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Abstract

The recent success in applying integrability-based methods to study examples of gauge/gravity dualities
in highly (super)symmetric settings motivates the question of whether such methods can be carried
over to more physical and less symmetric cases. In this thesis we consider two such examples of string
o-models, which interpolate between integrable or solvable limits.

First we consider classical string motion on curved p-brane backgrounds for which the o-model
interpolates between the integrable flat space and AdSy, x S* coset or WZW o-models. We find that
while the equations for particle (i.e. geodesic) motion are integrable in these backgrounds, the equations
for extended string motion are not.

The second example we consider is string theory on AdSs x S? x T with mixed Ramond-Ramond
(R-R) and Neveu-Schwarz-Neveu-Schwarz (NS-NS) 3-form fluxes, which interpolates between the in-
tegrable pure R-R and the pure NS-NS theory that can be solved using CF'T methods. The dispersion
relation and S-matrix for world-sheet excitations, which are the essential ingredients in solving for the
string spectrum, are only partially fixed by integrability and symmetry arguments. By constructing
the mixed flux generalisation of the dyonic giant magnon soliton, which we show can be interpreted
as a bound-state of excitations, we determine the dispersion relation for massive excitations. We also
construct the mixed flux generalisation of the folded string on AdSs x S! and show that, at leading
order in large angular momentum on AdSs, its energy is given by the pure R-R expression with the
string tension rescaled by the R-R flux coefficient. Further, we derive the bound-state S-matrix and its
1-loop correction by considering the scattering of dyonic giant magnons and plane waves. From this
we deduce the semiclassical and 1-loop dressing phases in the massive sector S-matrix, which we find

to agree with recent proposals.
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Chapter 1

Introduction

One of the fundamental problems in physics is to understand strongly coupled quantum systems
which arise in many different theories ranging from the strong nuclear force, described by QCD, over
condensed-matter systems to cosmological models. More precisely we would like to be able to compute
observables in such theories using analytical methods rather than purely numerical simulations. In
QCD for example we can use standard perturbative Feynman diagram techniques at high energies
where the quark interaction becomes weak due to asymptotic freedom. However, these methods break

down at low energies where confinement takes over.

Over the past decade a new approach to this problem has emerged in terms of the gauge/string
duality, which relates the strong-coupling regime of certain quantum field theories to the weak coupling
regime of some associated string theories. In effect, string theory could potentially provide us with new
insights and tools for studying strongly coupled quantum systems. An important step in this long-
term programme is to test and explore this correspondence by identifying special examples which we
can solve explicitly. In mathematical terms such models exhibit integrability, which encodes “hidden”
symmetries associated with a conservation law for each degree of freedom. More recently this has
allowed for significant progress in highly symmetric settings such as in the presence of supersymmetry
[4, 5].

In particular the gauge/gravity duality or AdS/CFT correspondence relates string theories on Anti-
de-Sitter spacetime to conformal field theories on the AdS boundary [6]. This is also a realisation of
the holographic principle [7], by which the information about a volume of space can be encoded on its
boundary. The most prominent example is type IIB superstring theory on AdSs x S°, which is dual
to N = 4 supersymmetric Yang-Mills (SYM) theory in four dimensions with the gauge group SU(XN).
The parameters on the string side are the string tension h, which can be given in terms of the AdSs
and S° radius R and the inverse string tension o/ or the string length I, as h = % = %, and the
string coupling g,. On the gauge side we have the parameter N! of the gauge group and the coupling
constant gy as, which are related by the AdS/CFT correspondence to the string side by

A . NN

_— = — 1.0.1
47N’ or’ (1.0.1)

gs =

where \ = g}% u NV is the 't Hooft coupling. In general the AdS/CFT dictionary relates the CFT parti-

!Essentially one can use the rank for this parameter since this is N — 1 for SU(N) and we are interested in large N.
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tion function with sources J for local operators to the string partition function with vertex operators
of value J on the AdS boundary

Zstring|®loaas = J] = Zcopr[J]. (1.0.2)

However, the CFT side is fully characterised by the scaling dimensions of primary operators, operators
of lowest scaling dimension in their multiplet, and three-point correlation functions. This information
can essentially be used to determine any observable using operator product expansions (OPEs). The
classical scaling dimensions also receive quantum corrections, the coupling-dependent anomalous di-
mensions. The scaling dimensions A are the eigenvalues of the dilatation operator ©, which is one of

the Casimir operators of the conformal group, SO(4,2), in 3 + 1 dimensions

N 1\ -
D0(z) = A()\, N)(’)(x). (1.0.3)
The conformal group SO(4,2) and the R-symmetry group SO(6) form the global bosonic symmetry
group on the gauge side and they correspond to the global isometry groups for AdSs and S° on the string
side. Therefore operators on the gauge side and states on the string side both fall into representations

of the global symmetry group and are labelled by the Casimir eigenvalues A, the two spins (S7,.52)
for SO(4,2) and the three angular momenta or R-charges (Ji, Ja, J3) for SO(6).

