1.11)

which is the ordinary sinh-Gordon equation. As readers familiar with the PLR reduction can
easily imagine, it is this field a that gets into a self-consistent potential in the Schrodinger

equation this time. Namely, we can write the string equations of motion given in (8.1.4)) as
0,01 — (cosha) 7 =0, cosha = 9,77 - 077, (8.1.12)

with the same field o we introduced as the real part of the CshG field v». What this means is that
if {r7,£} is a consistent string solution which satisfies Virasoro conditions and (8.1.6),
then ¢ = sinh (a/2) exp(i3/2) defined via (8.1.12) and ( solves the CshG equations.

The derivation of this fact parallels the usual PLR reduction procedure. Let us define

+

worldsheet light-cone coordinates as 0= = 7+0 , and the embedding coordinates as 19 = Yy+1tY5

and 7, = Y; +1Y5. Then consider the equations of motion of the O(2,2) nonlinear sigma model

through the constraints

Y. Y=-1, (0. Y)?=-1, (0.Y)?’=-1, 0,Y-0_.Y =—cosha, (8.1.13)
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where Y- Y = (V)2 = —(Yp)2 + (V1)2 4 (Y2)2 — (Y5)2. A basis of O(2,2)-covariant vectors can
be given by Y;, 0.Y;, 0_Y; and K; = €;;1,Y?0, Y"0_Y"'. By defining a pair of scalar functions

w and v as

_ Ko _ K.oY (8.1.14)
= sinha Y= Tsinha o
the equations of motion of the O(2,2) sigma model are recast in the form
0 o_
0_0,a + sinha + ‘uv =0, o_u = U +O , Oyv = u a ) (8.1.15)
sinh « sinh a sinh «

One can easily confirm that this set of equations is equivalent to the pair of equations (|8.1.10)
of CshG theory, under the identifications

u = (04+5) tanh% : v=—(0_p) tanh% : (8.1.16)

Thus there is a (classical) equivalence between the O(2,2) sigma model <+ CshG as in the

0O(4) <> CsG case. Making use of the equivalence, one can construct classical string solutions

on AdSs; x S by the following recipe:

1. Find a solution v of CshG equation (8.1.9)).

2. Identify cosha = 9,7* - %7, where o appears in the real part of the solution ¢, and n

are the embedding coordinates of the corresponding string solution in AdSj .

3. Solve the “Schrodinger equation” (8.1.12)) together with the Virasoro constraints ({8.1.5)
and (8.1.6)), under appropriate boundary conditions.

4. Resulting set of 77 (“wavefunction”) and &; gives the corresponding string profile in AdS3 x
St

Let us start with step 1. From the similarities between the CshG equation and the CsG
equation, it is easy to find helical-wave solutions of the CshG equation. Here we give two such

solutions that will be important later. The first one is given by

B en(exy) , 5 53
eq = kc—dn<c%) exp <z\/(1 +2)(1 + k2c?) tv> : (8.1.17)
and the second one is
B dn(cz,) , 53 5 53
has = C—sn(cxv) exp <’L\/(1 —k2c?)(1 4 2 — k2c?) tv) . (8.1.18)

By substituting the solution (8.1.18)) into the string equations of motion (8.1.12]), we obtain

2 - o

under the identification of (u7, o) = (ct,cx). The “eigenenergy” U can be treated as a free
parameter as was the case in [96]. Different choices of helical-waves of CshG equation simply

correspond to taking different ranges of U .
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We are now at the stage of constructing the corresponding string solution by following the
steps 2-4 listed before. However, we do not need to do this literally. Since the metrics of
AdS; x St

string solutions on both manifolds are related by a sort of analytic continuation of global
coordinates. Therefore, the simplest way to obtain helical string solutions on AdSs; x S! is
to perform analytic continuation of helical string solutions on R; x S3, as will be done in the
following sections. Large parts of the calculation parallel the R x S% case. The most significant
difference lies in the constraints imposed on the solution of the equations of motion, such as

the periodicity conditions.

8.2 Helical strings on AdS; x S! with two spins

In this section, we consider the analytic continuation of helical strings on Ry x S* to those on
AdS; x S'. Among various possible solutions, we will concentrate on two particular examples
that have clear connections with known string solutions of interest to us. The first example,
called type (77) helical string, is a helical generalization of the folded string solution on AdSzxS*
[164]. The second one, called type (iv), reproduces the SL(2) “giant magnon” solution [53] [165]

in the infinite-spin limit.

8.2.1 Type (iii) helical strings

In [45], it was pointed out that (S, J) folded strings can be obtained from (.J;, Js) folded strings
by analytic continuation of the elliptic modulus squared, from k2 > 0 to k%2 < 0. Here we apply
the same analytic continuation to type (i) helical strings to obtain solutions on AdSz x S,
which we call type (iii) strings. For notational simplicity, it is useful to introduce a new moduli
parameter ¢ through the relation

iq
N

If k is located on the upper half of the imaginary axis, i.e., k = ix with 0 < k, then ¢ is a real

k

iq
= 8.2.1
. (8.2.1)

parameter in the interval [0, 1].

As shown in Appendlxm A.2.2| the transformation (8 can be regarded as a T-transformation
of the modulus 7. Hence, by performing a T-transformation on the profile of type (i) helical
strings (6.3.3)-(6.3.5]), we obtain type (iii) string solutions:

po = G ©3(0) Oo(X — id)
0 = ; =
V4q Os(iwg) O3(X)
C ©030)6 ) ~ 5
= 3(0)© (X i) exp (Zg(ial)x+ia1T>, (8.2.3)
Vaq  O3(iwr) O3(X)

£ = exp <wT +ibX) | (8.2.4)

exp (Zg(mo)fc + iﬂ0T> , (8.2.2)
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Figure 8.1: Type (7ii) helical string (¢ = 0.700, U = 12.0, &9 = —0.505, @; = 0.776, n = 6),
projected onto AdSy spanned by (Reni,Imm;,|no|). The circle represents a unit circle || = 1 at
mo=0.

where we rescaled various parameters as

X=X/¢, T=T/¢, 0 =w;j/qd, a=aq, b=bq, ;= u;q . (8.2.5)
|2 — |771|2 = 1. One such possibility is to

C= ( L Sn2(m1)>1/2 . (8.2.6)

@ en?(icy)  dn®(idy)
With the help of various formulae on elliptic functions, one can check that 7 in (8.2.2)), (8.2.3])

certainly solves the string equations of motion as

We choose the constant C' so that they satisfy |ng
choosd]]

2 ~ ~
[—8% + 0%+ <2(1 — ) %(X, q) - 1)] i = Ui, (8.2.7)
if the parameters are related as
2(;~ . - ¢
201 e p, Tod 8.2.8
" =) en? (i) ! dn?(idy) (8.28)

As is clear from ({8.2.7)), the type (ii7) solution is related to the helical-wave solution of the CshG
equation given in (8.1.17). The Virasoro constraints (8.1.5) and (8.1.6) impose constraints on

dandl;in:

27 5 20-¢") -
R R g Sk A V7 2.
a4+ g —-U T + 247, (8.2.9)
. . 7 jwo)dn(iwg) . sn(iw;) en(iwy)
b o2 T suliwo) . 8.2.10
¢ ! (q2 cn3(iwp) i dn®(iw,) ( )

1 In contrast to the Ry x S case, the RHS of (8.2.6)) is not always real for arbitrary real values of @y and
@1 . If C? <0, we have to interchange 1y and 1, to obtain a solution properly normalized on AdSs.

2 Note that the Virasoro constraints require neither a > b nor a < b. This means that both &, = exp (i&0T+
iggf( ) and exp (ilN)OT + i X ) are consistent string solutions. It can be viewed as the 7 <+ o transformation

applied only to the S* C S® part while leaving the AdS3 part intact.
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The reality of @ and b must also hold.
Since we are interested in closed string solutions, we should impose periodic boundary

conditions. Let us define the period in the o direction by

2K(k)v1—v?  2¢ K(g)V1 —v? o 21
Il Il n
which is equivalent to AX = 2K(q) and AT = —20K(g). The closedness conditions for the

AdS variables are written as

Ao =

, (8.2.11)

At = 2K(q) {—iZ5(ig) — vig} + 204 T = , (8.2.12)
n
21N,
Ay = 2K(q) {—iZ5(ic) — v} + (20, + 1) 7 = % . (8.2.13)
And from the periodicity in ¢ direction, we have
b—va
N, S/ (8.2.14)

o = M 1= 02
We must further require the timelike winding N; to be zero. Just as in the Ry x S? case, one

can adjust the value of v to fulfill this requirement ] The integer nf; . is evaluated as
1 K B X Ry
204 o T = — dX i log M . (8.2.15)
21 ) x 0X O (X + idy)

Then, by solving the equation N, = 0, one finds an appropriate value of v = v;. The absolute
value of the worldsheet boost parameter v; may possibly exceed one (the speed of light). In such

cases, we have to perform the 2D transformation 7 <> ¢ on the AdS space to get v; — —1/v;.

As usual, conserved charges are defined by

VAL v ! .
E = 75 =5 g do Im (ng 0:no) (8.2.16)
VAo v ff .
S = 78 =5 g do Im (9} 0-m) , (8.2.17)
I
g YA o (€ 0.6) . (8.2.18)
s 2T 1

which are evaluated as, for the current type (iii) case,

e R

R ™

J=n (a - vé) K. (8.2.21)

3 Note in R x S3 case, the vanishing-N; condition was trivially solved by v = b/a .
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It is interesting to see some of the limiting behaviors of this type (iii) helical string in detailﬁ

e (12 — 0 limit : folded strings on AdS; x S!

In the @ 5 — 0 the timelike winding condition (8.2.12)) requires v = 0, so the boosted worldsheet

coordinates (T, X) become

(T, X) — (g : %) = (jir, jio) = (7,5) . (8.2.22)

The periodicity condition (8.2.11]) allows ji to take only a discrete set of values.

S

Figure 8.2: @; 2 — 0 limit of type (i4i) helical string becomes a folded string studied in [164].

The profile of type (7i7) strings now reduces to

1 o qsn(d,q) - /= _
_ itoT B e S VN 13 — U — g2 8.2.23
PG ¢ " amGe ¢ B TOPU A

where @2 = U and @2 = U + 1 — ¢*. This solution is equivalent to T-transformation of (.J;, .J,)
folded strings of [38], namely, (S,J) folded stringsf|] The conserved charges of (8:2.23) are
computed as
. mlo
=1_@

mll

£ —
1—¢?

E(), S (Bl) - (1= K@), T=m/U-@Klg). (3224)

Rewriting these expressions in terms of the original imaginary modulus k , we find the following

relations among conserved charges:

as obtained in [45].

4 Tt seems the original “spiky string” solution of [166] is also contained in the type (iii) class, although we

have not been able to reproduce it analytically.

® Note the set, 79,1 = the same as (8.2.23) and &; = exp[iy/ U— g2 ], also gives a solution.
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e ¢ — 1 limit: logarithmic behavior

Another interesting limit is to send the elliptic modulus ¢ to unity. In this limit, the spikes of
the type (iii) string attach to the AdS boundary, and the energy E and AdS spin S become
divergent. Again, the condition of vanishing timelike winding is fulfilled by v = 0, and the

periodicity condition (8.2.11) implies that g given in (8.2.22) goes to infinity. The profile
becomes

Mo = C cosh(d — idp) €7, 71 = Csinh(6 — idn) €7, & = exp (ia% n iB&) . (8.2.26)
where
C = (cos®@y —sin’@) ", @w=w=0. (8.2.27)

The constants @ and b satisfy the constraints
A+ =—-1+U, ab=C?(igsin@ycos o + @ Sin@; cos@y) . (8.2.28)
The conserved charges are computed as
£ = nC? <A — sin @, K(1)> . S=nC <A — cos? K(l)) . J=naK(1l), (8.2.29)

where we defined a cut-off A = 1/(1 — ¢?).

Let us pay special attention to the uy = @, = \/5 case. For this case the energy-spin relation

reads

£-S=nVUK(Q1). (8.2.30)

Obviously the RHS is divergent, and careful examination reveals it is logarithmic in &. This
can be seen by first noticing, on one hand, that the complete elliptic integral of the first kind
K(¢q) = K(e ") has asymptotic behavior

K(e™) = —% In <£> +O(rlnr), (8.2.31)

while on the other, the degree of divergence for A is

I 1
S 1—¢? 1—e?2 2]

A (asr —0). (8.2.32)

Since the most divergent part of S is governed by A rather than K(1), it follows that

2 ~
K(e™) ~K(1—1) ~ _% In (”f;;“) . (asr—0), (8.2.33)

at the leading order. Then it follows that

E—8Sn~—

VU (168
5 In

n02a1) : (as r — 0), (8.2.34)
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as promised.

Let us consider the particular case U= 1, which is equivalent to a = b=0 and Wy = —Wy .
The above dispersion relation (8.2.34]) now reduces to
E—S~ M InS, (8.2.35)

omitting the finite part. This result was first obtained in [35] for the n = 2 case, and generalised

to generic n case in [166].

One can also reproduce the double logarithm behavior of [164] (see also [45, 167, 168, [169]).
To see this, let us set b =0 and @ = VU — 1, and rewrite the relation (8.2.30]) as

08 1/2
j2 4 _1 2 _
4 nC? \/E
There are two limits of special interest. The “slow long string” limit of [168], is reached by
VU < X, so that in the strong coupling regime A > 1 the RHS of (8.2.36) becomes

E-S=VT?+n2K(1)? ~ (8.2.36)

2

E—Sn~ T2+ ”Z n?S. (8.2.37)

Similarly, the “fast long string” of [I68] is obtained by taking /U ~ A > 1, resulting in

1/2
2 (S e e (S
J*+ 1 (ln (j) +ln(lnr)) ] \/j + 1 In (j)’ (8.2.38)

where we neglected a term In (Inr) which is relatively less divergent in the limit r — 0.

E-S~

8.2.2 Type (iv) helical strings

Let us finally present another AdS helical solution which incorporates the sl(2) “(dyonic) giant
magnon” of [53, [165]. This solution, which we call the type (iv) string, is obtained by applying
a shift X — X +iK'(k) to the type (i) helical string. Its profile is given by

o C @0( ) @0( — iWQ) ox iw i
o = VE  Oo(ivn) 01(X) p <ZO( 0)X + oT) ; (8.2.39)
C' 0p(0)O3(X —iw) ) .
= VE  0s(iwr) 61(X) eXp (23(“"1))( + ZU1T> ; (8.2.40)
& = exp (1aT + ibX) . (8.2.41)

We omit displaying all the constraints among the parameters (they can be obtained in a similar

manner as in the type (i) case). The type (iv) solution corresponds to the helical-wave solution

given in (8.1.18)), and satisfy the string equations of motion of the form (8.1.19)). E|
6 This can be easily checked by using a relation 1/k? sn?(z, k) = sn? (z +iK'(k), k) .
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e k — 1 limit: sl(2) “dyonic giant magnon”

The si(2) “dyonic giant magnon” is reproduced in the limit £k — 1, as

cosh(X — iwo) tanwo) X +iueT COSWo T iaT+ibX
— 2 tan w mu — u — a (2 8'2'42
o sinh X ¢ TG x ¢ o G=e ’ ( )
where .
2 2 .7
= - w— b) = t t ) 8.2.43
us = uy + cof g (a,b) = (uq,tanwy) or (tanwy,uy) ( )

Due to the non-compactness of AdS space, the conserved charges are divergent. This is a UV
divergence, and we regularize it by the following prescription. First change the integration
range for the charges (see (8.2.16) - (8.2.18))) from fozl do to ffl_e do , with € > 0, to obtain

& =ugcos’wy (e — 1) + K(1)(up — vtanwy), (8.2.44)
S=wujcos’wy (€' —1), (8.2.45)
J =K(1)(uy — vtanwy), (8.2.46)

then drop the terms proportional to e~! by hand. This prescription yields a regularized energy
and an S° spin which are still IR divergent due to the non-compactness of the worldsheet.

However, their difference becomes finite, leading to the energy-spin relation

(€ = Thoe = =/ (S)2g + cOs?wy (8.2.47)

Note that in view of the AdS/CFT correspondence, & — J must be positive, which in turn
implies (£ — J )reg is negative.

Let us take v = tan wy/ug in , and consider a rotating frame ny*" = ey = }70—1-@'}75 .
We then find Y5 = —i sin wy is independent of 7 and & , showing that the “shadow” of the si(2)
“dyonic giant magnon” projected onto the Yy-Y; plane is just given by two semi-infinite straight
lines on the same line. Namely, the shadow is obtained by removing a finite segment from an
infinitely long line, where the two endpoints of the segment are on the unit circle |ny| = 1 with
angular difference At = m — 2wy . Figure shows the snapshot of the si(2) “dyonic giant
magnon”, projected onto the plane spanned by (Re o, Imng, |7:]) .

It is interesting to compare this situation with the usual giant magnon on R x S*. In the
sphere case, the “shadow” of the giant magnon is just a straight line segment connecting two
endpoints on the equatorial circle |{;] = 1. So the “shadows” of su(2) and sl(2) giant magnons
are just complementary. Using this picture of “shadows on the LLM plane”, one can further
discuss the “scattering” of two sl(2) “(dyonic) giant magnons” in the similar manner as in the
su(2) case[]

These “shadow” pictures remind us of the corresponding finite-gap representations of both

solutions, resulting from the su(2) and s/(2) spin-chain analyses. While in the su(2) case, a

T Scattering sl(2) (dyonic) giant magnon solutions can be constructed from the scattering su(2) (dyonic)

giant magnon solutions &; (u1, ug; v1,v2) [64] by performing (uy,us) — (uy + i7/2,us +i7/2).
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Figure 8.3: k — 1 limit of type (iv) helical string (wp = 0.785, ugp = 1.41, u; = 0): “giant magnon”

solution in AdS space.

condensate cut, or a Bethe string, has finite length in the imaginary direction of the complex
spectral parameter plane, for the sl(2) case, they are given by two semi-infinite lines in the
same imaginary direction [53]. This complementary feature reflects the structural symmetry
between the BDS parts of S-matrices, Sy 2) = ;(12) .

These “shadow” pictures also show up in matrix model context [I70, 171, 172, 173]. In a
reduced matrix quantum mechanics setup obtained from N’ =4 SYM on R x S3 | a “string-bit”
connecting eigenvalues of background matrices forming %—BPS circular droplet can be viewed as
the shadow of the corresponding string. For the su(2) sector, it is true even for the boundstate
(bound “string-bits”) case [I72]. It would be interesting to investigate the si(2) case along

similar lines of thoughts.
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Chapter 9

Finite-size effects for dyonic giant

magnons

We compute finite-size corrections to dyonic giant magnons in two ways. One is to examine
the asymptotic behavior of helical spinning strings as elliptic modulus k& goes to unity, and the
other is to apply generalized Liischer formula of [79] to the case in which incoming particles
are boundstates. We find agreement of the two results in special cases, confirming the validity
of generalized Liischer formula, which captures the leading finite-size correction to the energy

solely from the infinite-size information for general dispersion relation.

9.1 Overview

There are two types of finite-size corrections which are well studied in the context of AdS/CFT
correspondence: one is 1/.J -type and the other is e~ -type.

Recall in the BMN scaling limit we keep A = \/J? fixed and small, so 1/.J correction can
be regarded, via 1/J ~ 1/ VA, as one-loop quantum corrections to classical strings. In the dual
Bethe Ansatz framework, we take thermodynamic limit where the number of Bethe roots are
of order L. Thus the finite-size correction is regarded as fluctuation of a few number of Bethe
roots. For literature on an interplay between finite size effects in Bethe Ansatz equations and
one-loop corrections, see [169, [174].

The exponential-type correction appears when we consider finite-.J; extension of (dyonic)
giant magnons, where .J; is the angular momentum along a great circle of S°. The finite-.J;
extension of giant magnons is constructed in [52, [73], where they find the energy-spin relation

—¢J also

receives correction of the form e~¢’/!, with ¢ a constant. The exponential correction e
shows up in the one-loop computation of string theory, for the case of su(2) sector [175] as
well as of sl(2) sector [72]. In [72], they further discovered that quantum string Bethe Ansatz
cannot reproduce such terms.

It is argued in [74] that the exponential finite-size correction at strong coupling is related
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to the wrapping interaction at weak coupling, based on Thermodynamic Bethe Ansatz ap-
proach [75, [176], [177] and the Liischer formula [76] [77, [78]. Recently, Janik and BLukowski
have elaborated this argument [79], assuming that Liischer’s argument can be applied to the

non-relativistic dispersion relation

(p) = \/l—i—%sm (g) (9.1.1)

Their “generalized Liischer formula” computes finite-J; correction to the energy-spin relation
of giant magnons from the S-matrix and the dispersion relation (9.1.1)) of infinite-J; system.

Since we know the conjectured S-matrix and dispersion relation of infinite-size system, the

generalized Liischer formula will in principle give the finite-size correction valid at arbitrary
values of \. However, just like the original Liischer formula, it is only sensitive to the leading
part of corrections exponentially suppressed in L (or Ji), that is the first term in the following

expansion:
oe(p) = ap, N, L) e “PVL 1 O (=< PNL) with  d(p,\) > ¢(p, A), (9.1.2)

where a(p, A\, L) contains no factor exponentially dependent on L. According to the (general-
ized) Liischer formula, the leading finite-size correction arises from exchanging virtual particles

going around the worldsheet cylinder once, and is written as
5e(p) = 6et(p) + 0e¥ (p) . (9.1.3)

The first term is called p-term and the second one is called F-term, which have different
diagrammatic interpretation as shown in Figure

Janik and Lukowski computed the p-term of their generalized formula and found, after
taking contributions from the BHL/BES dressing phase [16] 21] into account, that

4
alp,\, L) e~k ~— VA

p—term m

P 2L
sin < )exp[ \/_sm( j 2] (as A\, L — 00), (9.1.4)

which correctly reproduces the leading finite-.J; correction to the dispersion relation of giant
magnons in conformal gauge, with L = J; [52, [73] []

In this chapter, we extend their analysis and study the leading finite-size correction to
magnon boundstates and dyonic giant magnons. Firstly, we analyze the asymptotic behavior
of helical strings of [90] in the limit when they nearly reduce to an array of dyonic giant magnons,
and determined the leading finite-J; correction to the energy-spin relation. Secondly, we apply
the generalized Liischer formula for u-term to the situation in which the incoming particle is

magnon boundstate.

'What corresponds to the F-term in string theory, is not discussed in [79]. Indeed, the exponential part of

F-term seems to be different from that of u-term, so we do not discuss F-term in the main text.
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Figure 9.1: Diagrams for the leading finite-size corrections. The left is called p-term, and the

right F-term. a is an incoming physical particle, and b, ¢ are virtual (but on-shell) particles.

Since the generalized Liischer formula of Janik and Lukowski is applicable only to incoming
elementary magnons, we slightly generalize their argument, assuming there exists an effective

field theory such that it reproduces the non-relativistic dispersion

eq(p) = \/Q2 + % sin” (g) , (9.1.5)

and the S-matrix which is given by the product of the conjectured two-body S-matrices. Our
results serve as a consistency check between the generalized Liischer formula and the results
from string theory. It is desirable if one can give further justification of these formulae from

other methods of computing the finite-size corrections.

Also we would like to stress that evaluation of the formula is not straightforward. Evaluation
of the p-term requires information of residue at the poles that are located at the nearest from
the real axis. Thus, to compute the p-term correctly, we have to determine which poles of the

su(2[2)? S-matrix are relevant.

Singularity structure of the su(2]2)? S-matrix with the BHL/BES dressing phase has been
studied in [80, [8T]. Particularly in [81], they discussed where in the spectral parameter torus one
can find the singularity of magnon S-matrix corresponding to exchanges of physical particle.
In [8I] they determined the location of simple and double poles when incoming particles are
elementary magnons. This result is extended in [82] to the case where incoming particles are

magnon boundstates.

To pick up the relevant poles for u-term, we use heuristic reasoning based on the arguments
similar to [81], 82]. It should be noticed that the generalized Liischer formula is sensitive to
residue at the (simple) poles, while kinematical (or diagrammatic) arguments of [81} [82] probed

only the location of poles.
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9.2 Finite-J correction to dyonic giant magnons

Remember that dyonic giant magnon is a classical string solution on R;x S® obeying the square-

root type energy-spin relation:

A .2 (D1
E—le\/J22+ﬁs1n (?) E, J— . (9.2.1)

Two-spin helical spinning strings can be regarded as finite-J; generalization of this solution.
Thus, the finite-J; correction to the above energy-spin relation can be computed quite straight-

forwardly.

9.2.1 Dyonic giant magnons

We begin with the review on J; = oo case: the dyonic giant magnons. Dyonic giant magnons

can be obtained by taking k, the elliptic modulus of helical string, to unity.

As shown in (6.4.7)), the conserved charges for one-hop (a single dyonic giant magnon) are
given by

tan2 tan2
E=wu (1— an2w1>K(1), T = u {(1— an2w1)K(1)—0082w1} . Jo = us coswy ,
uj uy
(9.2.2)
where K(1) is a divergent constant. Then, the relation ((9.2.1]) follows by setting Ay = p; .

One can estimate exponential part of the finite-.JJ; corrections to the leading order, only
from the above information. This is because the correction term is of order (k')?, while &' can
also be expressed by the angular momenta.

Let us first relate &’ with the complete elliptic integral of the first kind K(k). As shown in
Appendix [A.4.2] K(k) has the asymptotic form

4
K(k) =1In (?) + O (K*Ink'), (as k — 1). (9.2.3)
Inverting this relation, we obtain &’ = 4 exp [-K(1)]. We express a divergent constant K(1) by
angular momenta J; and J,. The expressions (9.2.2)) tell us

1 / 72 2
K(l) = —— (ﬂ + cos? wl) , where u; = Ji + cos’wn . (9.2.4)

- 2
1— e \ cos? wy

1

Eliminating u; from the first equation, we get

= 1
J5 +costwr \ \/J? + cos?w;

J$ 4+ sin® B Jh sin® B o D1
NI - + sin 5 | (9.2.5)
jg + sin 3 jQ—}-Sanﬂ
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where we neglected higher-order corrections to the relation 2w; = 7 —p; + O (k') in the second
line.

If we take the limit [J, — 0 within this expression, we get

N +1, (9.2.6)

COS W1 sin &

which is the single-spin result.

9.2.2 Helical strings with two spins near k£ =1

For general value of £, helical strings have two finite angular momenta J; , Jo and two finite
winding numbers Ny , Ny . Correspondingly, there are four controllable parameters (k, U, w; , ws).
Other parameters which appear in the profile of helical strings can be expressed as functions of
those four parameters. Below, we are going to investigate the precise form of these functions
when £ is near 1, and determine finite-J; correction to the energy-spin relation of dyonic giant
magnons.

We collect the results of Section again for convenience. The profile of type (i) helical
string is shown in Figure [0.2] and takes the form:

no = al' + bX (9.2.7)
= @0(0) 61(X _ iwl) ex W U

£ = Trouio] 6e00) p (Zo( DX + 1T> , (9.2.8)
. @0(0) @3(X — in) . .

£ = Vi Oulica)  Go(X) exp (ZQ(sz)X + zu2T> : (9.2.9)

-0.5 0.5

Figure 9.2: Left: Type (4) helical spinning string solution with two spins, where the (z, y, z) axes
show (Re&;,Im&; , |&|). Right: The same string solution with (z,y,2) = (Re&,Im &, |&1]).

The normalization constant C'is given by

C = (% - an(ml)) _1/2. (9.2.10)
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Two angular velocities are constrained as

(1 — k?)sn?(iwy) |

2 _ 2/ 2 _
uy = U + dn”(iw,), us; =U — T (9.2.11)
Then, the parameters a and b are fixed by Virasoro conditions, and given by
a? +b* = k* — 2k*sn®(iw;) — U + 2uj3, (9.2.12)
1 _ 2 . .
ab= —iC? (u1 sn(iwy) cn(iwy) dn(iwy) — ug kzk Sn(z:;l23)(?$2()2W2)> . (9.2.13)

The velocity v is chosen so that v = b/a < 1.

All quantities given above can be expanded in powers of ¥’ = v/1 — k?. Let us see the

leading k" corrections by turns. The angular velocities become

VUcos?w; +1 k2 sinw; (wy + sinw; coswy )
COS W1 4 cos?wi\/U-cos?w; + 1

k? sin® w, .
= — ). 2.1
uy = VU + i + O(K") (9.2.15)

The normalization constant is

+ O(K"), (9.2.14)

uy =

/2

k
C' = cos (wy) + Z{ (1 — 2 cos? wQ) cos® Wy — Ccoswy + Wy Sinwl} + O(K*). (9.2.16)

The parameters a,b and v = b/a become, at the next-to-leading order,

VU + cos? w; sin wy

arx —— =+ k?a? | batanw, + %0, v ———— + K?0®, (9.2.17)

cosw VU + cos? wy

where the exact expressions of a(® ,b® and v® are shown in Appendix
From ((6.3.12)-(6.3.14)), the conditions for the type (i) helical string to be closed read,

m  2K(k)v1 —v?

[\

Ao = : (9.2.18)
one- hop n W
21N
Apy o = Wn L= 9K (k) (—iZ(iwy) — vuy) + (20} + D)7, (9.2.19)
27 N.
Aps i = Wn 2 = 9K (k) (=i Zy(iws) — vug) + 2 . (9.2.20)

The finite J; effects on the periodicity conditions can be evaluated in a similar manner. Let

P12 = Ay 9, then the equations ((9.2.19)) and (9.2.20]) are rewritten as, at the next-to-leading
order,

/2

k
p=m— 2w + 7p§2) +O (K, (9.2.21)

20y, sinw VU k"
P2 = oo 1 1 L:l = 2wt 50 +O(KY) . (9-2.22)
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where ¢ = In (4/k’) and pg are given in Appendix [A.5| By inverting the relation (9.2.21f), one

can express wp in terms of p; . For instance, we obtain

12

b1 k b1 b1 (2)
cos® w; = sin ( i ) Y sin ( 5 ) cos <5> Wy 4+ 0 (K*), (9.2.23)

where Wl(z) can be obtained by formally substituting w; = (7 — p;) /2 into the expression of

p§2), at this order of validity. However, since py is generally divergent as k — 1, we cannot

invert the relation ((9.2.22)). We will return to this issue in Section m

The rescaled energy £ and the spins J; (j = 1, 2) were evaluated in (6.3.15])-(6.3.17). There

we can find

E=mna(l—-v")K(k), (9.2.24)
ﬁ_”iylkmm (mwmﬁ+i?mmmWMWﬁﬁmm0K%ﬂ, (9.2.25)
o L R S e e e ESC] B CEED

We may set n = 1, since a single dyonic giant magnon corresponds to this case. By expanding

the conserved charges in ¢, = In (4/k") and k', we obtain

U (U+1)coswr | k2 "
= — k 2.2
€= =T 7 ¢ +0 (k) (9.2.27)
0 (U +1 k2
T = T/(UCOSQ%I —VUcos?w; + 1 coswy + T 1(2) + O (K, (9.2.28)
k,/
Jo = VU cos®wi + — 0 (K1Y (9.2.29)

where £, j1(2) and j2(2) are functions of wy ,ws , U and £, . We want to rewrite (9.2.27)-(9.2.29)

in terms of p; = Ay, because this parameter has a clearer physical meaning than w;. By using

(19.2.23)), we obtain

2
+ﬂfw+owﬂ, (9.2.30)

)
(
T = &0 + 1)(Sm &) \/U sin? (792 ) +1sin (1921) + % "ro(KY),  (9:2.31)

T 40 (K. (9.2.32)

k2 ) , VU sin (2 /
5—\71% \/j22+8in2 (%) +I<g(2)_j1(2)_ 2) 2(2)>' (9233)
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where we assumed sin (p;/2) > 0.
The precise form of the next-to-leading terms appearing in (9.2.33)) is computed in Appendix
[A.5] With those expressions, we finally obtain a quite simple result

- 2
£@) _ jl(Ql) _ VUsin ( 2 ) j2(2/) ~ sin® <]ﬂ) (1 —2cos”ws) , (9.2.34)
JUsin? (8) +1 JUsin? (8) +1
At this order of validity, it can also be reexpressed as
/ / / 1 - 2 2
£ _ 7@ _ J> I sin (pl) (1= 2co5ws) (9.2.35)
\/J22 + sin” (&) \/j2 + sin® (2)
For later purpose, let us introduce a new ‘rapidity’ variable 6 by
0 Usin (2
tanh ( ) > = VUsin () +0O (k%) (9.2.36)

\/.72 + sin (%) \/U sin? (%) +1
sy (2) VT sin? (3) ~ \/U sin2 (%) V1. (9.2.37)

Pl)
sin ( 5

Using this rapidity variable, ((9.2.35) is rewritten as
(1 — 2 cos? wy)

’ 9 / . D1
£ — 7@ _y h( ) ) _ 3<_> : 9.2.38
J, an 5 ) sin 5 p— (g) ( )

which is the prefactor of the leading finite-J; correction.

then it follows

For the exponential part, recall that £ is related to J; as in (9.2.5):

k' =~ 4 exp jQstm m \/.72 + sin? <p1 (.71 \/J2 + sin? (1;1))]’

[ sin? (p—) coshz( ) T
=4 - : 1 2.
P sin (p ) —i—smh2( ) sm( )cosh( ) * (5:2.39)
Collecting the results (9.2.38)) and (9.2.39)), the energy-spin relation (9.2.33]) becomes
E-T ~ \/j22+sin2 (%)
sin® ( ) 2 sin? (’ﬂ) cosh? (Q) T
—4cos (2 . — - . 1 2.4
0s () () O [ sin (2) 4 sint? (2) \sin (2)cosh (2) ) | @40

This is consistent with the finite-J; correction to giant magnons in the literature [52, [73] if we
set # = 0 and cos (2ws) = 1. In other words, their results are equivalent to the asymptotic
behavior of single-spin type (7) helical strings near k = 1.

Single-spin type (ii) helical strings corresponds to the case cos (2ws) = —1. For two-spin
case, the finite-.J; correction is essentially same as , because type (ii) solution can be
obtained via the operation

Wy > wa + K/(1) = ws + g . (9.2.41)
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9.2.3 Finite-gap interpretation

Results in the last subsection revealed that the finite-J; correction to the energy-spin relation
of dyonic giant magnons depends on the parameter wy that has not appeared in the J; = oo
case.ﬂ Unfortunately we are unable to fix wy from the periodicity conditions of closed strings,
because the winding number Ny becomes ill-defined as k — 1 as we saw in . To clarify

the situation, we reconsider the role of the parameter w, from a finite-gap point of view.