The AdS/CFT dictionary then relates the spectrum of energy eigenstates (as measured in global
AdS coordinates) on the string theory side,

Hstring|O) = E(h, g5)|O) , (1.0.4)

to the spectrum of scaling dimensions

AGE) = B(ha).  a-e n=2R (105)

The N = 4 Super-Yang-Mills gauge theory with an SU(/V) gauge group admits a 't Hooft expansion
in 1/N with A kept fixed [8]. In this expansion Feynman diagrams are reorganised according to their

topology. For example the correlation function of n single-trace operators can be expanded as

(flo) -

which resembles a genus expansion of a correlation function in string theory. On the string side this is

a weak coupling expansion since gs ~ A/N. Thus in the planar limit
N — o0, A = fixed (1.0.7)

the string theory reduces to a free theory and the spectrum of string states can be determined for
h > 1 using perturbative and semiclassical methods in the string world-sheet theory, e.g. by look-
ing at classical string solutions. However, on the gauge side the perturbative regime corresponds to
the opposite limit A < 1 making a direct comparison of the spectra beyond special cases, such as

BPS operators whose scaling dimensions are protected from quantum corrections by supersymmetry,
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extremely difficult.

Nevertheless it has been discovered that the problem of finding the spectrum of anomalous dimen-
sions and free string states can be solved exactly on both sides of the duality due to the presence of
integrability. This is quite a remarkable achievement as it puts the solution of an interacting higher-

dimensional CFT for the first time within our reach.

Spectrum of anomalous dimensions

The dilatation operator can be expanded in a perturbative series

D =) At (1.0.8)

where all the ®(2") operators commute with ®(©) as well as all Casimirs. Thus the dilatation operator
preserves the classical scaling dimension Ag as well as A = Ay + v(\), the spins and R-charges.
Labelling operators by their classical charges (Ao, S, S2, J1, J2, J3) let us consider two complex scalar
fields X, Z with the charges (1,0,0,1,0,0) and (1,0,0,0,1,0) in the su(2) subsector of the s0(6) R-
symmetry algebra. This forms a closed subsector, i.e. the dilatation operator cannot introduce mixing

with operators of other scaling dimension, spins and R-charges.

We can construct gauge invariant primary local operators by taking a trace of scalar fields, all

evaluated at the same point in spacetime
O(z) = tr[X ()X (z) Z(x)...]. (1.0.9)

General gauge invariant operators can then be obtained from products of such single trace operators
and since we are considering the large N limit the composite dimensions are sums of the single trace
operator dimensions. Additionally contributions to correlation functions from multi-trace operators
are suppressed by factors of 1/N. In the perturbative approach, i.e. A < 1, the dilatation operator
can then be diagonalised by computing Feynman diagrams for two-point correlation functions, which

are partly fixed by conformal symmetry to have the form

O@OW) = - (1.0.10)

In [9] it was realised that at the 1-loop level the spectral problem can be reformulated in terms
of an integrable spin-chain. The local single trace operators are identified with states of the XXX,

Heisenberg spin-chain for nearest neighbour interactions
O=tr(XZXX---XZX) & )y = [T4 1111 (1.0.11)
where |1) and ||) denote spin states at each site
z 1 4 1
S =4z, S =5l (1.0.12)

The length L of the spin-chain is given by the classical (coupling independent) scaling dimension of
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Figure 1.1: Magnon excitations or spin waves on a spin-chain correspond to quasi-particles which
undergo scattering.

the operator, i.e. the number of scalar fields. The dilatation operator is identified with the spin-chain

Hamiltonian

lanar A 2 1 o o
@fu@) =L+ mHsu(Q) +O0(X\7), Hsu(Q) = Z (1 -5 Si+1), (1.0.13)

i
where S; form the su(2) algebra in terms of Pauli matrices o; acting on the ith site

(S8, 8] = bije™eSe,  S; =S,  St= 50t (1.0.14)
The first term in (1.0.13) is the tree-level contribution, which is simply the classical scaling dimension.
At 1-loop the spectral problem reduces to the problem of diagonalising the Hamiltonian H,,(2) of an
integrable spin-chain, which can be readily solved using a Bethe ansatz, e.g. see the review [10]. The

Hamiltonian H,(2) has the ground state
o) =It---1 & ("), (1.0.15)

Its eigenstates for single “magnon” excitations of momentum p and energy €(p) are

1 = i ¢
— STy, 1.0.16
)= g e L) (1.0.16)
A
Hou) D) = @) D), e(p) = 55 5in® 2. (1.0.17)

Periodicity of the spin-chain implies that the magnon momentum is quantized
el = 1. (1.0.18)

Further, the cyclic property of the trace implies that the states must be invariant under the shifts
Il — I+ 1 which imposes p = 0. Hence non-trivial single magnon states do not exist and one should
consider multi-particle scattering states. In order to define well separated incoming and outgoing
magnon states, which can scatter, one can take the limit of a long spin-chain, . — oo, with periodic
boundary conditions. In a scattering process magnons acquire only a phase shift such that their S-
matrix is given by a phase factor S1a = €'*. The two-particle state can be written in terms of the
incoming and outgoing parts as
I lo I

) ) . ) ) l
|p17p2> = Z e'P1litipala | N > + et Z etprli+ipals ’ .. j . > (1_0.19)

11 <ls 11>1s
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and requiring this to be an eigenstate of H,(2) one finds

Uj — Up — 1 A 1 o Ui t1/2
Sip = =2t eu) = ——-—+ i = 2 - TZ 1.0.20
ik uj — up + 1 () 82 u? +1/4’ w; — /2’ ( )
where u; is the rapidity variable. Considering a periodic spin-chain again, the periodicity requires that
the state remains invariant when moving the magnon once around the chain. However, we now pick

up a phase shift given by the S-matrix, hence momentum quantization gives the Bethe equations
ePrlg, =1, e2lgy =1 (1.0.21)
and the trace condition leads to momentum conservation
p1+p2=0. (1.0.22)

For multi-particle states integrability ensures that the S-matrix factorises into two-particle S-matrices.