As discussed in Section [6.6], two-spin helical strings are equivalent to general elliptic finite-
gap solutions of classical string action on Ry x S3, and the limit & — 1 corresponds to the

situation in which the algebraic curve becomes singular. Written explicitly, the functions Z; , Z,

of [62] correspond to & , & given in (9.2.9)), (9.2.8)), and the parameters p, , p_ of [62] correspond
to wy,wy , respectively. The parameters w; o and the location of branch points are related as

Re [F (p—, k)] (for k<1, k—1),
wr = F (o, k) —K'(k), wy = (9.2.42)

Re[F (o_, k)] — (for k>1, k—1),

bo |

where F (¢, k) is the normal elliptic integral of the first kind, and the angles ¢ are given by

tan <ﬁ> = (Vo £ Vo) (Vs + yo2) (9.2.43)

2 |.CI?1 —ii'2| .

Let us take the £k — 1 limit of the relation (9.2.42)), which is equivalent to x93 — ;. From
the definition of ¢4 in (9.2.43)), one finds

_ p—0
tan (%) — +cot (%) ,  tan (%) — Fi, with 1 = exp (ZPQ ) : (9.2.44)

If we choose the upper sign in each equation, we find

Yy =— g +nyT, Y = —i0o+ 1. (9.2.45)

with n, being an integer and r a real number. Applying the formula (A.1.14]) to (6.6.5) and

setting ny, = 1, we can reproduce the results in the previous subsection w; = (7 —p) /2.

Similarly we have wy = 7 or wy = r — 7/2Gin the latter case we may redefine r to have wy = r.

To study the case k is close but not equal to unity, one has to pull x5 off from x;. What

matters here is that the direction in which x5 is to be pulled off. If we write

Ty =€y, a=a-+ib, with  |o| < 1, (9.2.46)

2When a two-spin helical string reduces to an array of dyonic giant magnons in k — 1 limit, the dependence

of wo naturally disappears whatever value it has.
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then the former expressions ((9.2.44]) are modified into

w (@) ={n @) -l roeh. 620

tan (%) =¥ {z + ﬁ} +0(lof?). (9.2.48)

Note that the parameters a and b should be of order £/, as follows from the expression of elliptic

modulus in terms of the location of branch points:

Ir1 — X2 «

2sin (g)

Substituting these results into ([6.6.5]) and (6.6.6), one finds

K=

~

07
> = . 9.2.49
Xr1 — X9 - ‘ 2 ‘ ( )

1
wy = (n++§)w—§+0(|a|), wa=1+0 (o). (9.2.50)

This result suggests that wy is left undetermined again in this finite-gap method.

9.3 Review of the generalized Liuischer formula

In this section, we give a brief review on the generalized Liischer formula proposed by Janik and
BLukowski [79]. The original Liischer formula is a method to compute finite-size mass corrections
from infinite-volume information of relativistic field theories [76, [77]. In [79], this formula was
generalized to the non-relativistic theory, in which an elementary particle has the dispersion

relation

ei(p) = \/1 + 1642 sin? (g) , (9.3.1)

with ¢ = v/\/(47) and they reproduced the correct finite-size corrections to giant magnons.
Here we consider a little more general situation where a particle satisfies the dispersion relation

of a magnon boundstate

ealp) = \/QQ + 1642 sin? (g) , (9.3.2)

with ) an arbitrary integer. In other words, we draw a single propagator for a set of particles

among whose spectral parameters satisty the boundstate conditions z; = xﬁl.

Before deriving the generalized Liischer formula, let us make our position clearer. We start
from a two-dimensional effective Lagrangian describing the worldsheet theory in the decompact-
ified limit. To fix the 2-point function, we use the dispersion relations and that
are conjectured to all-loop orders in the 't Hooft coupling. We also assume the existence of 3-
and higher point vertices, chosen so that they reproduce the conjectured two-body S -matrices.

Our treatment grounds on the following Liischer’s argument [77]. The non-perturbative nature
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of his formula suggests that the leading finite-size correction can be captured only by kinematics
rather than dynamics, once the exact dispersion relation and S-matrix are known. Therefore,
if we regard the magnon boundstates as a composite particle obeying the dispersion relation
(19.3.2), we can expect generalization of Liischer formula to the dispersion relation should

reproduce the correct finite-size corrections to dyonic giant magnonsﬂ

Now let us see derivation of the Liischer formula. We begin with the two-point function for

bosonic excitations in the 2d infinite volume theory:

(@n()00) = s [ 5" Guglo) 933)
Gaolp) = . (9.3.4)

e% +e5(p') — X(p)

where e = ip° is the Euclidean energy and X(p) is the self-energy of ¢,. The self-energy ¥ (p)

and its derivative with respective to p* vanish on the mass shell:

9%(p)
Op

Z(p)|on—shell - = 0. (935)

on-shell

The latter condition fixes the normalization of ¢, , and the former condition fixes the residue

of the Green function as

ResGoqp) =1. (9.3.6)

Regarded as a function of p', (9.3.6)) is equivalent to

Res Goq(p) = (9.3.7)

pr=ps 5Q(p*)/ .

Next let us proceed to the theory on a cylinder of finite-circumference L. We impose the

periodic boundary condition on ¢, ,
O (20, 2ty = oD (2%, 2t + mL), for Vm e Z, (9.3.8)

so the Green function is given by

(¢ (2)6,"(0)) = dap—+ Z/ e" G (p), (9.3.9)

eE+e¢p>—zmm (9:8.10)

3More generally, such method will be applicable to string states corresponding to asymptotic spin chains
[8, I2], but generic states which are not dual to asymptotic spin chains, may not be described in a simple way

using particle-like picture. We thank the reviewer of Nuclear Physics B for a valuable comment.
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Note that the integral over p' in ([9.3.3) is replaced with summation over discrete values. Com-
bining the on-shell conditions for both infinite and finite volume cases (9.3.4), (9.3.10]), and

assuming

~©® (B_CL) 7 |:az<p) N aZL(p)

%(p) - ZL(p)] ot apr

} ~ O (e, (9.3.11)
on-shell

on-shell
for some constant ¢, we obtain the equation

Xr(p) —~ 1

T "2l )

oer(p) = —
2eq(p') + i (—

(9.3.12)

85E

where dep,(p) is the finite-size energy correction defined by eg = i(eq(p) + der(p)). Thus we
get the finite-size energy correction if we can calculate the finite-size self-energy.
An important fact is that the finite-size two-point function can be related to the infinite

one as follows:
(07 (@)9,7(0)) = Y {dala®, 2" + mL)gy(0)). (9.3.13)
mez
In the momentum space language, the Green function is given by
G = e Gag(p). (9.3.14)
mez

Following Liischer [76, [77], we consider only the case that |m| = 1 below because the leading
finite-size correction arises from |m| = 1 as in the relativistic case.
There are three types of diagrams shown in Figure 9.3 contributing to the self-energy of

particle a whose charge is Q:

(ZL)a - % <§: Iabc + ; Jabc + zb: Kab) . (9315)

The term I, consists of odd-point vertices, K, consists of even-point vertices, and Jg.

consists of tadpole diagrams. They are given by

dzq il
Ipe=»_ ) /(%)2 2e7 Gy, (q — 5p)Geg. (g + (1 — 5)p)x
Qo0 Q0

Lape(=p, —q+sp,(1 = 8)p+ @)L aer(p, —(1 — s)p — ¢, ¢ — sp),  (9.3.16)

/ d2q idl
Jabc - Z Z /(27T)2 26 ! LvaQb (q)beC<Q7 _Q7 O>GC,QC (O)Faac(_p7 p; O) 9 (9317)
Qp#0 Qc#0
qu _igl
Kab - Z /(271')2 2e ! LGI%QI; (q>Faabb<pa —b,q, _Q> ) (9318)
Qp#0

where G is the (infinite-size) Green function, e.g. given by Gy, q,(q) = ((qp)*+¢5,(¢") —X(q)) 7,

and the Is are effective 3- and 4-point vertices. We replaced e'L + e='L with 2¢~'L by an
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(a) (b) (©)

Figure 9.3: Diagrams which contribute to the finite-size self-energy ;. The propagator carry-
ing the exponential correction is marked with L. The diagram (a), (b), and (c) represents the
term Iupe , Jape , and Ky, given in (9.3.16), (9.3.17)), and (9.3.18)), respectively.

appropriate change of the loop momentum ¢, and assigned the multiplet number @), Q). to the
particle b, ¢ respectively, which travel around the world (see Figure . The prime over Y
in means we sum over particles having no global psu(2[2)? charges (if such particles
exist).

Assuming the analyticity of propagators and vertices, now we shift the contour of integration
over ¢! to imaginary values, k = Im ¢* < Oﬁ The integral over & is suppressed by e *F, so we
are able to neglect it in the limit L — co. We cannot however neglect the contribution from
poles of the Green function. The momentum vector (¢%,q') = (¢,q") at the pole of Gy 0,(q)

satisfy the condition

¢ +ep,(q) =0, (9.3.19)

and using the dispersion relation eg(p) = \/ Q? + 169 sin®(2), we obtain

2 ~2
' = —2i arcsinh (—VQ”Q> . (9.3.20)

4g

The integrand of I, has two poles coming from Gy q,(¢ — sp) and G.g,. (¢ + (1 — s)p). We
denote the contribution from Gy o, (q — sp) by I}, and from G, g, (q+ (1 —s)p) by I ,. following
[79]. As for I},

apes We shift the integration variable as

¢ = qtsp, Guoq—sp)Geq.(a+ (1 —s)p) = Gug,(a)Geq.(a+ D), (9.3.21)

4 Alternatively, one may deform the contour of integration to Im ¢* > 0. But the final results are independent

of this choice.
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and obtain the momentum-vector ((9.3.20]). Similarly for I,

wber We perform

¢ = q—1=sp,  Guo(qa—sp)Geq.(q+ (1= 5)p) = Gug,(¢—p)Geq.la) (9.3.22)

Since the term I, (9.3.16]) is symmetric under the interchange of b and ¢, we obtain the same

momentum-vector as in ((9.3.20)) for both (9.3.21)) and ({9.3.22).

Now using Eq. (9.3.7), we can perform integration over ¢' and get the expression
* dq e~-L
$p)a = i Y4 T 1 9.3.23
(51) Z/ e gy Lo (9:3.23)
where Z, is the integrand coming from the sum [ ;%c + 1.+ Jae + K and explicitly given by

- Z Z{Fabc(_p7 -4,p + q)GCvQc(p + q)FaCb(p7 —pP—4q, Q)
b c

+ Laco(—=0,0 — ¢, 0)Ge0. (@ — P)Lave (P, =2, ¢ — D) + LCaarn(p, =1, , —Q)}

+ Z Z Faac Gc Qe (O)bec(Q> —q, 0)7 (9324)

where the momentum vectors p and ¢ are both on-shell. Liischer’s remarkable observation is
that the integrand Z, is just the connected 4-point forward Green function G upap(—p, —q,p, q)
between on-shell particles [76} [77, [7§]. Furthermore, this 4-point Green function is related to

the S-matrix element as follows:

Gavab(—0. =0, 0. q) = —4icq(p)en(a.) (€ (@) — €6 () (Spa(a,p) — 1) (9.3.25)

We finally obtain the finite-size energy correction called F-term

-2/ (- ) Do (9.26)

where ¢! is given by Eq. (9.3.20)).

There is another type of the finite-size correction called p-term, which comes from the
integral in [ j}c. The shifts of the integration variable made in (9.3.21)), (9.3.22) push the contour

of integration over ¢ into the complex plane, because ¢ is Euclidean while p is Minkowskian.

When we deform the contour back again onto the real axis, one may encounter new poles from

the S-matrix. If we denote the location of pole by ¢! = ¢!, we obtain the generalized p-term

Jel(p)=—iy (1 - ip)) —ia.L Res Z Sha (9.3.27)

Qp EQb (Q*

The expression (9.3.27)) is not real-valued in general. This problem can be attributed to
the replacement cos(ig'L) by 2e~%'% to obtain the formula (9.3.16)-(9.3.18). If we analytically

formula
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continue ¢* to the upper half plane, we obtain the result that is complex conjugate to (9.3.27)).
By undoing such replacement and adding the two contributions, we obtain the real part of the

above result. Consequently, the generalized p-term formula becomes

po_ ' Q —igqiL
oel Re{ i E (1 N )> Res E Spa } (9.3.28)
Qp>0 @
in place of ((9.3.27)).

9.4 Finite-size corrections to magnon boundstates

In this section, we calculate finite-size corrections to magnon boundstates by using the Liischer
formula known in quantum field theory, relating finite-size correction to the single-particle en-
ergy with the S-matrix of infinite-size system. In the infinite-size limit, (dyonic) giant magnons
correspond to solitons of (complex) sine-Gordon system, which are localized excitations of a
two-dimensional theory. Thus we can think of a (dyonic) giant magnon as the particle of an
effective field theory, and use the Liischer formula to compute the finite-size effects of it. More
generally, such method will be applicable to string states corresponding to asymptotic spin
chains [8 [12], but generic states which are not dual to asymptotic spin chains, may not be
described in a simple way using particle-like picture.

Here we focus ourselves on considering the g-term correction, which is given byf

del = Re {—z Z ( qj)) .l 5{3* ZS } (9.4.1)

Qp>0

where p, ¢! are the momenta of particles a, b respectively and @, is multiplet number of b.

There is possible contribution from the F-term. We expect that they do not contribute
to the leading finite-size correction because the exponential part of the F-term seems different
from that of the p-term, or negligibly small if S-matrix behaves regularly over the path of
integration. We will discuss this point in Appendix [C.2]

9.4.1 The su(2|2)? S-matrix and its singularity

Before applying the generalized Liischer formula to our case, let us briefly summarize some
facts about the su(2]2)? S-matrix. Recall that elementary magnons appearing here are in the
fundamental BPS representation of the su(2|2)? superconformal symmetry.

There are 16 kinds of such elementary magnons, among which scalar fields can form a part

of boundstate multiplet. The Q-magnon boundstate also belongs to a 16 Q*-dimensional BPS

5At the time of writing the version 5 of this paper, it is known that the correct formula is given by
> (=150 rather than Y-, Spe [179, [180]. Here we neglect this sign because fermionic terms are subleading

in our computation.
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representation of su(2[2)? [145] [61]. We refer to the number of magnons @ as the multiplet
number.
Let us first consider the scattering of two elementary magnons. The two-body S-matrix has

the following form:

S(y,r) = So(y,x)[Ssu(m)( T) ® Ssu(2)2) (y, )], (9.4.2)

where Sy is the scalar factor expressed as

y —at -5

x—yt
S 1o Lo (y, 1), (9.4.3)
xty~

So(y, =) =

and Sgy(2p2) is the su(2|2) invariant S-matrix and determined only by the symmetry algebra

[12]. The dressing phase o%(y, x) takes the following form,
o?(y, ) = exp [22' (x(w™27) = xh27) + xh2h) = x(v, I*))] : (9.4.4)

where x(z,y) = x(z,y) — X(y, ), and
(n)

l’ y go X n) iL‘ y Z Z r — 1 _CTS>IT 1ys -, (945)

r=2 s=r+1

with the coefficients ¢! are given in [21].

When considering one of the two scattering bodies belongs to the su(2) subsector, we just
have to extract matrix elements of the form E! @ E} from the S-matrix of [60]. Written

explicitly, they are given by

Sy, x) = So(y,x) [ B} @ B} + (a3 + as) E3 @ E} + a6 (B3 © E} + Ef @ EN]®,  (9.4.6)

where
a(y,z) = :; ZE?ZE?J; (9.4.7)
_ (y —y )@ —a) (" +27) n(@)ny)
w0 = T e — ) @) (048)
ag(y, v) = Z%; 28 , (9.4.9)

The su(2|2) invariant S-matrix does depend on the choice of frame 7. For instance, if we take

the string frame of [60], we will obtain

n(z) at ny) _ vy~

i =\ (9.4.10)

As for the spin chain frame, we obtain n(x)/n(x) = n(y)/n(y) = 1.
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If two magnons are in the same su(2) sector, the corresponding S-matrix without the

dressing phase in the spin chain frame is called BDS S-matrix and given by

- _ 1 + = 1
y - x+ 1 m*y+ al(y’ J;)Q _ (y x )(1 y‘*’m*)

P (=) - 25)

SBDs(y,LL') = (9411)

It is important to notice that the S-matrix of two boundstates factorizes into the product of
the two-body S-matrix between elementary magnons, as the consequence of integrability. Q-
magnon boundstate has spectral parameters :ck (k=1,...,Q), which satisfy the boundstate

conditions

v, =xf , (k=2,...,0Q). (9.4.12)

The magnon boundstate is thus characterized by the outermost variables
X" =z; and X" =z}, (9.4.13)

The BDS S-matrix between boundstate {l‘jt} and elementary magnon y* is given by

Q (yt —a;)(1— 11*1%:)
kHl Sty JHl (v~ = =)= ==)
(yt —X7)(1 y%(f) (y~— X)(1 - #)
X = ) X = k) — s ) (0449)

where we used (9.4.12) and (9.4.13)) [58, 59].
Recall that the su(2|2) invariant S-matrix given in (9.4.6)) is also written as

S(y, k) = Seps (Y, Tx) (?(Lg(y)> Z aily: 2)a; (Y, 21) (Bl ® E}) ® (B! ® E}).  (9.4.15)

@)/ F= alyx)

Since the flavors ¢ or j remain unchanged during each of the two-body scatterings, one can easily
execute the product over k in this expression. Thus we obtain the elementary-boundstate S-

matrix as

4 2
S(ya X) = SBDS(ya 22 ya [Z Sb Eb (029 E(l 1)( 1)] , (9416)
b=1

where (y, X) and s,(y, X) are given by
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Interestingly, the following formula holdsﬂ

yt— X (X)
yt— X n(X)’

s3(y, X) = (9.4.20)

which agree with the recent results of [181] [182].