For M particle scattering states the Bethe equation and momentum conservation then become

(Y [[lsmti  pti (1.0.23)

. ] . -
uj —1/2 fgy WUk = i uj —1/2

with their energies giving the 1-loop spectrum of anomalous dimensions in the su(2) sector

M
YN =) e(uy). (1.0.24)

J1
At higher loop orders the interaction length increases and length changing interactions appear [11].
Nevertheless in the asymptotic limit, i.e. when the length of the spin-chain is much greater than the
interaction range and thus tends to infinity, this approach can be generalised to all loop orders. This
amounts to considering operators for which one of the R-charges is infinite. In the case of the su(2)

sector one finds magnons [12] with the all-loop dispersion relation, fixed by supersymmetry [13],

X\
e(p) = \/1+ S sin2 2. (1.0.25)
us 2

In [14] this was further generalised to all sectors by considering an asymptotic Bethe ansatz for the
full superconformal algebra psu(2,2|4) of N' =4 SYM. Let us note that this approach does not include

wrapping interactions, which must be treated separately [15].

Free string spectrum

On the string side the g, = 0 string theory on AdSs x S is described by a 2d non-linear o-model
(NLSM). The bosonic part of the action is

h

S=-3 /dQO'\/—’Y’YabaaXMabXNGMN(X)a (1.0.26)

a

where 7% is the 2d world sheet metric, X™ are the string embedding coordinates and Gy is the

target-space metric.
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The AdS5 x S° background is also supported by a 5-form Ramond-Ramond (R-R) flux, to which
the string world-sheet can be coupled using the Green-Schwarz formalism [16]. The Green-Schwarz

(GS) action takes the form of a o-model on the coset superspace [17]

PSU(2,2|4)
. 1.0.27
S0(4,1) x SO(3) (1.027)
Its bosonic subgroup is isomorphic to AdSs x S°
SO(4,2) SO(6) 5
— 2 ~ AdS —— ~S°, 1.0.28
SO(4,1) > S0(5) ( )

For example, restricting to the target space R x S with R ¢ AdSs and S ¢ S® the bosonic string
action is equivalent to the SU(2) principal chiral model (PCM)

h
Spov = —4/d20\/—'y'y“btr g 10,99 g, g € SU(2). (1.0.29)

Integrability for string o-models requires an infinite number of conserved charges since we are
dealing with a field theory, which has a degrees of freedom at every point in space. At the classical
level integrability of a theory can be established by finding a Lax representation for its equations
of motion. The Lax connection is then associated with a monodromy matrix, which generates an
infinite tower of conserved quantities. Such a construction has been achieved for string o-models on

semi-symmetric coset spaces such as AdSs x S° [18].

Using the Lax connection classical solutions and their energy spectrum can be characterised in
terms of algebraic curves in the finite-gap picture [19, 20, 21|. The energy spectrum then corresponds
to the spectrum on the gauge side in the strong-coupling regime A > 1. For example in the su(2)
sector of N' = 4 SYM the operators of large SO(6) R-charge J and A, but A — J being finite, can
be identified with string solutions on R x S of energy £ = A and an angular momentum .J. The
ground state of the spin-chain corresponding to the operator tr(X”) is identified with the BMN string,
a point-particle moving along the great circle of S* at the speed of light with E — J = 0. Operators
corresponding to a magnon excitation are identified with an open string solution, the giant magnon,
on R x S2 [22]. Tts endpoints move at the speed of light around the equator with the separation angle
staying constant. This angle is identified with the magnon momentum and the dispersion relation

VA

E—-—J=—
2

sin%’ (1.0.30)

is found to match the first term in the large A expansion of (1.0.25). In [23| these solutions were

extended to R x S® with the dispersion relation

E—J= \/Jg + 4h2()\) sin? g, (1.0.31)

where Jo is another angular momentum on S*, which takes integer values in the quantum theory.
These dyonic giant magnon solutions can be interpreted as bound states of Jo = 1 magnons with

the dispersion relation (1.0.25). Integrability ensures that, like the magnon excitations on the spin-
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chain, these soliton solutions undergo factorised scattering without particle production and one can use
semiclassical methods to compute quantum corrections to their S-matrix and energy spectrum [24, 25|.
Making use of the non-perturbative S-duality it was argued in [26] that the dispersion relation (1.0.31)

in fact does not receive perturbative corrections in h and therefore that h(\) has the exact form

VA

oS

h(\) (1.0.32)

Quantising the Green-Schwarz superstring in general is not that well understood. However, the presence
of integrability allows one to determine the full non-perturbative spectrum of the theory. This can be
achieved by quantizing the GS superstring in light-cone gauge where one fixes the light-cone momentum
P, = E 4+ J. The world-sheet cylinder has essentially the circumference P. Taking P, — oo then
effectively decompactifies the world-sheet to a plane and one can define asymptotic states for world-

sheet excitations
P1s o Dy, = by (P1) -, (D) 10) - (1.0.33)
These are eigenstates of the Hamiltonian with the energies

= Eay,.i0n (P P0) [P s Py o (1.0.34)
Boy,on(P1sPn) = > €0 (pi); (1.0.35)
A

H ‘plv CEP] pm>a1,.,,a

n

where £,(p) is the dispersion relation of fundamental excitations of different flavours o and masses
mq. Fixing light-cone gauge breaks the 2d Lorentz invariance and instead of a relativistic dispersion
relation e4(p) = \/m2 + p? one finds a non-relativistic periodic relation

ga(p) = \/mg + 4h2 sin? g. (1.0.36)

For physical states the total world-sheet momentum must vanish. However, in order to deal with scat-
tering states of arbitrary momentum one must go off-shell by giving up this level matching condition.