In order to compute the p-term ((9.4.1), we have to evaluate the residue at poles of the
S-matrix. Then which poles should we pick up? If one follows derivation of the p-term formula
discussed in Section (9.3 one finds that the following criteria need to be satisfied for a given

pole to contribute to the u-term:
1. The L-dependent exponential factor of damps.
2. Gives the leading (or the largest) contribution.
3. Comes from the [ ,.-type diagram.ﬂ

The first two criteria will be used to derive the leading exponential term (9.4.29)), where we will
consider splitting of an on-shell particle with charge () into two on-shell particles with +1 and
QFL

The third criterion is related to the fact that, in quantum field theories, poles of S-matrix
correspond to the scattering processes where intermediate particles become on-shell. For a
given pole, one must be able to find a scattering process such that the on-shell condition for its
intermediate states is equivalent to the pole condition of the S-matrix. The relation between
poles of the su(2|2)? S-matrix and scattering processes are investigated in detail in [81) [82].

The third criterion states that we should pick up only the poles related to the scattering
process of I,.-type. This is so severe that various complicated processes of splitting drop
out from the p-term formula. For instance, from analysis of the S-matrix singularity alone,
the splitting process depicted in Figure 9.4] seems possible. However, this process should be

classified as a K -type diagram, and hence does not contribute to the u-term.

9.4.2 Locating relevant poles

In this section, we investigate the third criterion in detail, in order to select the poles that
contribute to the pu-term. As will be discussed in Section during the [I,.-type process an

incoming particle a splits into two particles b, ¢ and these two recombine into the original one

SThere is an identity for the spectral parameters of elementary magnons:

_ 1 _ _ _
A U e v 5 W el A | G A LA )
y~ —at yt—a= 1—- - (y=—at)(ytat —y—a)

y -z~

(9.4.19)

"For classification of the Feynman diagrams, see Section
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[ “a

Figure 9.4: The splitting process of box type.

after going around the worldsheet cylinder as shown in Figure (Left). Importantly, the
three particles a, b and ¢ are all on-shell, and consequently for such processes to happen they

must satisfy the conditions:
3-1. Energy and momentum are conserved.
3-2. There is a Landau-Cutkosky diagram corresponding to the process a — b+ c.
Let us first consider the conservation of energy and momentum for an on-shell splitting

process a — b+ c. By on-shell we mean that the energy, the multiplet number, and the

momentum of a (boundstate) particle are given by functions of spectral parameters X* =
6(iip+9)/2 as

g 1 _ 1 0\ . (p
E(X*) = H (XJr — X X+ T) = 4g cosh (§> sin <§> : (9.4.21)
1 1 0
Q(X*) = % (X+ X X—) — 4gsinh (5) sin (g) , (9.4.22)
+
p(X*) = log (§—> , (9.4.23)

where g = v/A/(47). The last two equations are solved as

+\/ 2 4 16¢2sin?(2 + 4/ Q2 +sin?(2
Y = (D t0)/2 _ Eip/2 erye g*sin"(5) — *in/? orye &) (9.4.24)

4gsin(§) sin(%) ’

where Q = /(4g), and the parameter § introduced above is identical to with J5 < Q.

Suppose the incoming particle @ has the multiplet number Q = Q(X*), the R-charge r, = Q,
and the momentum p = p(X*). We denote the multiplet number, and the momentum of the
split particle b by @y, py, respectively; and similarly for the other split particle ¢. Then, the

conservation of energy and momentum imposes the relation:
\/Q2 + 1642 sin? (g) - \/Qg + 1642 sin? (%) n \/Qg + 1642 sin? (p _2pb> . (9.4.25)
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We are interested in its solution that gives the smallest value of [Im p,|, with Imp, < 0. Such
situation occurs when @), = 1 or Q). = 1, and we may choose ), = 1 without loss of generality.
Further, we can constrain the multiplet number @), by the following argument. In order that
the splitting process takes place invariantly under the su(2]|2)? symmetry, one should be able
to contract the product of the representation of particle b and that of particle ¢ with the
representation of particle a, leaving us the singlet. In particular, if we define v = Q — Q.., we
should have |y| < 1fj

Let us now solve ((9.4.25)) in the region |py| < 1 and ¢ > 1. The right hand side of (9.4.25))
can be evaluated as

89°py sin(§ L)+
RHS. ~ /1 + 4g2p2 + \/Qz + 162 sin? <g> %9 Py sin(%) cos(%) 7@7 (9.4.26)
\/Q2 + 1642 sin® (%’)

where we used () > 1. Inserting Eq. (9.4.26)) into Eq. (9.4.25]), we obtain

29Q cos(8) sin(8) — /(1 —12)Q2 + 16g2sin’(5),/Q? + 162 sin? (%)

e Q? + 1642 Sin4(§) = {split,y 5
(9.4.27)
where we choose the branch Imp, < 0. It is easy to see that Im ggy¢, Teaches its minimum
when v = +1,
+20Q) cos(5) sin() — 2i Sin2(§)\/Q2 + 162 sin®(2)
Db = Qsplit,+ = . (9.4.28)

Q? + 1642 sin4(§)

From Eq. (9.4.1]), we obtain the exponential factor

, 25in2(7—’)\/Q2 + 16¢2 sin*(2)
e~ Wsptin sl | — oM aspin )L g oxp | — 22 STI 1. (9.4.29)
Q% + 16¢2sin”(§)

One can easily see that the coefficient of L is same as that of J; given in (9.2.40)) or (9.2.39).

Next, we turn our attention to the condition 3-2. Firstly, we regard the self-energy diagrams
of Ip-type as the Landau-Cutkosky diagram of s- or ¢-type using the following argument (See
Figure . If we set the particle travelling around the world, namely b particle, on-shell,
then self-energy diagrams of I,,.-type become equivalent to 2 — 2 scattering processes between
particles @ and b exchanging particle ¢, where the momenta of ¢ and b remain the same after
scattering. If we further put particle ¢ on-shell, this process can be expressed in terms of the
Landau-Cutkosky diagram of s-type or t-type.

Secondly, for any scattering processes a(p,) + b(py) — ¢(pe.) = a(pa) + b(py) to be kinemat-

ically allowed, it must satisfy the conservation of energy, momentum, and R-charge at each

8This argument is essentially same as in [L78].

153



b
rr_l;//
c a br-//:
() (i) (iii)

Figure 9.5: (i): Self-energy diagram of I.-type. (ii): Diagram of ab — ab scattering made
from the diagram (i). (iii): The diagram (ii) can be viewed in two ways: s-type diagram as

shown in the left, and t-type diagram as shown in the right.

Table 9.1: All possible combinations of scattering processes coming from [,,.-type diagrams
which gives a damping exponential factor, namely Im p, < 0. Note that the crossing transfor-
mation X+ +— 1/X* within this table maps the momentum with Imp, < 0 to the one with
Imp, > 0. The combinations y~ = 1/X T and y~ = X~ are realized as t-type diagram, while
the ones y* = 1/X* and y* = X~ are as s-type.

s-type t-type
Pole Condition y =X"* y =1/X" yt =Xt yt=1/X"
In Sgps pole Z€ero pole Z€ero
E(Z*) E(X¥)+E(y*) E(X%)+E(y*) | BE(X*) - E(y®) E(X¥)-E(y)
Q(Z%) QIXH) +Q(y) QIXF) —QyT) | QIXF) —Qy™) QXF) +Q(y)
—1 —1 —1 —1
b 2gsin (’%w) 2gsin (I%M) 2gsin (’)_Tie) 2gsin (’%ie)

point of interaction. Classification of the consistent Landau-Cutkosky diagrams of s- or ¢-type
has essentially been done in [81) 82]. By following similar arguments, one can easily exhaust
all consistent Landau-Cutkosky diagrams of s- or t-type. Let X* be the spectral parameters

of the particle a, and y* be those of b with @, = 1, which satisfy the equation
y++y——y’——:—. (9.4.30)

Then we find four possible combinations of {X*,y*} which reproduce p, = qqpit +, as listed in
Table 9.1l The corresponding Landau-Cutkosky diagrams of s- or t-type are shown in Figure
9.6l
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Figure 9.6: The scattering processes which correspond to (i) y~ = X7, (ii) y© = X, (iii)
y~- =1/X", (iv) y* = 1/X~. We follow the convention of the diagrams in [81].

The processes corresponding to y* = X satisfy p, & gspiit+ and solve the condition ({9.4.25)
with Q). = @) — 1 at strong coupling. The ones corresponding to y* = 1/X~ have p, & qsput,—
and solve (9.4.25) with Q. = Q + 1ﬂ Note that this result disagrees with the classification of
Table . This is not contradictory, because the analyses of [81, [82] are valid for arbitrary
values of g while ours are restricted to the case ¢ — oo where the solutions to the splitting
condition ((9.4.25) are degenerate.

Out of the four conditions, only the ones y¥ = X appear as poles of the BDS S-matrix
(9.4.14)), and the conditions yT = 1/X~ appear as the zeroes. The latter two actually become
the poles of the full S-matrix because the AFS phase bring double poles at these locations. In
this case, however, the spectral parameters y* do not lie inside the physical region |y*| > 1, so
we should not pick up the residues at y¥ =1/X _H

In summary, we conclude that solutions to all criteria are exhausted by the two poles at
yt =X+,

9.4.3 Evaluation of residues

We are going to evaluate the residue of each pole for the two cases @ ~ O(g) > 1 and
Q ~ O(1) < g. Note that the orientation of the contour needs to be specified to fix the sign of
the residue. It will turn out that the sum of two residues with the same orientation does not
reproduce the results of classical string, so we will argue how the contour should be shifted to

obtain the desired results.

The case Q ~ O(g) > 1

Let us first consider the condition y~ = X*. Because 1/(y™ — XT) ~ O(g) around this pole,
the term proportional to s, and s3 in (9.4.16|) are negligible at strong coupling. The residue of

9There is no clear interpretation as such when @ ~ O(1) < g.
10We thank S. Frolov for a comment on physicality issue.
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Sgps is given by

= xo) (1 w5) o —x) (1 55)

A 75 A corn a7 < o R
where (y~)' is the Jacobian given by (C.L.F]), and we used
yt=(1+ig)y +0((¢})?) . (9.4.32)
Next we evaluate the dressing phase. By using
X(HXF) = x(y™ XF) +igy xaoly, X5), (9.4.33)
we find
(5, X) ~ exp[2ly” (ol X7) = xaoly™ X)), (9.4.34)

where x10(y,2) = Oyx(y,z) = OuX(y,x) — OyX(z,y). A crucial fact is that Xg?)(XJF,XJ“)
and X%)(X*,X_) are the order 1/¢"~! quantities if Q ~ O(A\/2) > 1. The dressing phase
with n > 1 does not contribute at strong coupling, which is remarkable distinction from the

elementary magnon case [79]. Thus, it suffices to consider the contribution of Y@, namely the
AFS phase [10]. The series (9.4.5)) with c,(n?s) = 041,5 SUMS Up to give

1 1 1
©) =—gl=-—=)(1-Q—2y)log1—-—])]). 9.4.35
) = =g (-1 ) (1= - apiog (1- (9.4.39)
It follows that . . .
(0) __9(z —Z)log (1= — 9.4.36
) ==L (T4 (-1 1o (1-2)). (9.4.36)
Using this equation, the contribution of the AFS phase becomes
2 1 1 1— ——
oaps(y, X) ~exp | — (X - X+) —2In Lf( . (9.4.37)
(X + - %) 1 - x=
By combining (9.4.31)) and (9.4.37]), we find
) sin? (2 ] eo(p) — Q
Res Spps(y, X) oaps(y, X) ~ —8ig % exp | —ip — % : (9.4.38)
G=qx sin (T) 2g sin (T)
To compute the pu-term, one just has to multiply the prefactor
e (p! , in (2 qin (2= I
—1 (1 - ;Q(—pl)) e—zqiL = —1 o (2) Slne( 2 ) eXp | — 550 | o (9439)
€1 (qh) cosh (5) 2¢ sin (p 5 )
as well as the factor from the string frame
Xy ) ¢ Q
— | = ~Rexp lip— ————| . 9.4.40
X~ (y+ PP 2¢sin (”_Tw) ( )
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In total, the p-term from the pole y~ = X is evaluated as

gyl
=X+ g cosh (g) P

Lt eoln) ] (9.4.41)
1k 4.

_29 sin (’%w

Next, we study the pole y* = X*. Now the coefficients s5(y, X) and s3(y, X) vanish due
to (9.4.20)), and only the term s1(y, X) can contribute to the u-term. The residue of Sppg is

v —x) (- whe) e —x) (1 )
(%%ESBDS(%X)N —igl X+t (1_);;;)()» (y+) (1—2;;;)'

Since (y*) =~ (y~)" as shown in ((C.1.5)), this result is just the minus of (9.4.31)). The AFS phase

at y© = X T becomes

(9.4.42)

2 2 11 e
oars(y, X) ~exp | — ~ =) 2| (9.4.43)
() =
which is equal to (9.4.37)). Hence we conclude

_ 8 sin® ()

o
OE =X+ cosh (g)

exp

L

_Lﬂ_pg . (9.4.44)
2gsin (257

Here we neglected the orientation of contour when deriving the above results. We will discuss

this issue in Section [9.4.3]

The case Q ~ O(1) K g

Let us now study the case ) > 1 with ) < ¢, and compute the residues of at
yT = X*. We have to evaluate the dressing phase carefully, because the terms higher order in
1/g contribute to the u-term, as discussed in [79).
Computation of the residue of the BDS S-matrix is straightforward, so let us focus on the
dressing phase. It is useful to introduce new variables a® by
ab

a 1
_— 1 - — if X — 1 — 0. 9.4.45
2g sin (g) ye X0 vy as g ( )

We can neglect the higher-order terms in the dressing phase when 3°X? is not close to unity.
The values of a® around the pole conditions are listed in Table [9.2]
The AFS phase [10] can be easily computed from the following expressions:

N Y
aips(y,X)=<—1_y1 ) (1_”1 ) (9.4.46)

y- X~
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Table 9.2: List of a® at strong coupling, corresponding to the pole with Im ¢! < 0.

Pole Condition | ™t o=~ at™ ot
y-=X"* Q Q+1
yt =X+ Q-1 Q

which are derived in Appendix . The Herndndez-Lépez phase [I3] can be computed by
employing the results of [79],

. ab
MWy X~ + 2100 [ —S 9.4.47
Xy, X7) F3 log (298111(5) : ( )

where the sign ambiguity comes from the choice of a logarithmic branch. As shown in Appendix
the rest of the BES phase [21] is summarized as

«

+- +a’t
ooy, X) =~ exp [2 (™ = oﬁ")] (a_) , (for y~ eip/Q) , (9.4.48)

Note that Y"1 (y? X?) ~ 0. By combining the results (9.4.47) and (9.4.48), the higher-order

dressing phase is evaluated as

2 (p +1

oy, X) ~ 1(3;5:1_ 1()5) e P2 (%) for y~ = X7, (9.4.49)
2 (p +1

(y, X) =~ —% e P2 (%) for y*=X". (9.4.50)

We will choose the + sign for and the — sign for for consistency with the @ =1
case[H]

One can calculate the remaining part of the S-matrix in the same manner as before. One
should take care that the coefficient sy(y, X) is non-zero for y~ = X*. The final results in

string frame are summarized as

1\ . 5/p ~ L+eg(p)
SE" = 8g(1+=)sin? (—) Z W 0.451
y-=X+ g ( Q) M) &P 29 sin (g) ( )

1\ . ./p [ L+eqp)]
SE" —48¢(1— =) sin® (—) 9.4.52
yr=X+ + g( Q) S 2 P 2gsm (g) 7 ( )

where €g(p) =~ 4gsin(p/2).

1 Consistency for the latter is only formal, for there is no pole at y* = X+ when Q = 1.
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Comparison with classical string

Now we check if the Liischer pu-term can reproduce the results of classical string theory, which

was given in ((9.2.40) as

3
=

I(E — Jy) = —16g cos(2w2)

. 3 ; p1 9
sin® (2) exp | —— s;n (%) co§h (22)0 Ji +eq(p1) . (9.4.53)
COSh( sin (%) + sinh (5) 29

)

We begin with the case Q ~ O(g) > 1. Here, the poles y* = X are located around

SIS LS

q = cot (p ;ie), and the residues obey the relation

E" = —0E"

ym=Xt

(9.4.54)

y+ =X+

It suggests that the sum of p-term will vanish if we simply sum up the residues of all poles on
the upper half plane. In order to obtain a nonvanishing result, for instance, we should take the
difference of two residues.