This enhances the global symmetry algebra of the light-cone theory
psu(2(2) @ psu(2)2) C psu(2,2|4) (1.0.37)

by two central charges, which vanish on-shell [27].

Quantum integrability then ensures that scattering factorises into two-particle processes and that
particle production is absent. Additionally the two-particle S-matrix must satisfy the Yang-Baxter
equation (YBE) and some physical unitarity conditions. Together with the constraints from the cen-
trally extended symmetry algebra this allows one to determine the two-particle world-sheet S-matrix

up to an overall scalar factor, the dressing phase |13, 28, 29].

The dressing phase can be further constrained by Lorentz invariance and crossing symmetry, under
which particles can be exchanged with anti-particles [30]. In the light-cone gauge this is somewhat
subtle since manifest Lorentz invariance is not present. Nevertheless also in this case crossing equations

for the S-matrix can be established [31]. In [32] an all-loop solution, the BES phase, has been proposed,
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which was further given in a nice integral (DHM) representation in [33].

Surprisingly quantum integrability in this context is formulated in a very similar fashion to the
gauge side suggesting a deep connection of the algebraic structures beyond the equivalence of the
spectra. If we consider a single excitation of momentum p on the world-sheet cylinder of finite circum-
ference [, assuming [ is sufficiently large to define asymptotic states [14], the periodicity of the wave

function implies momentum quantization
el =1. (1.0.38)

However, by the level-matching condition such single particle states are not physical. For an M-particle
state [p1,.., pamr) ar...ay SCattering of the individual particles of flavours «; factorises into two-body
processes. In the two-body scattering the particles scatter elastically without particle production and
the outgoing state will consist of the same particle flavours and momenta. The individual particles
only acquire a phase shift which is given by the S-matrix. The periodicity condition then implies the
asymptotic Bethe ansatz or Bethe-Yang equations [34]

M
J#k

in analogy to a periodic spin-chain.

The full asymptotic spectrum includes bound states of elementary excitations. Their S-matrix and
dressing phase are closely related to those for fundamental world-sheet excitations. Bound-states can
be understood in terms of poles in the S-matrix and their dressing phase can be obtained by fusing

together S-matrices of fundamental excitations in the su(2) sector 35, 29].

The asymptotic spectrum essentially describes a periodic but decompactified world-sheet. Instead
we would like to determine the spectrum for a finite-size world-sheet cylinder, which additionally
includes interactions that wrap the world-sheet cylinder. One possible approach is to compute pertur-
bative corrections to the asymptotic spectrum in powers of 1/Py from the Bethe-Yang equations and
to use the Liischer approach for wrapping interactions, which are exponentially suppressed [36]. The
latter can also be used on the gauge side giving agreement with Feynman diagram calculations for the

Konishi-operator for example [37].

Figure 1.2: The finite size world-sheet cylinder can be interpreted as a torus with the time-period
R — oo. A double Wick rotation then relates this theory to an infinite volume theory at finite
temperature 7' = 1/L.
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In order to find the spectrum non-perturbatively one can consider an infinite volume but finite
temperature integrable theory for which the fundamental excitations and their bound-states are in
thermodynamic equilibrium. The spectrum of such theories is governed by finite density particle
states and can be formulated implicitly in terms of thermodynamic Bethe ansatz (TBA) equations, see
e.g. [38] for a review. The basic idea is to consider the world-sheet cylinder of circumference L as a
torus with a periodic time-direction of size R — oo and to perform a double Wick rotation to a mirror
theory of infinite volume but finite temperature, 7' = 1/L, as shown in figure 1.2. The ground-state
energy Eop(L) in the original finite-volume theory is given by the leading contribution to the partition

function

[Aim Z(R,L) = lim trle BHID] = Jim e fFPo(E) 4 (1.0.40)
—r 00

R—o00 R—o0

The partition function can then be evaluated in the mirror theory

Z(R,L)=Z(R,L) = lim e LEn(B), (1.0.41)
—00

where the energies E are determined from the mirror TBA non-linear integral equations. This proce-
dure can also be generalised to excited states by analytic continuation [39]. However, one subtlety is
that the light-cone theory is not invariant under the mirror transformation in contrast to a relativistic

theory, as one can see from the transformation of the dispersion relation

p—iE, FE—ip (1.0.42)
~ ) Vm? + p?
E = 2 ArcSinh [T} (1.0.43)

Thus the mirror theory is genuinely a different theory. It has been established for AdSs x S in
[29]. Essentially the mirror model corresponds to an analytic continuation of the original theory and
is therefore integrable [40]. Its TBA equations have been formulated in terms of a simpler set of

equations, the Y-system [41, 42, 43|, and more recently in terms of the quantum spectral curve [44].