We can flip the relative sign of them if we modify the contour of ¢ integration in the F-
term formula ((9.3.26]) as shown in Figure , where ¢ is the Euclidean energy of the particle
travelling around the cylinder. As discussed in Section [9.3] we obtain the p-term from the
shifts of the contour. When we set s = 1/2 in (9.3.21]) and ({9.3.22)), we find a clockwise contour

shifted upward and a counterclockwise contour shifted downward. Note that it is possible to

have a clockwise contour shifted downward and a counterclockwise upward, if we choose the
other branch of square root in (C.1.2)), which flips the overall sign. Thus, the modified and
shifted contours provide us with an additional minus sign in front of the residue at y* = X,
giving us

sin® (2)

= —16g cos(a) ——2% exp

oEH
t=X+ cosh (g)

— )E*
Y

LQ()] . (9.4.55)

y— =X+ 2¢gsin (p Z9)

Since the p-term (9.4.1) is given by the real part of the last expression, we obtain
sin® (2)

cosh ( )

JE" = F16g¢ cos(w)

SISNIS)

sin () cosh () L+
- [ sin? (zé;)ﬂinh(fgg) +29Q<p )], (9.4.56)

where

cos (§) sinh (5) L + eq(p)
sin? (g) + sinh? (g) 2¢
for QQ ~ O(g) > 1. This agrees with (9.4.53)) upon identifying J; <> L, p; <> p and 2w, <> .

o =

: (9.4.57)

Next, let us consider the case @ ~ O(1) < g. As shown in (C.1.4]), both poles are located
on the upper half plane of the ¢ plane, namely

- p (Q=1) T _ oy
g = cot <2> + 29 (2) for yT=X". (9.4.58)
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Figure 9.7: The contour of integration in ¢ is deformed as in the left figure. By considering the
difference between the F-term contour and the shifted contours (9.3.21)), (9.3.22)), we can pick
up the p-term as depicted in the right figure. By (—+), (++) we denote the location of poles

y~ = X1, yT = X, respectively.
By making the same deformation of the contour as in Figure [9.7] we find

—LLQ@)] , (9.4.59)

_SEM
d 2g sin (g)

y_:X+

2

yt=X

+ (5}5# +) — F16gsin’ (3> exp

for @ ~ O(1) < g. This result is already real, and agrees with ((9.4.53)) if we set 6 = wy = 0
and identify J; with L, p; with p.

Finally let us comment on computation in the spin chain frame. The result of the spin chain
frame differ from that of the string frame by the factor (9.4.40). As a consequence, the p-term
for @ ~ O(g) in (9.4.56)) turns into

sin® (2) sin (8) cosh (&) L —Q + eqg(p)
Jo ] A2/ — 2 2 < 4.
g F16g cos(ay) cosh (g) P sin? (g) + sinh? (g) 2g ’ (9.4.60)
where
PY g U —
e @) LQ o) o

sin® (g) + sinh? (g) 2¢
This expression also agrees with the result of classical string if we identify L — Q)
Ji, p1 <> pand 2wy <+ B Also, the expression is the same as the one found in [I7§].

Thus, the p-term of the generalized Liischer formula can capture the leading finite-size (or

finite angular momentum) correction to dyonic giant magnons.

12Tt appears that what we call length depends on the choice of frame.
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Conclusions and Outlook

This dissertation can be divided into three parts.

In the first part, we reviewed recent developments of AdS/CFT correspondence between
N = 4 super Yang-Mills theory and superstring on AdSs x S® after the discovery of integrability.
On gauge theory side, the central idea is to diagonalize anomalous dimension matrix by
using integrability method called Bethe Ansatz. On string theory side, we can construct algebro-
geometric solutions based on Lax-pair formulation of the equations of motion. Singular integral
equations appeared in both sides. They enabled us to compare the spectrum in terms of

algebraic curves and Abelian differentials.

In the second part, we investigated families of classical string solutions on R; x S? and on
AdS; x S! from sine-Gordon perspective. We show they interpolate various rigid and spin-
ning/oscillating and winding string solutions known so far. Put it schematically, for helical

spinning strings on R, x S3, we obtain

- Point-like (BPS), rotating string (k — 0)
Type (7) helical string
I: — - Array of dyonic giant magnons  (k — 1) ;
with generic (k, U,wi 2)
| - Elliptic, spinning folded string (w12 — 0)

- Rational, spinning circular string (k& — 0)
I Type (i7) helical string

A\

- Array of dyonic giant magnons  (k — 1)
with generic (k, U,wi 2)

|- Elliptic, spinning circular string  (w; 2 — 0)

3

and for helical oscillating strings on Ry x S°, we obtain

(
- Rational, static circular string (k—0)
. Type (7)" helical string
I: — - Array of single-spike strings (k—1) )

with generic (k, U, ws 2)
|- Elliptic, type (7)" pulsating string (w;2 — 0)

- Rational circular string (k—0)
, Type (ii)" helical string
I : — - Array of single-spike strings (k—1)
with generic (k, U, ws 2)

|- Elliptic, type (i)’ pulsating string (w;2 — 0)
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It is also discussed that these two families of classical string solutions are characterized
general two-cut finite-gap solutions. In algebro-geometric language, the 7 <> o operation is
translated into either the interchange of quasi-momentum with quasi-energy, or the reconnection
of branch cuts passing through the singularities at x = +1.

For Cases I and II, the gauge theory duals are well-known. All of them are of the form
O~ Tr (2 MWM) + .., (9.4.62)

with L very large. Though operators look simple as such, their configuration on rapidity plane
will be in general quite complicated.

In contrast, gauge theory duals for Cases I’ and II' are not yet clearly known. From com-
parison of global charges, they should be dual to certain non-holomorphic operators with little
R-charges. In the paper [97] we conjectured excitations over the singlet state in so(6) sector
will be a good candidate. The correspondence involving such operators has not been much
studied so far, due to large quantum corrections on super Yang-Mills side. Assuming all-order
integrability and using all-loop Bethe Ansatz, one may be able to deduce strong coupling pre-
diction of non-holomorphic sector as in [I83]. More works are certainly needed to establish
correspondence for the case of large winding strings.

For further check of AdS/CFT correspondence we have to find sophisticated way of com-
parison, or to compare both sides from general perspective. In either way, we have to know the
spectrum of both sides in great detail. We expect our solutions serve as a catalyst for opening

new region of comparison.

In the third part, we considered application of our solutions to study the finite-size effects
in AdS/CFT correspondence. In particular, we have computed finite-size corrections to giant

magnons with two angular momenta from two points of view:
(i) Studying the asymptotic behavior of helical strings as k — 1

(ii) Applying the generalized Liischer formula to the case in which incoming particles are

boundstates

We found that two results exactly match taking into consideration the finite-gap interpreta-
tion of [62]. This result supports the validity of generalized Liischer formula for the case of
boundstates.

In contrast to the work of [79], it turned out that the leading term is only sensitive to the
AFS phase in the strong coupling limit. Nevertheless, our results coincide with those in [79] in
the limit Q — 0.

Towards computation of the finite-size corrections exact in L, several approaches have been
known in the theory of integrable systems, such as Thermodynamic Bethe Ansatz (TBA)
[75], [176], 177], nonlinear integral equations (NLIE) [184], [185] 186, [187], and functional relations
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among commuting transfer-matrices [I88]. Recently, Arutyunov and Frolov have studied TBA
formulation of the finite-size system by double Wick rotation on the worksheet, and determined
S-matrix of the “mirror” model [I89]. Moreover, they obtained the finite-size exponential factor
which is identical to the giant magnon’s, by considering (two-magnon) boundstates of the mirror
model. It will be very interesting to reanalyze our results from the TBA approach for multi-

magnon boundstates.

Unmentioned topics and Open questions
There are several important topics we have not discussed in this dissertation, some of which

are listed as follows.

Quantum correction to classical strings. Contrary to classical computation in string
theory where we are able to truncate action to its arbitrary subspaces, the one-loop correction
requires the full information of superstring on AdSs x S°. In this respect, it is quite important
to extend classical analysis into the quantum level. Note that in general there is non-zero
correction to the energy-spin relation, because worldsheet supersymmetry is spontaneously
broken when we fix certain classical background.

One basic approach to compute such effects is to sum up fluctuations over the given classical
background. For instance, one-loop correction to Frolov-Tseytlin strings is computed in [164],
30, 37, B8], and one-loop correction to (dyonic) giant magnons is discussed in [53, 190, 19T, [34].

Another direction is to make use of Bethe Ansatz. Although we do not know whether
quantum superstring on AdS; x S° is integrable or not, a brave proposal was first made in [10]
that Bethe Ansatz with the dressing phase will capture quantum string spectrum. At one-loop
level, the string S-matrix acquires so-called Hernandez-Lopez phase [13].

Since the dressing phase appears as a scalar factor, it must be independent of subsectors
one chooses. The Hernandez-Lopez phase passes this test, and its universality is confirmed in
[155].

Worldsheet computation at two loops in 1/v/A has recently been done in [192, 193, 194].

Landau-Lifshitz effective action. It is well known that XXX/, spin chain model has an
effective description as o-model called Landau-Lifshitz effective action, which can be obtained
from a coherent-state path-integral of XXX, Hamiltonian. Kruczenski pointed out that by
taking an appropriate “large J” limit at the level of classical string action, it agrees with the
Landau-Lifshitz effective action derived above from XXX/, spin chain[195].

One advantage of considering effective action is in that it provides an intuitive map between
N = 4 operators and classical strings; for instance, the position of impurity is identified as the
spatial coordinate of worldsheet. From the standpoint of effective action, folded and circu-

lar strings are interpreted as periodic solitons of Landau-Lifshitz equation, and dyonic giant
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magnons can be compared to pulse-like solitons in an infinite spin-chain [196, [197]. It will be
interesting to study how the helical strings are interpreted in a coherent-state picture.
Interestingly, continuum limit of the half-filled one-dimensional Hubbard model was com-
pared with string effective action in “small J” (or slow-string) limit in [198]. Although there
was mismatch of a numerical factor [199], such approach would pave the way to correct under-

standing of NV = 4 operator dual to large winding strings.

Worldsheet scattering on AdS; x S°. In quantum field theory, the spectrum of physical
particles can be read off from some poles of S-matrix of the theory. If we are interested in
excitations of a string which look like particles, then studying the S-matrix gives more detailed
information on that theory than the spectrum itself.

By taking so-called uniform light-cone gauge, we can spontaneously break conformal symme-
try on worldsheet, and obtain a theory with massive excitations [52, 60]. Worldsheet scattering
on AdS; x S° has been studied in such a way to probe its integrable structure [200, [147].
The worldsheet scattering is also studied in the near-flat-space limit [80], in which the theory
becomes facilitated while the BHL/BES dressing phase kept nontrivial [201) 202] 203”13]

We would like to conclude this dissertation by posing some open questions.

e Integrability of the A/ = 4 theory is the cornerstone of recent developments in AdS/CFT
correspondence. We must ask ourselves if the N/ = 4 theory is integrable to all-orders
in A\ for general L, or to what extent the integrability remains valid. On string theory
side, the proof of (even one-loop) quantum integrability still remains an open problem
[204], 205, 206].

e Even if we assume all-order integrability, we still do not understand what exactly is
the Hamiltonian operator we are diagonalizing when we use the conjectured all-loop
Bethe Ansatz. Furthermore, it is not clear how the dynamics of gauge or string theories
favors or disfavors BES choice of the dressing phase from BHL solutions. Works such
as [I83], 207, 208] can be thought of as a trial for answering this question. In addition,
intricate relation between Hubbard model and the su(2|2)? asymptotic spin chain has

been found in [209, 61 [148], which may give a clue to the above question.

e It is known that there is close relation between the derivative sector of N = 4 theory
and that of large N QCD, such as the conjecture of transcendentality principle. There
is possibility of applying methods of integrability to other conformal or superconformal

theories.

13Gtrictly speaking, however, the near-flat-space limit is not the limit of infinite-J, which may possibly
invalidate the BHL/BES phase.

164



Hopefully answers to these problems will lead to new surprising ideas, interesting observa-
tions, or useful techniques concerning strong coupling dynamics of gauge, gravity and string

theories.
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Appendix A

Elliptic functions

A.1 Definitions of elliptic functions
Our conventions for the elliptic functions, elliptic integrals are presented below.

Elliptic theta functions

Let Q = [] (1 — e*™7). We define elliptic theta functions by
n=1

Yo (z,7) = Q ﬁ (1-2 e™n=UT cos(2mnz) + e27ri(2”_1)7) : (A.1.1)
n=1
V1 (z,7) = 2Qe™/*sin(272) ﬁ (1 —2€*™ cos(2mnz) + €™"7) (A.1.2)
n=1
Vg (2,7) = 2Qe™/*cos(2m2) ﬁ (142> cos(2mnz) + e*™"7) (A.1.3)
n=1
U3 (z,7) = @Q ﬁ (1+2 ™I cos(2mnz) + eQm(Qn_l)T) . (A.14)
n=1

We also use an abbreviation 99 = 9,(0, k). The following functions are known as Jacobi theta

and zeta functions, respectively:

_ 2 K 0,0, (z,k)
@y (Z, k?) = 191, (ﬁ’ T = K ) 3 Zl/ (Z, l{?) = W . (A15>

Complete elliptic integrals

Complete elliptic integral of the first kind and its complement are defined as, respectively,

o L dz fon —
K(k):= /0 \/(1 0 ) , K'(k) =K(vV1—Ek?). (A.1.6)

We often write K(k) as K. Likewise, we omit the moduli parameter & of other elliptic functions

or elliptic integrals as well. There are alternative expressions for K and K’ in terms of elliptic
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theta functions:
it (199)?

K(k) = 5 K'(k) = —iKr = (A.1.7)
Complete elliptic integral of the second kind is defined as
1 — k222 K, ,
i :/O dn®(uw)du, — E'(k):=EN1-k2). (A.1.8)
Jacobi elliptic functions
Jacobi sn, dn and cn functions are defined as
U5 th(w) U Vs(w) _ g Ua(w) (A1.9)

sn(z) = 9 Do(w) n(z) = 7 Do(w) cn(z) = 7 Go(w)”
where z = 7 (99)° w = 2Kw. In terms of Jacobi theta functions, they can be written as

0(0

o
w
—~

=}
~—

o
=
—

I\
N~—

D
=

@3(2) _ @0(0) @Q(Z)

sn(z) = , dn(z) = , cn(z . A.1.10
Dremen M Temem M Temen MY
The moduli £ and & = +/1 — k? are related to the elliptic theta functions by
5=
=(-2), E=(-2) . (A.1.11)
(198 03
The Jacobi elliptic functions satisty the following relations:
sn®(z, k) + en®(z, k) =1, k*sn?(z, k) + dn®(z, k) = 1,
(21) + (. B) (21) + dni(z, 1 A
dn®(z, k) — K*en?(z, k) = 1 — k2.
Normal (or incomplete) elliptic integrals
¢ do sin¢ dt
F(o, k) = / = / (A.1.13)
0 V1—k2sin?6  Jo /(1 —12)(1— k22

is called the normal elliptic integral of the first kind. At special values, it reduces to
F0,k)=0, F (gk> —K(k), F($,0)=¢, F(¢,1) =arctanhé.  (A.1.14)

The normal elliptic integral of the first kind is related to the inverse of an elliptic function. If
one regards F(¢, k) as a function of y = sin ¢, then f(y, k) = F(sin" 'y, k) obeys the differential

equation

of\? 1
(a_y) T 1— ) (1 k22) (A.1.15)

F(p,k) = f(y, k) = sn ' (y, k). (A.1.16)

showing that
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And if one regards F (¢, k) as a function of ¢, its inverse defines Jacobi amplitude function by

F(p,k) =u = ¢ = am(u, k). (A.1.17)
From (A.1.16]) and (A.1.17)), it follows
sn(u, k) =y =sin¢ = sin (am(u, k)) . (A.1.18)

As corollaries,

cn(u, k) = cos ¢, dn(u, k) = /1 — k2sin” ¢ for ¢ =am(u,k). (A.1.19)

We also use the notation

F(z,k) = F(¢, k), for ¢ =am(z, k). (A.1.20)

The normal (or incomplete) elliptic integral of the second kind is defined by

@ sin ¢ 1 — k242
E(¢, k)= [ di V1 —k2sin’0 = dt \| ————. (A.1.21)

We also use the notation
E(z, k)= E(¢, k), for ¢ =am(z,k). (A.1.22)
At special values, it reduces to
E(0,k)=0, E (g k) —E(k), E6.0) =¢,  E(¢1)=sing. (A.1.23)

The normal elliptic integral of the second kind is related to the integral of an elliptic function,

as

E(p, k) =E(z,k) = /Oz dw dn®(w, k) for ¢ =am(z, k). (A.1.24)

Using (A.1.17)), and (A.1.24), one can rewrite Jacobi Zeta function as

Zo(z, k) = E(p, k) — F(o,k) % (¢ = am(z,k)), (A.1.25)
or equivalently,
q tly )  E®
Zo(z, k) =E(2,k) — 2 K(h) (A.1.26)

Other functions

Below we describe the definitions of other functions and integrals which will be used in

Appendix
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The digamma function is defined by

dInl o0
P(x) = dIn[(z) : [(x):= / dt t*tet. (A.1.27)
dx 0
At special values, it behaves as
1
(1) = —, Y (5) =—y—2In2, (A.1.28)
with v the Euler-Mascheroni constant. The digamma function obeys the recurrence relation
1
vz +1) =Y(x) + = (A.1.29)

As corollaries,

for n€Zs,, (A.1.30)

1 n
AT (R RIS

where H,, is the harmonic number defined by The harmonic number:

"1
H,=>) - (A.1.31)
k=1

We also use the standard definitions of Pochhammer’s symbol :
(a)o =1, (a),=ala+1)---(a+n—1) for n € Z>;. (A.1.32)

and binomial coeflicients:

(-1 (- ocrSE

A.2 Mathematical facts on elliptic functions

This appendix provides some properties and formulae useful for computation involving Jacobi

elliptic functions and elliptic integrals.

A.2.1 Useful properties

Parity
Odd functions: sn(z), O1(2), Z,(2) (v=0,---,3), (A.2.1)
Even functions: dn(z), cn(z), Oo(z), O2(z), O3(2). (A.2.2)
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All functions listed above are meromorphic, so we have

f(2)=f(z) and foaa(iz) € V1R, feven(iz) € R, for z € R. (A.2.3)

Special values

©,(z) have no poles at finite values of z, but have zeros at

Oo(2) : z=2mK+ (2n+1)iK’, (A.2.4)
O1(2) 1 z=2mK +2niK', (A.2.5)
O2(2) 1 z=(2m+ 1)K + 2niK', (A.2.6)
O3(2): z=(02m+ 1)K+ (2n+1)iK', (A.2.7)

where m, n are integers.