Integrability beyond AdS;/CFT,

YA Wy

togtA
Y}, ot

Figure 1.3: This quiver diagram for ABJM theory shows the representations in which the fields trans-
form. The direction of arrows is from the anti-fundamental to the fundamental representation. The
gauge field A, is in the adjoint representation of U(/N). The scalars Y4 and fermions ¥ 4 also carry
an index A = 1,..,4 in the fundamental representation of the R-symmetry group SU(4).

Integrability methods have also been successfully applied to AdS;/CFTjs, the duality between type
ITA string theory on AdS; x CP? and ABJM theory, which is ' = 6 supersymmetric Chern-Simons
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theory with the gauge group U(N) x U(N) and Chern-Simons levels k& and —k. This gauge theory
has matter fields in the bifundamental and adjoint representations of the gauge group, see figure 1.3.
It is therefore somewhat less special compared to N/ = 4 SYM, for which all fields are in the adjoint
representation of SU(XV).

The AdS,; x CP? background is supported by two- and four-form R-R fluxes and it only preserves
24 supersymmetries in contrast to the 32 supersymmetries for AdSs x S°. Despite this reduction in

manifest symmetries, integrability remains a feature in the planar limit

N
k,N — oo, A= = fixed. (1.0.44)

This allows one to apply the same techniques as in the case of for AdS;/CFTy to solve the spectral
problem. On the gauge side an integrable spin-chain Hamiltonian for the dilatation operator was
identified at two loops in [45, 46]. On the string side the o-model can be formulated on the coset space
[47]

OSp(6/4)
SO(3,1) x U(3)

(1.0.45)

with classical (dyonic) giant magnon solutions [46, 48, 49|, an all-loop S-matrix [50], a Bethe ansatz [51]
and a mirror-TBA description [42, 52|. For a review also see [53]. However, an important difference
is that the slope function h(\) cannot be fixed by S-duality as in the case of AdS5/CFT4. Instead in
[54] an integrability-based proposal was given by employing the quantum spectral curve formulation

of the mirror-TBA and comparing with localisation based results.

These exciting developments motivate the question of whether we can carry over integrability-based
methods and results to more physical and less symmetric settings - after all QCD for example does not
possess supersymmetry. A possible approach to this question comes from the string side where we have
an integrable string o-model, which we can try to modify or deform. For example one can consider
less symmetric backgrounds or introduce new physical parameters in such a way that integrability is
preserved but some manifest symmetry is lost. In this thesis we investigate integrability of two such
examples of string o-models with a continuous parameter which interpolate between known integrable

or solvable theories.

One examples that we consider comes from AdS3/CFT9 dualities associated with the maximally
supersymmetric AdSs backgrounds AdSs x S3 x T% and AdS3 x S* x S x S!, which preserve only 16
supersymmetries. These backgrounds can be supplemented with a mixture of R-R and Neveu-Schwarz-
Neveu-Schwarz (NS-NS) 3-form fluxes?.

For AdSs x S? x T* the free string spectrum of the pure NS-NS theory can be found using a chiral
decomposition of its formulation as a supersymmetric extension of an SL(2,R) x SU(2) WZW model
[55]. In the pure R-R case there is no equivalent of this technique. Instead the exact spectrum is
believed to be described in terms of an integrability-based approach in analogy to the AdSs x S° case

[56, 57, 58, 59, 60, 61, 62, 63]. However, the mixed flux theory connects these seemingly distinct cases.

2All other fluxes are zero and the dilaton is constant.



CHAPTER 1. INTRODUCTION 18
Its R-R and NS-NS 3-form fluxes are given by (choosing unit curvature radii)
F= (j(VOl(Ang) +vol(s?)),  H = q(vol(Ang) n vol(S3)>, (1.0.46)
with their coefficients related by the supergravity equations as
¢ +q =1 (1.0.47)

This provides us with an interpolating string o-model between the pure R-R theory at ¢ = 0 and the
pure NS-NS theory at ¢ = 1. Therefore, solving for the spectrum in the mixed flux case should improve
our understanding of the connection between the world-sheet CF'T methods and the integrability-based

approach.

Physically AdSs backgrounds are of interest since they describe the local spacetime geometry of
BTZ black holes, which are solutions of Einstein gravity in 2-+1 dimensions with a negative cosmolog-
ical constant and without matter [64]. Their global geometry is described by AdSs but with points
identified under a discrete subgroup of the isometry group SO(2,2). Interestingly there is no curvature
singularity at the origin unless matter is present. Instead the origin becomes a singularity for the
causal structure: analytically continuing beyond the origin introduces closed timelike curves. These
solutions also preserve supersymmetry and form solutions of 2+1 dimensional AdS-supergravity [65].
Their supersymmetric properties can be obtained directly from their construction in terms of a quotient

of the supergroup OSp(1]2) by a discrete isometry subgroup [66].

In the pure R-R case a Lax construction has been achieved for the above maximally supersymmetric

AdS3 backgrounds [56, 67| in terms of their supercosets

5 _ PSU(1,1]2) x PSU(1,1]2)

D(2,1;a) x D(2,1; )
Ad ~
555 SU(L 1) xSU2)

Ad 3 3~ 1.04
Sz x ST x 82 SU(1,1) x SU(2) x SU@2)’ (1.0.48)

where a parametrizes the relative size of the two S? spheres which, by the supergravity equations, are
related to the AdS radius as

1 1 1 Rigs
+ — s o = 3 s 0 < (8% < 1 . 1 . 0 . 49
Réi R%  Rigs, Rgi ( )

Taking the limit @ — 0 or @ — 1 decompactifies one of the spheres to which, after recompactifying
on a torus, gives AdS3 x S% x T%. In the mixed flux theory classical integrability and UV finiteness
have been shown by supplementing the coset construction with an additional Wess-Zumino (WZ) term
for the NS-NS flux in the action [68]. The integrability is also expected to extend to the quantum
level, leading to the possibility of determining the exact string spectrum using a thermodynamic Bethe
ansatz (TBA) and improving our understanding of the corresponding CFT dual. For a general review
on integrability in AdS3/CFTs also see [69].

The essential ingredients in solving for the string spectrum using integrability methods is the disper-
sion relation and the two-particle S-matrix for the scattering of fundamental world-sheet excitations.
However, while in AdS;/CFTy and AdS4/CFTj all world-sheet excitations are massive, a novel feature
of AdS3/CFTs is the presence of additional massless excitations from the T4, S! and the mixed S3 x S3
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directions as well as their superpartners.

In the pure R-R case (¢ = 0) a first sign of quantum integrability was observed in the finite-
gap picture where classical solutions are represented in terms of meromorphic functions, the quasi-
momenta, with poles and branch cuts in the complex spectral parameter plane. The quasi-momenta
are characterised by the densities of discontinuities at their branch cuts. These densities satisfy the
finite-gap integral equations, which arise from the redundancies and symmetries of the Lax formulation.
The finite-gap integral equations are the classical limit of the quantum Bethe equations: for large
numbers of Bethe roots the configuration becomes macroscopic and is described by densities of roots.
In [56] it was observed that the finite-gap equations have the same structure as in higher dimensional
AdS/CFT examples leading to a conjecture for the quantum Bethe equations and dispersion relation
in the massive sector. In terms of h the dispersion relation was found to have the same form as in the
case of AdSs x S°. This was also found to be consistent with the spectrum of excitations near a BMN

geodesic from the coset action and fixes the function h(\) at strong coupling as

h)~ 5 Al (1.0.50)

Rapid progress followed in determining the massive sector S-matrix and Bethe equations for AdS3 x

S3 x T4 [60, 61] and AdS3 x S3 x 3 x St [58, 59].

However, incorporating massless modes into the well established integrability framework has posed

some challenges. In a relativistic treatment massless excitations have the group velocity

_ %4 (1.0.51)

’Ug—aip—

where the two signs indicate left and right movers under the world-sheet chirality. Since all the particles
move at the speed of light scattering for the same world-sheet chirality cannot take place and in general

a relativistic treatment requires a more abstract notion of an S-matrix [70].

At the semiclassical level the dynamics of massless modes is captured by the finite-gap construction
once one relaxes the way Virasoro constraints are imposed on the finite-gap equations [71, 72|. At the
all-loop level there has been recent progress in resolving this issue in light-cone gauge where the
dispersion relation is non-relativistic [63]. The group velocity for massless excitations then depends on

the momentum,

Vg = :l:hcosg, (1.0.52)

putting massless modes on the same footing as massive modes in terms of scattering processes. In
general the form of the dispersion relation and S-matrix of a model follow directly from the off-shell
symmetry algebra with the central charges properly identified as functions of the string tension and
world-sheet momentum [13]. In this framework the complete all-loop world-sheet S-matrix has been
obtained for string theory on AdSz x S* x T* [62, 63].
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Dispersion relation and giant magnons

That the massive dispersion relation has the same form in terms of h as in the case of AdSs x S° is
not unexpected since dyonic giant magnon solutions, which live on R x S3 [23], can be embedded in
AdS3xS®. The Bohr-Sommerfeld quantization condition should still imply that the angular momentum
Jo is quantized and therefore one can expect that these solutions correspond to semiclassical bound
states of elementary massive magnon excitations. One important difference is that these giant magnon
solutions are now split into left- and right movers corresponding to opposite signs of Js. Solutions with
+J, are not smoothly connected by rotations anymore since intermediate configurations would not lie
on S3.

In the mixed flux AdSs x S? x T* case the first step towards finding the exact S-matrix was the
construction of the dispersion relation and the tree-level light-cone gauge S-matrix for excitations
around the BMN solution [73]| which, as a geodesic, is not affected by the presence of the NS-NS flux

[74]. These excitations have the following perturbative dispersion relation

e =V1I-@+p+g?=V(1xq)?+(1-¢)p. (1.0.53)

Here 0 < ¢ < 1 is the coefficient of the NS-NS flux (¢ = ﬂ is the coefficient of the R-R flux)
and p is the spatial momentum of a 2d string fluctuation.® In general, (1.0.53) is expected to receive
corrections at higher orders in the inverse string tension (h = %) expansion. To obtain the exact
S-matrix the first step is to find the exact generalisation of the dispersion relation (1.0.53). In the
case of AdSs x S% the form of the dispersion relation can be obtained from the off-shell symmetry
algebra with the central charges properly identified as functions of the string tension and world-sheet
momentum |13, 4]. Using these symmetry considerations the exact mixed flux generalisation of the

dispersion relation was suggested to be

£, = \/M}[ +4(1 — ¢?)h? sin? g : (1.0.54)

where the “central charge” My is not uniquely determined. The condition that (1.0.54) should reduce
to (1.0.53) in the near-BMN limit h > 1, p < 1 with p = hp fixed implies that

My =14¢hp+...=14+qp+0O("). (1.0.55)

If one assumes that the dispersion relation should be manifestly periodic in p (i.e. with My being a
smooth periodic function of p, which would apply if there were an underlying spin chain system) then

the simplest consistent form of M would be [75]
My=1+ 2qhsing . (1.0.56)

As was noted in [75], such a manifestly periodic dispersion relation (1.0.54),(1.0.56) suggestive of an
underlying spin chain picture also naturally emerges upon formally discretizing the spatial direction in
the string action (with step h™1).