For Jacobi sn, cn and dn functions, we have

sn(0,k) =0, sn(K,k)=1, sn(iK') = oo, (A.2.8)
dn(0,k) =1, dn(K,k) =k, dn(iK') = oo, (A.2.9)
en(0,k) =1, en(K,k) =0, cn(iK') =00 (A.2.10)

1+ k2 1+ 14k* + k*
sn(z, k) =z — ( + ) 2+ <%) 2+ 0 ("), as z — 0. (A.2.11)

The complete elliptic integrals K(k), 1/K'(k), 1/E(k) are monotonically increasing function
of k. They take the values

T , , T s

K0)=3, K(1)=oc, K(0)=oco, K1)=3, BE0)=7, B1=1 (A212)
We also have
T

K(k) - E(k) = 5 E* + g—g E*+ O(k%). (A.2.13)

The zeros and the poles of Zy(z) are located at
Zo(2) =0 at z=mK+ 2niK/, Zo(z) =00 at z=2mK+ (2n+1)iK'. (A.2.14)

where m, n are integers. Asymptotically, Z,(z) behave as

1 v o 1
P +ﬁ+O(Z—ZK), Zy(z) ~ ;+(9(z). (A.2.15)

Z()(Z) ~

To derive them, the following identity is useful:

82793‘ (Z, T) .

822 T 9 (A.2.16)
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We also have
)

ZO(K + ZK,) = _ﬁ ,

Z5(0) = 0. (A.2.17)

Periodicity
Jacobi sn, cn, dn functions have the following periodicity:

cnz

sn(z + K) = T sn(z +1K') = - sn(z + 2K) = —sn(z), sn(z+ 2iK') = snz,
k' r cnz -
dn(z + K) = : dn(z +1K') = - , dn(z 4 2K) = dnz, dn(z + 2iK') = — dnz,
dnz 1snz
( +K)——klsnz (z +iK') = dnz (z+2K) = — (z +2IK') = —
en(z =g MetiK)=-———, cn(z =—cnz, cn(z+2i = —cnz.
As corollaries, we have
n(z—K) =~ (s — iKY = — sn(z — K — iK) = — -9 (A.2.18)
e T Tz VT T ez e BT T enz o
k' o . CDZ o —ik'snz
dn(z — K) = oyt dn(z —iK') =1 g dn(z - K —iK') = pp, (A.2.19)
en(z — K) = kdinj , en(z—iK') =1 kdsr;z , cn(z—K—iK') = %r]fz (A.2.20)
For Jacobi theta functions, we have
@0<Z+K) = @3(2), @O(Z—I—ZK,) :ZN@1(Z), @0(2+K+ZK/) = N@2(2)7
01(z + K) = 05(2), O1(2 +iK') =iNOy(2), ©1(z+ K +iK') = NO3(z2),
@2(2+K) = —@1<2), @2<Z+ZK/) = N@g(Z), @2(Z—|—K+ZK/) = —’iN@o(Z),
O3(z+K) =0q(2), 0O3(z+iK')=N0Os(2), ©O3(z+K+iK')=iNO(z),
where .
N = N(z) =exp (—% (z + z'K'/Q)) . (A.2.21)
As corollaries,
@0(2 + 2K) = @0(2) s @0(2 + 2ZK/) =-M @0(2) s
@1(2’ + QK) = —@1(2’) s @1(2’ + QZK,) =-M @1(2’) s
@2(2 + 2K) = —@2(2) s @2(2 + 2ZK,) = M@Q(Z) s
@3(2 + 2K) = @3(2) s @3(2 + 2ZK/) = M@g(Z) s
where ‘
M = M(z) = exp (—% (z + ZK')) : (A.2.22)
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Periodicity for Z,(z) can be derived from the one for ©,(z):

s

We also have
. T , iT
Zl(Z) = Zo(Z + ZK/) + E 5 Zl<2’) = Z()(Z - ZK/> - ﬁ y (A224>
. T , iT
ZQ(Z) = Zo(Z + K+ ZKI) + ﬁ y ZQ(Z) = Zo(Z —K-— ZKI) — ﬁ s (A225>
Zg(Z) = Zo(Z + K) s Zg(Z) = Zo(Z — K) . (A226>

See also (A.2.35)), (A.2.36)), (A.2.37)) for the relation among Jacobin Zeta functions,

Derivative

Derivative of elliptic functions with respect to z is summarized as follows.

_ — _— —_ — 2 —_— = —

5, S = cnz dnz, e dnz k*snzcnz, 55 % snzdnz, (A.2.27)
0 E(k) 0 cn?z  E(k)
—Z = dn’z — —=% —7 = — - —. A22
0z o(2) = dn’z K(k)’ 0z 1(2) sn?z  K(k) ( 8)

A.2.2 Useful formulae

We collect useful formulae to perform calculation in Section [A.3] For details, please consult
textbooks such as [157, 210].

Addition and multiplication formulae

For Jacobi sn function, we have

snu cnv dnv 4+ snv cnu dnu sn?u — sn®v
sn(u+v) = T C— ,  sn(u+v)sn(u—wv) = T ey oty (A.2.29)
and in particular,
2 snu cnu dnu
For Jacobi Zeta function,
Zo(u+v) = Zy(u) + Zy(v) — k*sn(u) sn(v) sn(u + v) . (A.2.31)
As corollaries, by putting u = x + iK', v =y + iK' we get
1<Z( Fy)+ Zi( )> Z()+Snxcn$dnx (A.2.32)
= x x — =Zy(x)+ —————. 2.
A Y ! Y 0 sn’x — sn?y
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And by putting u =z + iK', v =y — x we get
sny cny dny

1
- (21 (x+y) — Zi(a — y)) = Z) = S et (A.2.33)
Other formulae
Below are the results listed in [210]. Another expression of Jacobi Zeta is,
k2sn(z, k)en(z, k) dn(z, k) [K® du sn?(u, k)
Zo(z,k) = ’ 4 ’ ’ . A.2.34
o2, k) K(F) /0 T W2 sn2(z, k) sn(u, F) (A.2.34)

Using the addition formula (A.2.31)), one can express Jacobi Zeta’s solely by Z;, as
en(z, k) dn(z, k)

Zh(z, k) = Zo(z, k) + (k) : (A.2.35)
Zo(2, k) = Zo(z, k) — Sn(zéfgzdr;gz’k) , (A.2.36)
Zo(z k) = Zo(z k) = © Sn(;’lz Cl;<z’ £) (A.2.37)

Trigonometric limits

By taking £ — 0 or k£ — 1 in (A.1.11)), elliptic functions reduce to trigonometric functions.

sn(z,0) = sin(z), dn(z,0) =1, cn(z,0) = cos(z), (A.2.38)
1 1
sn(z, 1) = tanh(z), dn(z,1) = cosh(2) en(z,1) = cosh(2) (A.2.39)
Jacobi zeta and theta functions become
Zo(2,0) =0, =  Oy(z,0) = 4", (A.2.40)
Zo(z,1) = tanh(z), == Og(z,1) = Acosh(z), (A.2.41)

where A and A’ are possibly divergent constants. We can find the trigonometric limit of other
Jacobi zeta and theta functions from the definitions of Jacobi sn, cn and dn functions (A.1.9)):

01(2,0) = Vk Oy(z, k) sn(z, k), (A.2.42)
©5(z,0) = \/g@o(z, k)en(z, k), (A.2.43)
1
O3(z,0) = NG Oo(z, k) dn(z, k). (A.2.44)
In the £ — 0 limit, they become
01(2,0) = Vk A'sin(z) Oy(2,0) = Vk A’ cos(z) O3(z,0) = A". (A.2.45)
Z1(z,0) = cot(z), Z5(2,0) = —tan(z), Z5(2,0) =0. (A.2.46)
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In the £ — 1 limit, we have

A A
N O3(z,1) =
Z1(z,1) = coth(z), Zoy(z,1) = Z3(2,1) = 0.

©1(z,1) = Asinh(z), Oy(z,1) =

3

A.2.3 Moduli transformations

We collect some formulae for SL(2,7Z) transformations acting on elliptic functions.

Elliptic theta functions transform under the T-transformation as
Yo(z|T + 1) = I3(2|7), D1 (z|T + 1) = ™9y (2| 7),
Do(2|m + 1) = ™4 0(2|7),  Us(z|7 + 1) = Vo(2]7),
and complete elliptic integrals with ¢ > 0 transform as
K(q) =KK(k),  K'(q) =K (K'(k) —iK(k)),  E(q) =E(k)/k.

Jacobi theta functions, defined by

0, (2, k) =1, (QKZ(k), = 15(55;)) . (r=0,1,2,3)

transform as
Oo(z|T + 1) = O3(z/K|7), Oy (2|7 +1) = ™40, (2/K|1),
Oy(2|T +1) = ™4 Oy (2 /K'|7) O3(z|T7 + 1) = Og(2/K|7),
and Jacobi zeta functions defined by Z,(z,k) = 0,In0,(z, k) transform as
Zo(z|T + 1) = Zs(2/K|7) /K, Zy(z|T+ 1) = Zy(z/K'|7) /K,
Zy(z|Tt+ 1) = Zo(2 /K |7) /K, Zs(z|T+ 1) = Zo(z/K'|7) /K .

Therefore, the T-transformation acts on the elliptic modulus £ as
( 207 + >> Z<®z(0\7>>2_%
O3(0]7 + 1) ©o(0j7)) K’
. ( <orT+1>) (@3<0| >> 1
-\ 6507 +1) ©o(0]7) K

(A.2.47)

(A.2.48)

(A.2.49)
(A.2.50)

(A.2.51)

(A.2.52)

(A.2.53)
(A.2.54)

(A.2.55)
(A.2.56)

(A.2.57)

(A.2.58)

In terms of the modulus ¢ defined in (8.2.1)), the Jacobi sn, cn and dn functions are written as

,sn(z/kK k)

_cn(z/K k) 1
g )=

sn(z,q) = dn(z,q) = AR

Normal elliptic integrals behaves under reciprocal modular transformation, as
1 z 1 1 z 9 z
F ( E) —KF(5E). E ( z) — B (k) - =) F (L)}
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A.3 Some details of calculations

In this appendix we will collect some key formulae that would be useful in checking the calcu-

lation involving the function

=(X, T, w) iéﬂf:é;’éjJ_ﬁb exp <Z0(w — wo)(X — Xo) +iu(T — T0)>,
v = U+ dn®(w — wy), (A.3.1)

where X, X, T and Tj are all real. For the moment we assume w and wy to be purely imaginary.
The degrees of freedom of (75, Xy) correspond to the initial values for the phases of ¢;, and in
what follows, we will set them as zero. We will also set wg = 0.

As a preliminary, we shall collect several useful formulae from the ones presented in the last

section.

e One can express Zy(z, k) in terms of Jacobi dn function and complete elliptic integrals as

z E
Zo(z, k) = / dn®(u, k)du — z — . (A.3.2)
0 K
e By using an addition theorem
Zo(u+v) = Zo(u) + Zo(v) — k*sn(u) sn(v) sn(u +v) , (A.3.3)

one can verify the following identities :

1 snz cnx dnx
§<Z1(i’3 +y)+ Zi(z — y)) = Zo(z) + e —— (A.3.4)
1 B sny cny dny
5 (Zl(:v +y) = Zi(r — y)) = 200) ~ o~ a2y (A.3.5)
e Concerning the absolute value of Z(X, T, w), one can show that
©1(z —w) O1(z + w) k 2 2
= — . A.3.6
SEeiw e (o) 30
With the help of those formulae, we can easily arrived at the following relations:
OxE[?  sn?(X)en?(X) dn?(X) — sn?(w) en®(w) dn®(w) (A7)
= (sn2(X) — an(w))2 ’ o
Or=* Ox= . sn(w) en(w) dn(w)
— = — A.3.
Re( = = ) " sn?(X) — sn?(w) ’ (4.3.8)
Ox= 1 sn(w) en(w) dn(w)
I = - A.3.9
m( = ) i sn?(X) — sn?(w) ’ ( )

which should be useful in evaluating the consistency condition, Virasoro conditions and con-

served charges in the main text.
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We can now discuss a generalization of the Ansatz (6.2.6). In order for Z(X,T,w) to be

normalizable for all range of X, Zy(w, k) must be purely imaginary. When £ is real, this can

be achieved if and only if w = mK + iw with m € Z and w € R. Therefore, with the Ansatz

(6.2.6]), general solutions of (8.1.12)) are given by

= O1(X —iw) . ' '

= = BB P (Foli)X +iuT), = U do’ A3.10
90(X)@0(zw) exp ( 0<ZCU> “+u >, u + dn (zw) , ( )

=1 0\ ) 2 g

= = .06, 1iw) exp (Zl(zw)X + zuT), uw?=U (i) (A.3.11)

— O3(X —iw) . , (1 — k?) sn2(iw)

=2 3\ ) 2 g

= = 5u0)05(i) exp (ZQ<ZCU>X + zuT), uw?=U (i) , (A.3.12)
O2(X —iw) ) ) 1 — k2

=3 2 )

=T 6y (X) Oyiw) TP\l Al =U A3.13
80 (X)s(i) P (X AT). = U+ s (A.3.13)

These four functions are mutually related by a shift of w as
20X, Tiw) = E(X, Tiw = iw), =X, T w) = —E(X, Tiw = iw — iK'),

X, T;w) =2(X,Tw=iw—K—iK'), Z}X,Tw)=2X,T,w=iw—K).
(A.3.14)

Note that in w — 0 limit, the functions Z° =2 and =* reduce to sn(X), dn(X) and cn(X)
with the angular velocity satisfying u? = U + 1, U and U + 1 — k2%, respectively.
It would also be useful to note the properties of Z¢ given in (A.3.14). They are doubly

periodic with respect to w:
= -2 (w—w+2K), == Z (w—w+ 2K, (A.3.15)
and quasi-periodic with respect to X :

20X +2K) = —2DWKZ0(x) - ZH(X 4 2K) = AWK (X)) |
Z2(X +2K) = 222K 22X Z3(X +2K) = —2BWK Z3(X) (A.3.16)

A.4 Expansions around k =1

Behavior of Jacobi elliptic functions around k& = 1 is discussed below.

A.4.1 Jacobi sn, cn and dn functions

Jacobi sn, cn, and dn functions can be expanded in power series of k2 = 1 — k2 around k = 1.
We want to know the expansion up to the order of £ for later use. We follow the method of

[211], where they computed asymptotics around k = 0.
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The Jacobi sn function obeys an equation

sn(u,k) dt
u = /0 NN ek (A.4.1)

Differentiating both sides with respect to k, one finds

dsn(u, k) sn(u,k) kt* dt
————~ = —cn(u, k)dn(u, k )
ok (u, k) dn ) 0 M(l _ k2t2)3/2
Taking the limit £ — 1 and substituting u = iw , we obtain
Osn(u, k) i (w—sinwcosw) ’ (A4.3)
ok st 2 cos?w

(A.4.2)

which is the first term in the expansion of the Jacobi sn function around k£ = 1. The asymptotics

of the Jacobi cn and dn functions can be determined by the relations

sn?(u, k) + cn®(u, k) = 1, dn’(u, k) + k?sn?(u, k) = 1. (A.4.4)

We write down the results at higher orders in &’ :E|

(1 — k2
sn(iw, k) = itan(w) + w (sinwcosw — w)
M(— 9wcosw—|—sinw(4w2+9—7sin2w—28in4w)) (A.4.5)
64 cos?(w) ’ o
1 1—k?
en(iw, k) =~ cosw T TR (w) (coswsin®w — wsinw)
ﬂ <2w2 (1 +sin*w) — wsinw cosw (13 — 4sin’ w) + 11 sin® w cos” w) (A.4.6)
64 cos?(w) ’
1 1— k2
dn(iw, k) ~ osn 1 o5 () (Cosw sin w + wsin w)
w <2w2 (1 +sin*w) + wsinw cosw (3 — 4sin® w) — 5sin® w cos” ) . (A4
64 cos?(w)

A.4.2 Elliptic Integrals and Jacobi Zeta function

The expansion of elliptic integrals and Jacobi Zeta functions around k£ = 1 is not polynomial

in &, because it involves In k. Here we borrow the general results from the textbook [210],

Normal elliptic integrals

Normal elliptic integral of the first kind behaves as

F(p, k) = i (_;/2) K 0om(¢)  for (0 < k?tan’¢ <1, k< 1), (A.4.8)
m=0

!These results can be checked also by Mathematica 6.
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where

1 1 1] si 1 1
a0 =n(135%) - e [35-n (M)

cos @

1 [2sin’¢  3sing 1+ sin ¢
Q4(¢)_§|:COS4¢ _cos2¢+31n< cos ¢ >]
And in general
1 c2m—1
0m(9) = 5 {—(27" — 1)oam—2(0) + %} , (m=1).

First few terms are written as

. (l+sing) k7 [sing l+sing
F(¢,k) = In (W) 4 LOSQQS —ln< cos ¢ )}

64 | cos*op  cos?o cos ¢

Normal elliptic integral of the second kind behaves as

E(¢,k) = i Cf) K do (¢)  for (0 < K tan?¢ <1, k< 1),
m=0

where

do(@) =sing,  da(¢) = —sing+1n (1 ”M) ,

cos ¢

ds(9) = L {ﬂ +3sin¢ — 31n (m)] .

cos? ¢ cos ¢
And in general

1

Sin2m—1 ¢
2(m —1)

cog2m—2 ¢

First few terms are

12 .
E(¢,k) =sing + % [—sin¢+1n (M)}

cos ¢

16 | cos? 10) cos ¢

Complete elliptic integrals

Complete elliptic integral of the first kind behaves as

K(k) = f: <_;/2)2k:’2m {m (%) — bm} . (k< 1),

m=0
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14 .3 . .
3k {ZSm ¢ 381n¢+3ln(1+sm¢)] N

}, (m>2).

14 -3 .
1
k [m L 3sin— 30 (ﬂ)} N

(A.4.9)

(A.4.10)

(A.4.11)

(A.4.12)

(A.4.13)

(A.4.14)

(A.4.15)

(A.4.16)

(A.4.17)

(A.4.18)



where

bp=0, b —2§:(_1)j—b -+ 2 (A.4.19)
0—Y m p= ] — Ym-—1 2m(2m—1) -

First few terms are written as

ko= (D) () 2 ()T wam

Another but equivalent expression of this expansion is

m)

=3 (D) 1 [ v -o(me )] e, iz

m=0

where 1 is the digamma function defined in (A.1.27)).

Complete elliptic integral of the second kind behaves as:

< (1)
2 2m

1
4 'm+1

[—21nk:'+1/}(m+2) +(m+1)—19 (erg) — ) <m+l)] : (k<1). (A4.22)

X

2

First few terms become
k' 4 17 3k 4 13
Ek)=14+—|In| =) —= In{—)—-— A42
W=+l [ () -3 + 55 (7)) + (a2

Substituting the expansion of elliptic integrals (A.4.17)), (A.4.20), (A.4.23)) and Jacobi sn
and cn functions (A.4.5)), (A.4.6), into the expression of Jacobi Zeta (A.1.26]), one obtains its

asymptotic behavior near k£ = 1:

L i 2 1
Zo(iw,k)—ztanw—g—z {w+81nwcosw_w(___)]

s, 4 cos2 w b, 02
ik' [—2wcosw + 2sinw (4w? — 5 cos? w + 2 cos* w) 4 1
+ +3w | —+ 5
128 cos? w e 0

where (;, = In (4/K).

A.5 The asymptotic behavior of helical strings near k =1

Below we show the asymptotic behavior of helical strings in detail by using the formula derived
in Appendix [A.4]
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The parameters a,b and v = b/a, which appeared in (9.2.12)) and (9.2.13)), behave as

VU + cos? wy

ag=—"" + k" acz) + O(k’4) ,
COS W

b= tanw;  + K% b + O(K*),

v — Sin wy + k:/Q V() + O(kﬂl) ’

VU + cos? w;

where

a@) = ( —(U+1)wysinw, —4 (U cos? wy + 1) cos® wy cos? wy
+ 4\/5\/ U cos? wy + 1 sin wy cos® wy sin wy cos wy
+2U cos’ wy + (3+ U) cos® wy — (U + 1)cosw1>/ [4 Ucos?w +1(U + 1)0082w1] :

by = ( —(U+1)w;sinw, —4 U sin® w; cos® wy cos? wy

— 4V UA/U cos?wy + 1 sinw; cos® wy sin wy cos wsy

—2Ucos’w; + (B3U + 1) cos’wy — (U + 1) cosw1>/ [4(U 4 1) cos® wy sinw |,

V(g) = ( — (U + 1)2 wy sinwy coswy — 4 (U — 1) (U cos? wy + 1) sin? w; cos? wy cos® we

—4 \/ﬁ\/ Ucos?w; +1 (2 — cos®wy + U cos? wl) sin wy cos? wy sin wy COS Wy
+ sin? wy cos® wy {(2 cos? wy — 1) U? —2U cos? w; — 3} / [4 (U0052 w1 + 1)3/2 (U+1) sinwl] .

The conserved charges, which appeared in (9.2.24)), (9.2.25)) and ((9.2.26]), become

: pP1 2

< 0 (U +1)sin () 4 K FACONG (K1), (A.5.1)
\/U sin® (&) + 1 4

1) sin (B 2o
g - U)o (§) \/Usin2 (5)+1sin(5)+ Eaiowy, s
JUsin® (8) +1 2 27
o (P L K? e z
Jo = VU sin E> o T+ 0 (k) (A.5.3)
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where the next-to-leading terms in ((9.2.33) are given by

£ 3 at (37) {20 o (s () 1) (220100 () 140)
< (12 cofwn) +20/U (Usin? (2) 1) (207~ 20) o (%) 207 -0 +1)
o (3 smssoa] 4 00 (03 (3) 1)
o (e (§) +)ontinsa (2t () +3) 0]
/[(Usm (7’21)+1)3 (U+1)},
a7 = () oo (5) 1 (- < ) e10)

x (~1+2 cosuw) + 2V (202 —20) cos® (5 ) =202 = U +1) cos (5} sinws cosws|
\/Usm (B)+1w+|- (Usm () + )Cos wr+ 2+ (~2 cos? () +3) U]}
J Vo Jusie (2) 1]

Thus, the next-to-leading term in -

Py
£@) _\71(2, VUsin (2) jQ = sin ( > (1 — 2cos” wz) (A.5.4)

182



Appendix B

The Pohlmeyer-Lund-Regge reduction

The spectrum of Complex sine-Gordon system is investigated through the Pohlmeyer-Lund-
Regge reduction of classical string theory on Ry x S®. We study one- and two-soliton solutions
and the mapping of spectral parameters of two theories.

We further show that so-called ‘Complex sine-Gordon breather’ is exactly identical to the
kink-antikink scattering solution, by making use of invariance under the exchange of spectral
parameters as first suggested in [81]. This result is consistent with the semiclassical quantization

of Complex sine-Gordon theory, where no boundstates of kink and antikink are found.

B.1 Brief introduction

Complex sine-Gordon is an integrable 1+1 dimensional field theory, and can be regarded as
generalization of sine-Gordon system with additional U(1) charge [212]. Pohlmeyer, Lund, and
Regge found that classical string theory on R; x S? in conformal gauge admits reduction to
another integrable model known as Complex sine-Gordon (CsG) system [55, 56, [57]. Moreover,
one can reconstruct classical string solutions from those of CsG system at least locally.

An example of such correspondence is giant magnon solution of classical strings on Ry x S?
and kink solution of sine-Gordon system [49]. The two-spin generalization of giant magnon
solution, called dyonic giant magnon is related to kink solution of CsG system [51]. We will

see this correspondence more in detail below.

sine-Gordon kink < Giant Magnon CsG kink <> Dyonic Giant Magnon

sine-Gordon scattering <> GM scattering | CsG scattering < DGM scattering

Table B.1: Examples of the Pohlmeyer-Lund-Regge reduction.

Soliton solutions of CsG system can be constructed by various techniques such as inverse

scattering method. One can also study its spectrum from poles of S-matrix.
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Semiclassical analysis of CsG S-matrix was initiated by [213, 214]. About a decade later,
Bakas reformulated CsG system as SU(2)/U(1) gauged WZW model perturbed by its first
thermal operator [215]. Based on the result, an exact quantum S-matrix was conjectured [216].
They found that the spectrum of Complex sine-Gordon consists of boundstate of same charges
alone. The solitons of opposite charges do not form boundstate.

The situation is completely different from sine-Gordon system, where analytic continuation
of 2-kink solution gives the boundstate solution known as “breather”. In CsG system, breather
solution becomes exactly identical to the kink-antikink scattering solution. In fact, Dorey,
Hofman, and Maldacena showed that analytic continuation of dyonic giant magnon scattering
solution does not give another new solution of classical string on Ry x S* [81].

In this appendix, we also establish the equivalence of CsG breather and CsG kink-antikink,
by means of the Pohlmeyer-Lund-Regge reduction of dyonic giant magnon scattering. To show
this equivalence, we make use of the exchange symmetry of the classical string solution found
in [81].

B.2 Multisoliton solutions of sine-Gordon system

We begin with collecting facts on the soliton solutions of sine-Gordon system before looking
into the connection with classical string theory.
Multi-soliton solutions of sine-Gordon system can be obtained by using inverse scattering

method [217]. The following expression is known for K-soliton solutions of sine-Gordon system:

det (IK+V)>

o7 (B.2.1)

—02¢ + 0%¢ —sing = 0, ¢ = —Qilog(

where I is K x K identity matrix, and the components of the K x K matrix V are given by

im; 1 1

‘/jk: )\J—|—>\k exp <i(ﬂj+uk)$+2iyjt), /JjE)\j—F)\j, VjE)\j—i—F)\j. (B22)
For ¢ = ¢(x,t) to be real, V must satisfy
det ([ +V)=det({ —V"). (B.2.3)
One-soliton case. By substituting A = 1, we have
_ ﬁ 2 (px+vt) (E) _ E 24 (px+vt) B24
Vv 5 © , tan 1 o ¢ : (B.2.4)

Plugging them back to (B.2.1)), we can identify the result as the famous expression of 1-soliton

solution of sine-Gordon system

10} r — vt
tan (Z) = exp (_ﬁ + x0> , (B.2.5)
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by setting

1+ 162
m=2\e", v:—zz+—. (B.2.6)
w1 —16N2
For this solution to be real, we must have
v<1l <= A=ia, a€R. (B.2.7)

Thus, in the one-soliton case, the imaginary part of A controls the Lorentz boost v.

Two-soliton case. Consider the reality constraint (B.2.3]) imposed on V. By writing

Vo Vit Vig | 7= Vor Vo 7 (B.23)
Vo1 Vo Viz Vi
we can see that V* = —V solves the constraint. Thus, after the redefinition of the parameters
as
A= ==X, m=my=m), pH=p=—ly, V=v=—V, (B.2.9)

the matrix V' given in (B.2.2)) becomes

iﬂ Qi+ 2ivt im piln—R)z+2ivt
2\ A=A
V= o o . (B.2.10)
Zm_ ei(u—ﬁ)x—?iut _Zzn —2ijix—2ivt
A—A 2\

Then, we substitute V' into (B.2.1) to obtain the expression of tan(¢/4). By setting

m=phe?, \=¢&+in, (B.2.11)
we have L em g
tan (%) _ __ —tpsin( t ) (B.2.12)
eX |1 - &0 e X
21
where T" and X are defined by
§ 2 2 2 2
T=——"—1(1+16 16 t—(1—-16&°—16 B.2.13
sE o (H16€ +167) = (1-16€ — 1677) o}, (B.2.13)
n 2 2 2 2
X=———19(14+16 16 —(1—-16&—16 te. B.2.14
s (1168 4 1607) = (1-16¢ —1677) 1} (B.2.14)
We further set
2n _, _1-16(&+7n?)

p:?e , U_1+16(€2+772)’ (B.2.15)

and introduce (¢, , x,) as the Lorentz boost of (¢,z) by velocity v, then (B.2.12) becomes

sin L +46
o (9) _ —in VE+1?
& N '
sin —\/m + X

(B.2.16)
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We can identify (B.2.16)) as the famous expression of breather solution of sine-Gordon system

wt,
sin [ —— + to)
o (A
tan <?) — - 1+w , (B.2.17)
1 Y cosh <L +z >
V14 w? ’
by choosing
w:§, to =0, xozx—i—g (B.2.18)
n 2
From (B.2.11)), (B.2.15)), and (B.2.18]), one finds that the absolute value of A controls the period

of breathing, the phase of A controls the Lorentz boost, and m controls the initial values of ¢

and x.
There are other two scattering solutions known in sine-Gordon theory. One is the kink-kink

solution

- ( wt, Ly )
sinh [ —— + g
1 )
tan (?> = — 1w : (B.2.19)
4 W ( Ty e )
COS —_—
V1 —w? 0

which can be obtained by setting A\; = iay, Ay = iay with a;,as € R, or by setting w to be

purely imaginary. The other is the kink-antikink solution

cosh (—wtv +t )
1 —wz
tan (?) . - w . (B.2.20)
4 v sinh (L +x )

V1 —w? 0
which can be obtained by the shift of ¢y and xy in the kink-kink solution. The kink-kink and

the kink-antikink solutions have different topological charge,

Qiop = /OO dr 2 (B.2.21)

w Oz’

That is, Qtop is nonzero for the kink-kink solution, while it is zero for the kink-antikink solution.

B.3 Review of the Pohlmeyer-Lund-Regge reduction

We review the reduction procedure invented by Pohlmeyer, Lund, and Regge [55] 56l 57], by
partly repeating argument in Section We then discuss how dyonic giant magnon solution
is reduced to kink solution of Complex sine-Gordon (CsG) system.

We follow the discussion of Section [6.1. There we find that the equations of motion of

classical strings on R, x S? take the form

0a0°E + (0,6 - 096" =10, (B.3.1)
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and Virasoro constraints read

O + 10,87 =1, Re (9€-0,8") = 0. (B.3.2)

We can construct a solution of Complex sine-Gordon out of any solution of classical string
on R; x S? in conformal gauge using the Pohlmeyer-Lund-Regge reduction. The reduction

procedure goes as follows. First, let us define O(4)-invariant variables ¢ and x by

—0.X-0_X =cos¢, (B.3.3)
PX-K=20,xsin(¢/2), PX-K=-20_ysin(¢/2), (B.3.4)
where o* are the light-cone coordinates defined by t = 2+ + 27, v = 2t — 27, and K; =

€iju X0, XP0_X" (i,5,k,1=1,...,4). Then, we can derive differential equations for ¢ and x
sin (6/2)
2cos? (¢/2)
by using the equations of motion (B.3.1)), Virasoro constraints (B.3.2)), and the normalization

condition [€]2 = 1. The equations (B.3.5) are called Complex sine-Gordon equations. If we
introduce a complex variable 1) = sin(¢/2) exp(ix/2), the equations (B.3.5)) are rewritten as

(Qat)*
1— [y

20,00

as o _ 2 _ a cYar Y A
0,0% — sin ¢ (0ux)" =0, 0,0 + SN g 0. (B.3.5)

0,0 + " Y (1= [v?) =0. (B.3.6)

An interesting problem is whether we can reconstruct the classical string solution on Rx S?
from the solution of Complex sine-Gordon system. The problem is more precisely formulated
as follows. Take any solution of CsG system, call it 1y = ¥o(t, x), and substitute it into the
string equation of motion (B.3.1) with the identification (B.3.3). Then we have to solve the

‘reduced’ equation of motion
0,0°€ + (1 — 2 |1ho?) €=10. (B.3.7)

under suitable boundary conditions. Throughout this section, we impose the following Dirichlet

boundary conditions:
& — exp (it £ip/2), & — 0, (as x — £00). (B.3.8)

After having found a solution to (B.3.7)), we have to check its consistency; that is, the solution
must satisfy the relation (B.3.3)) and (B.3.4) with the right hand sides determined by )y =

sin(¢o/2) exp(ixo/2).

Let us illustrate how to deal with this problem with a simple example. The CsG kink

solution is given by
cosA

cosh U ’

Yink = (B.3.9)
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where coordinates U, V' are defined by
U =cosA(zcoshf —tsinhf), V =sinA(tcoshf — xsinhf). (B.3.10)

We further introduce a pair of auxiliary variables A\* used in [54, 151, 1], asE|

— (AT A7) T ) — + -

U= Ao @ 0T o (LA =t () | (B.3.11)
— 1-A"A7 ) — ¢ (0 -

V= o = O LA —e (A A |, (B.3.12)

where A and 6 are reparametrized as

— (Nt =\ 1= AT\~
AT A7) . sinA= AN . (B.3.13)
V(I = ()2 (1 - (A)?2) V(I =()2) (1 - (A)2)
1 +\— + -
coshf = AA , sinh 6 = A A . (B.3.14)
V=) A -(A)?2) V=) (1 -(A)?2)
Now we want to solve the reduced equation of motion (B.3.7)) with ¥y = ¥yin , under the
boundary conditions (B.3.8)). The solution is nothing but the dyonic giant magnon solution

obtained in [51],

et AteV + eV " P . (D
& = Witow p— =e [cos (5) + 7 sin <§) tanh U]

cos A =

‘ B.3.15
6 = —1 (AT = A7) el _ sin(p/2) iV ( )
S 2V AT cosh U ~ coshU ’
where we used
A= (A7) = erta2, (B.3.16)

We can easily check that the Pohlmeyer-Lund-Regge reduction of the dyonic giant magnon
(B.3.15)) is indeed consistent with the CsG kink (B.3.9).

The conserved charges of Complex sine-Gordon are defined by

% O + 9,1)? o0 I *0,
Fea= [ s (’ Qﬁ'_ﬁl‘mﬂ‘ +|w|2>, Quy = [ s (%ﬂ)) (B.317)

For the kink solution, they become

AANT=A7) 1+ ATA7)
(I-=(")) P —=()2)"
sin 2A

Quay = |sin 2A| (W - 24 )

= (g (o) {7

Ecsc = 4coshf |cos A| = (B.3.18)

ot (SN ma

IThe variables A\* are aliases of z* variables used so far.
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Note that the CsG kink has no topological charge unless cos A = 1 which is sine-Gordon limit
(see Section [B.2). In this connection, the U(1) charge Q) has discontinuity around A = 0.

The conserved charges of classical strings on R, x S* are defined by

B_J —%(5 ) _V_/ dr {1~ Im (§0161) }. (B.3.20)
_ VA VA .
n =g :%/_mdx Im (£0,6) (B.3.21)

In the case of dyonic giant magnon, they become

()‘i) + 1 - 1 . q|. p
E-T 57 A —)\—+—)\ = —Cosh5‘81n§ ,
e ) 1 (B.3.22)
- v~ ) —sinh?sin?
T2 57 ()\ +)\+ A A‘) smh2 81112’,
where s(A\*) is the sign function of the form
Ly AT AT A ATAT) (= ()2 (1 - (A7)
p— B- .2
=0 [ A (:3:29)

The crossing transformation A\* — 1/A* of Janik [14] induces the transformation
Viink = (Vrink) ™5 (615 &) — (&, —(&)7), (E-T, o) = (€T, —F), (B.3.24)
which can be regarded as transformation from kink to antikink in Complex sine-Gordon system.