There is, however, no a priori reason to expect a spin chain interpretation to apply to the string

integrable system for ¢ # 0. It does not apparently apply for ¢ = 1 when the world-sheet theory

3The quantized coefficient of the WZ term in the string action is k = 2mgh.
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is related to a WZW model (which is solved in conformal gauge using, e.g., an effective free-field
representation). For this reason it would be important to have an independent argument for or against
the explicitly periodic choice (1.0.56) made in |75].

In this thesis we will determine the mixed flux dispersion relation by constructing a generalisation
of the AdSs x S° dyonic giant magnon solution to the presence of NS-NS flux. A priori it is not clear
how a solitonic solution ansatz for ¢ # 0 should look in terms of the world-sheet coordinates.

In the AdSs x S® case the explicit form of the dyonic giant magnon solution in conformal gauge was
found from a U(1) charged soliton of the complex sine-Gordon (CsG) model [23]|. String motion on
R x S? and R x S? is classically equivalent to the sine-Gordon and complex sine-Gordon (CsG) models
through Pohlmeyer reduction, which is a procedure that solves the Virasoro constraints [76]. Thus
the reduced theory only describes the physical degrees of freedom. It is also integrable and Lorentz
invariant. The (dyonic) giant magnons then correspond to solitons of the (complex) sine-Gordon model.
Their string embedding coordinates can be reconstructed from the solitons using the Pohlmeyer map.
This procedure has also been used to obtain various other string solutions in AdSsz x S? including
finite-size giant magnons, spiky and helical strings [77].%

Using Bécklund transformations in the CsG model or equivalently the dressing transformations
in the o-model it is also possible to construct scattering solutions. During scattering the solitons
experience a time-delay which matches the time-delay experienced by the string solutions. However,
the energies in the string and reduced theory differ leading to different phase shifts and different

S-matrices in general.

In the mixed flux case the reduced theory is again the CsG model, but with the mass rescaled by
m. It is not clear how the CsG soliton should be modified to incorporate the dependence on
g and therefore we will instead consider string motion on R x S* as a principal chiral model with an
additional WZ term for the NS-NS flux. In terms of the PCM currents the ¢ = 0 and ¢ # 0 models are
related by a simple map of the world-sheet coordinates. Using this map will allow us to find the explicit
q # 0 dyonic giant magnon solution in conformal gauge. Arguing that the world-sheet momentum is
again identified by the opening angle between the string endpoints we find the exact dispersion relation
(1.0.54) with

My =1+ ghp. (1.0.57)

Dressing phases

Symmetry and integrability alone only fix the form of the S-matrix up to the dressing phases, which
must be constrained using additional physical requirements. A strong constraint is given by crossing
symmetry, which relates S-matrix elements by an analytic continuation under the exchange of particles

and anti-particles, see figure 1.4b. In a relativistic theory with energy and momentum parametrised

4Applying Pohlmeyer procedure to general symmetric space o-models results in generalisations of the sine-Gordon
model, the symmetric space sine-Gordon (SSSG) models [78, 49]. However, at the quantum level the original bosonic
string o-models have a conformal anomaly and are therefore not equivalent to the reduced theories. The Pohlmeyer
reduction has also been formulated for coset o-models, which has allowed for the inclusion of fermionic degrees of
freedom. In particular, the reduced theory for superstrings in AdSs x S® was found to correspond to a gauged WZW
model with a potential [79, 80|. For a detailed study of the semiclassical and quantum properties of these reduced models
see e.g. [81, 82, 83, 84, 85].
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a) Yang-Baxter equation b) Crossing symmetry

by a rapidity 6,
E? =m? +p?, E = mcosh?®, p = msinh 6, (1.0.58)
the analytic continuation exchanges the branches of the dispersion relation
0 — 0+, E— —F, D — —D, (1.0.59)

while the particle and antiparticle representations are mapped into each other. The concept of crossing
symmetry can also be extended to the non-relativistic case and gives the crossing equations, a set of
functional equations for the dressing phases o(p1,p2). The solutions to these equations are not unique
since they can be multiplied by solutions of the homogeneous crossing equations - the CDD factors
[86].

A further constraint on these factors comes from the analytic structure of the complete S-matrix. Its
simple poles correspond to the formation and exchange of bound states. The poles can be understood
in terms of propagators going on-shell in a Feynman diagram expansion of the S-matrix elements.

However, this still allows for different CDD factors without poles.