Let us make a few comments on mapping the spectral parameters of CsG model and classical

string theory. The relation between \* variables of classical strings and the parameters of CsG

solutions, namely tan A, tanh @ given in (B.3.13]) and (B.3.14]), is given as follows. The velocity

of a soliton is given by
AP+ 4gsin§ cos & 1 dE

tanh 0 = = = —
L4+ ATA \/n2 + 1642 sin? L 29 dp

(B.3.25)

where the right hand side is normalized so that the speed of light is 1. The U(1) parameter of
a soliton is written as
i(1=A*A") - 1 dJy

At — A\~ _4gsin2§_ﬁd_p.

tan A = (B.3.26)

We can also relate the spectral parameter of sine-Gordon model A and A\* variables of classical
strings | To this end, we identify the velocity of sG kink (B-2-6) as tanh 6, then it follows

2 + 4y ) (] — \—
b tamhg e LEIONR NTEAT 4)\:ﬂ\/(1 AF) (1 — A7)

: B.3.27
1 —16A2 1+ ATA- (T4+ X)) 1+ A7) ( )

2Note that the spectral parameter of Complex sine-Gordon is same as that of sine-Gordon.
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B.4 Analytic continuation of 2-soliton solutions

First, we summarize the construction of 2-soliton solutions in CsG system by Backlund trans-
formation method done in [218] 219], Let us redefine the (U, V') coordinates (B.3.10) as

1 t, 1
Up = cosAk{ <5k+5k)+5(5k_5_k>],

(B.4.1)
v Ay |2 (60 L)+ (6, L
= sin — — — —
k Elg (%Rt s 5 \%* 75 )|
where t, , z, are Lorentz-boosted coordinates
t—ovx T — vt
ty = —, Ty = —. B.4.2
N N (B.42)
Define two auxiliary functions by
T — A Vi vy = —em(cos(A ) tanh(Uy) + isin(A )) (B.4.3)
E= Cosh Uy ; k= k k k)| - 4.
The general form of 2-soliton solution of CsG system is given by
(—51V; + (52VT) eiﬂ (51U1 — 52112) + (—511_12 + 52“1) 671’9 (—51V1 + 52V2) (B 4 4)

wasoliton = (61)

2 + (—HTUQ — ugul — VTVQ — V;Vl) (5251 + (52)2

which satisfies the CsG equation . Note that the solution is independent of ).
The two-soliton solutions are completely specified by the choice of §; » and A 5. The param-
eters 91 o determines the relative velocities of each soliton and the parameters A; 5 determines
their amplitude. In general, there will be 2K independent parameters for K-soliton solutions.
Using terminology of the paper [218, 219], the 2-kink scattering solution is given by
1 1-w

0= ——=4/——— d A, A eR B.4.
1 52 1+W7 an 1, 2 € ) ( 5)

the kink-antikink scattering solution is

%

1
1 = 5— and Al ,AQ S R, (B46)

ik
=

and the breather solution is

W

1—1
A= (A =AeC B.4.7

T and 1 = (Ag) € C, ( )

where W € R for each of them. Note that the choice

1—W

14w’

1
0 = 5 = and A= (A)"=A€C, (B.4.8)
2

violates the reality condition for ¢; that is, |¢| = sin(¢/2) > 1
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It turns out quite useful to introduce auxiliary variables )\itg as in (B.3.13), (B.3.14). So we

rewrite the four parameters v, W, and A, 5 as

—i (N =N
cot A, = Z(k—Jr_k) , v = tanh v, W = tanhw, (B.4.9)
where
A+ AT AS 4+ A
tanh =L "L tanh(v —w)= 22 B.4.10
anh(v+w) = 7 tanh—w) = 7o (B4.10)

Care should be taken in solving (tanh v, tanhw) in terms of ©L = tanh (v £ w) due to sign

ambiguity. Written explicitly, the solutions are

Y] Y]
by, _ 100+ /-600 o)

O, +6_
1-0.6,+,/(1-62)(1-02)

tanhwy = )

0, 6_

(B.4.11)

Only the combinations (tanhv,, tanhw,;) or (tanhv_, tanhw_) can recover the original
relation (B.4.9). We will concentrate on the combination (v_, w_), because tanh v, > 1, thus
making v, complex. Below we will denote the parameters (v_, w_) by (v, w)f]

In terms of the variables )\f, the 2-kink solution is redefined as

1
Prk ()\}L, AT, )\2_) — 0= 5= e, Ay, Ay,v aregivenin (B.4.9), (B.4.12)
2

the kink-antikink solution is

1
U (ATASL AL N) = 6= 5= e, Ay,Ay,v aregivenin (B.4.9), (B.4.13)

2

and the breather solution is redefined by the analytic continuation of the kink-antikink solutionﬁ
Ve (AT, AT AT, AS) = Ui (AT AT, A5, A7) (B.4.14)

Let us discuss the properties of the functions ¥y , Y. and ¥y,,. They change their signs

under the simultaneous complex conjugation
¢kk ()\Ta )\;_7 A1_7 )‘2_) = _wkk <)\1_a >\2_7 )‘Ta )‘;_) )
wka ()\Ta)\;>)‘1_7)\2_) = —¢m ()\Ia)‘Q_aAra)\;) ) (B415>
7~pbr ()\T7 )\;r’ >\I7 A;) = _¢br (/\Ia A;; )\TJ )‘;) :

Also, 1 and v, are invariant under crossing

MY = 1/AT, AF:fixed, or  AF — 1/A\F, AT :fixed, (B.4.16)

3We can nevertheless obtain the 2-soliton solution satisfying the reality constraint || < 1 for the combination
(v4,w4). Such consideration complicates the classification of the 2-soliton solutions, but the statement (B.4.18))

remains unchanged.
1As explained in (B.4.8), the analytic continuation of 2-kink solution does not work at all.
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and 9y, is invariant under the simultaneous crossing
M= 1/0E N = 1/)5. (B.4.17)

A surprising is fact that the kink-antikink (B.4.13|) and the breather solution (B.4.14}) written

in terms of )\,f variables are identical
Upr ()\f, )\;, AL, )\2_) = Y1 (Af, )\;, Ay, )\1_) = Yya ()\f, )\;, AL, )\2_) , (B.4.18)

which clearly shows that there are no ‘boundstate’ solution in the Complex sine-Gordon system.
This identity can be proven either by direct computation, or by the exchange symmetry in the

scattering solution of dyonic giant magnons, which will be discussed in the next section.

B.5 Relation to dyonic giant magnon scattering

The scattering solution of dyonic giant magnons (DGMs) were explicitly constructed in [54],
151] using dressing method. Here we consider the Pohlmeyer-Lund-Regge reduction of these
solutions.

The profile of the DGM scattering solution is

it

6 — _ — ’L’vlfvg — _ _ 72- V1 —v2
ii o : (B.5.1)
& = 2D/ AN {)‘ﬁ_ewl [AT2+)‘1_2+)\2_6W + )\IQ_ATQ_ASFG_W} + (1« 2)},
171 A2 Ao
where

R= )\, )\ [Af)\;euﬁuz + /\1_/\2_6_“1_“2] + AL A [)\f)\geul_w + )\1_)\;6_“1“2} , (B.5.2)
D = AP\ cosh(ug + ug) + Ay Al cosh(uy — us) + A Agy cos(vy — vy), (B.5.3)
and /\ﬁi are defined by
A=A =M A=A N NS =TSN AT =N AL (B.5.4)
As pointed out in [54] [81], this solution is invariant under the ‘exchange’ transformation
AL Ay, A fixed, or AT < A, A fixed.

Consider the Pohlmeyer-Lund-Regge reduction (B.3.3)), (B.3.4) of the above solution, and

call the corresponding CsG solution as tging . The function |¢)ring| is invariant under

simultaneous complex conjugation A7 <> A\[ , Ay <> Ay (B.5.5)
simultaneous crossing M = 105 0 — 1/ (B.5.6)
exchange AL Ay, A fixed,

or A & A, A, :fixed. (B.5.7)
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Let o = e(P+@x)/2 (] = 1,2) be two complex numbers with Q; > 0 and @, < 0. By suitably

identifying )\f in the scattering solution of dyonic giant magnons with the ones in CsG 2-soliton

solutions (B.4.9), we get identities

Wstring (A =21, A =29, AT = (21)%, Ay = (22)")

= | (M =21, A =22, AT = (21)", Ay = (22)%)], (B.5.8)
’wstring (AT = T, )‘;— = 1/1’2, )‘1_ = (x1>*7 >‘2_ = 1/(1’2)*)
= |¢ka (/\iF = T, /\;_ = T9, /\1_ = (Il)*, /\2_ = (C(]Q)*) . (B59)

We have checked the identities (B.5.8)) and (B.5.9) by numerically evaluating both sides. The

phase of ¢ must also agree up to overall signs, from the uniqueness of the solution to the CsG

equations (B.3.6)).

If we recall the discussion around (B.3.24)), the transformation (21, z2) — (21, 1/2) should
turn the CsG 2-kink solution into the CsG kink-antikink solution, which explains the difference
between and . Also, with the identification , the exchange symmetry
(B.5.7) of DGM scattering solution provides a proof of the equivalence between the CsG kink-
antikink and the CsG breather posed at .
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Appendix C

Details of calculation for finite-size

effects

C.1 S-matrix contribution

C.1.1 The spectral parameters and Jacobian

The Liischer F-term formula ((9.3.26]) contains an integration over ¢, while the S-matrix is
written in terms of the spectral parameters y*. Thus in order to compute the Jacobian, we
need to rewrite y* as functions of §.

The spectral parameters y* as functions of ¢' is defined by
Qp + \/Q§ + 1692 sin® <q—21>
i 1
ygt) = e 1
4gsin <%)

and the momentum ¢' is related to ¢ via (9.3.20). There are two branches of the square root,
corresponding to E(y*) = +iq. If we choose E(y*) = —ig, we obtain

V1P + QR+ P E QI+ @ iQy+ 4

: (C.1.1)

4+~
vy (q) — . (C.1.2)
49 V@i + ¢
If we introduce another parameter by ¢ = @, cot(r/2), they translate into
\/Qg + 162 sin? 5EQy
y=(q) = /2 (C.1.3)

4gsin §

Roughly speaking, the Wick rotation ((9.3.20)) with ¢ = iq° is equivalent to the transformation
(y",y7) — (y7,1/y~). When we set @, = 1 and use (C.1.3)), we can solve the condition
y* = X to the next order of 1/g as

l

, 1
=X"=e == Ty R 10 + —+ O . C.14
Y b 2¢sin (p’;a) (g2> ( )
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Note that 0 =~ Q/[2gsin(p/2)] if Q < g.
It is easy to compute the Jacobian between ¢ and y* from (C.1.2)). They read
dy*(q) i

~ — _isin? f) ir/2 C.1.5
7 Wi isin <2 e, (C.1.5)

for g > 1. Note in particular that both (y™)" and (y~)" are equal for this case.

C.1.2 Dressing phase

We will evaluate the dressing phase (9.4.4]) for the case Q@ ~ O(1) < 1.

AFS phase. The AFS phase is given in (9.4.35)). Since the first term sums up to zero, the

following expression is more useful:

1 1
) =gty —a) (1= Yo (1= ). (C.16)
By using the relations
-xH(1- =) = x5 (1) + 2 (C.1.7)
yrXE yX*) g’

we find

Xy, X*) = xO @yt x*)

1 1 — % 1
= —qgly — X5 (1= 1 — v i1 1— . (C.1.8
9 ) ( yXi) o8 (1 — xE ) o Og( yﬂ(i) (C.18)

Y

We can relate the terms with X to those with X~ via

(- — X*) <1 - y—§<+) (= X) (1 _ y_%) _ %. (C.1.9)

- 2=\ (1= A=)
orrs(y, X) = | —L5— ) (C.1.10)

which is equal to (9.4.46)).

Thus we obtain

Higher dressing phase. We reconsider the sum of even part of the dressing phase higher or-
der in 1/g. As shown in [79], there are contributions to the g-term from the terms x?™ (y¢, X?)
with y2X° ~ 1 at strong coupling. If we use the variable a® defined by (9.4.45), the higher

dressing phase can be written as

¢(2m)

2m) (. aby __ - ab .
X (a?) = £2ia®(2m 2)!—(2m'oﬂb)2m’

(C.1.11)
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where we take the upper sign for y* ~ e/? and the lower sign for y* ~ e~?/2. By means of

Borel resummation, we can compute the summation of x(*™ over m as
tQm 2((2771)
2m) ab ab —t
St = i Y [ et G
b coth (5%
— ii/ dt et [O‘— #)] : (C.1.12)
0

12 2t

The last expression can be simplified further with the help of the following formula:ﬂ

> @)1 t 1 t
2 / dte! M — — coth + - coth
0 t 2t 2090 2t 204

ab
= (o™ + a“)) log (ch) —2(a® — ) (if a®—a“==+1). (C.1.13)

The dressing phase can be computed by collecting terms with nonvanishing a®. According to
Table 0.2] we find

at

+a™
0322(y,X) R exp [2 (oz“ — a+_) } (—) , (for Y~ eip/2) , (C.1.14)

which is (9.4.48)).

(0}

C.2 Discussion on F-term

We show that F-term becomes negligibly small when we can avoid singularities of the S-matrix.
Let us first rewrite the expression for F-term ((9.3.26)) by changing integration variable. We

introduce another variable k by

¢® = 16 4% sinh? ( ) Q3 (ql =q, = —i/ﬁ) , (C.2.1)

where (), is the multiplet number of particle b. The F-term can be rewritten as

4¢*sinh 5’@(]9) ) —xL
]_ - e Sba 1
§ :/C \/169 Qg ( ’ § ( ((] p) )

Qv>1 sinh? ( ) — ng(q*) b
(C.2.2)
where the contour Cg is defined as
Co = {ka €eR ‘ K> /fg?)} , k(9 = 2arcsinh (42) : (C.2.3)
g

b)L

e : a0 _.@
Because each term within the sum at most gives the contribution ~ e~~~ we may focus on

the leading term (), = 1 and rewrite it as

e*ﬁL

_ / i — [ (D). (C.2.4)
Q" ! R \/Slnh £ —smh(“gr))

2

(55

a

'We checked this equality numerically.
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At large L the dominant contribution comes from x = k. If one finds singularity of S-matrix
along the integration path, one can slightly deform the contour assuming the analyticity of

integrand. Thus, if S-matrix behaves regularly around x = n&r), we can approximate the

integral (C.2.4]) as

o0 o (ktrG)L f(—mgr),p) B e L f(—mgll«),p)
_ dk ) .
0

vk cosh!/? sy VL cosh!/? !
2 2

~
~

, C.2.5
- (C.2.5)

which is subleading in the limit L — oo, because of the factor L~/

Singularities of the S-matrix appear at the position depending on the value of X* and g.
And if there is a singularity at ¢, = —ixlY which is different from single poles of the BDS
S-matrix, the above argument will break down. We will consider a few particular cases in
which the su(2]2)? S-matrix may possibly have singularity at ¢* = —ik'Y in what follows

Using the expression of y* given in Appendix , one can find that the zeroes or the
poles of the BDS S-matrix are found at
1 —1 1 +i

p:l:z@) for Imgq' <0, q piw) for Imgq' > 0, (C.2.6)

2g sm( 2gsm(

and they do not hit the path unless p = 7,0 = 0. Also, by looking at , one sees
that the coefficients sy(y, X) and s3(y, X) do not bring new poles.

As discussed in [81], [82], the BHL/BES dressing phase contains an infinite number of double
poles located at

X*+%—Y—%:—% (m=1,2,...), (C.2.7)

where either one of X or Y~ must be inside the unit circle, while the other be outside. These
double poles are interpreted as the kinematical constraint for the Landau-Cutkosky diagram
of box type (Figure . Below we will analytically continue Y* keeping particle a real,
Xt = (X7)* and study if both and ¢, = —ikY can be solved at a particular value of
X+,

First of all, with ¢, = —ik& and Q(Y*) =1, we evaluate Y™ as,

0 [ 14+4/14 16¢2
4g

1

24in2(L
Yi:ei% 1—1—\/1—1—169 sin“(%)

. 1
4gsin(%) = inD)

showing |[Y*| > 1 and |Y 7| < 1. Plugging (C.2.8) into (C.2.7)), we find

1
X4+ —=—(2 1 2.
+ 57 2g(m—l— ), (C.2.9)

ZNote that the condition p(Y*) = ¢! = = —ird implies E(Y*) = 0.
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which has the solutions

—(@m 1) £/@m+ 1) + 16¢2
4g

Xt =i

(C.2.10)

Note that we must choose the lower sign so that X stays outside the unit circle. By using
the definition X+ = e*P+9)/2 35 in (9.4.24), we can identify this solution as p = —m and
sinh(6/2) = (2m + 1) /4g, which implies

—(@m 1)~ \/2m + 1) + 1692
4g

X~ =—i (C.2.11)

However, it turns out that the spectral parameters given by (C.2.10) and (C.2.11)) give rise to

Q(X*) = —(2m + 1) < 0, which is impossible. Therefore, we conclude that there are no real
values of p and 6 which are consistent with the double pole condition (C.2.7), ¢, = —méi),

Q(Y*) =1, and Q(X*) > 0.
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