Originally in the case of AdS5 x S° the dressing phases were established at the semiclassical (AFS)
and 1-loop (HL) level using a Bethe ansatz in [87, 88| and later in [32] also the all-loop (BES) dressing
phase was found. The AFS and HL phases were also reproduced from a first-principle semiclassical
soliton quantization approach in [24]. The classical scattering of dyonic giant magnons gives rise to the
semiclassical bound-state S-matrix. It can be found from the time-delay, experienced by the soliton,
during scattering compared to free propagation [89]. For an integrable theory the bound-state S-matrix
then corresponds to the fusion of S-matrices for the scattering of elementary constituents [30] matching
the predicted dressing phases. In [25] this approach was further generalised to 1-loop corrections of the
bound-state S-matrix by considering the scattering of plane waves off dyonic giant magnons. These
plane waves represent small fluctuations around the dyonic giant magnon solutions and the 1-loop
corrections to the bound-state S-matrix and energy can be determined from their scattering phase
shifts. The time-delay and phase shifts are found directly from the multi soliton solutions, which in an
integrable theory can be constructed using the dressing method. This method is based on reformulating
the integrable model in terms of an auxiliary linear problem using the Lax connection and performing
a gauge transformation on the auxiliary system. Starting with the BMN solution and successively
applying the dressing transformation gives the dyonic giant magnon and its multi soliton solutions
[90, 91].

Also in the case of AdSz x S x T* without flux these dressing phase factors have been established

at tree-level and 1-loop orders using semiclassical methods in |92, 93, 94| and an all-loop proposal
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was given in [61] by solving the crossing equations [60, 62, 63|. In [93]| the 1-loop phase was further

constrained in the pure R-R case by considering quantum corrections to spinning strings.

In the massive sector of AdSs x S? x T% with mixed flux results for the semiclassical and 1-loop
phases have been obtained using the approach of finite-gap equations and algebraic curve quantization
in [95] and matching conjectures for the 1-loop phases have also been proposed using unitarity cut
based methods in [96, 97]. For the semiclassical phase the proposal in [95] relies on the assumption
that the dressing phase for the scattering of same-type excitations (in terms of left- and right movers)
remains unchanged when switching on the flux and therefore is given by the usual AFS expression
[87]. In order to test this assumption and to provide an independent check of these results we exploit
the additional information coming from the scattering of mixed-flux dyonic giant magnons and plane
waves to derive the semiclassical and 1-loop phases, as was done in the cases of AdSs x S° in [24, 25]
and for AdSz x S in [92].

AdS/CFT in the brane picture

Another class of “interpolating” string o-models, which we investigate, comes from string motion in
brane backgrounds. In general AdS backgrounds naturally arise as near-horizon limits of brane systems.
As such one might wonder if integrability is present for string motion on the full brane background,

which interpolates between AdS and flat spacetime, both being integrable backgrounds.

Let us briefly see how branes and their near-horizon geometries appear in the context of AdS/CFT.
We consider N coincident D3 branes. In the low energy limit of superstring theory the D-branes
are described by supergravity solutions which source the geometry, in which closed strings propagate.

Their geometry is given by the metric

ds? = H(r)_1/2nijdxida:j + H(r)"?(dr? + r2d032) (1.0.60)

LA
H(r) = (1 + 74), L* = 4mg;Na”, (1.0.61)

supplemented with an R-R 5-form flux. This supergravity description is only valid for a large curvature
radius ~ L compared to the string scale I, = v/&' and thus g, N > 1. In the near-horizon region r < L
the geometry reduces to AdSs x S® whereas in the bulk 7 > L the closed strings propagate in flat
spacetime. Taking the low-energy or Maldacena limit o/ — 0,7/a’ = fixed [6] string propagation in

the bulk decouples and one is left with string propagation in the near-horizon AdSs x S® geometry.

In the opposite regime of string perturbation theory, gsN < 1, closed strings propagate in a
flat spacetime with the branes corresponding to hypersurface on which open strings end. In this
picture closed strings describe massless excitations in flat spacetime and open strings describe massless
excitations on the brane hypersurface. Taking again the Maldacena limit one finds that closed and
open strings decouple, e.g. closed strings cannot form from open strings. Closed string excitations then
induce free type IIB supergravity whereas open string excitations for a single brane induce a massless
U(1) gauge theory with A" = 4 supersymmetry. For N coincident branes the open strings can end on
different branes and the gauge theory is enhanced to U(N) giving rise to SU(N) N =4 SYM 5.

5The U(1) factor does not contribute to the brane dynamics since it is only related to the overall brane position.
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In a similar way AdS4/CFT3 can be understood in terms of N coincident M2-branes on a C*/Z;
orbifold. M-theory on the near-horizon geometry AdS; x S7 /Zy. is then dual to the ABJM gauge
theory, which is the world-volume theory of the M2 brane stack [98]. The S7/Z; can be written as an
S! fibration over CP? with the S! radius ~ 1/k. For a small string coupling gs ~ (N/k®)'/4 the radius
vanishes and one obtains weakly coupled type ITA string theory on AdS,; x CP3. Thus in this case
the AdS,/CFT3 gauge/string duality is a special case of the more general ABJM/M-theory duality.
Integrability then appears in the type IIA regime since it encompasses the planar limit, N, k — oo with
N/k = fixed, and one may also wonder if integrability in general can be present beyond the planar

limit. For a more detailed review also see [99, 53, 100].

In the case of AdS3/CFTy the AdS; x S x T* background arises as a near-horizon limit of stacks
of N1 D1 branes and N5 D5 branes. The D1 branes and D5 branes extend along a common direction
and the system is compactified on T# along four D5 brane directions transverse to the D1 branes. The

curvature radii of AdSs and S? and the T* volume are given by

N

Rigs, = R%: = /NiNs,  vol(T*) = N (1.0.62)

This construction gives rise to a 1+1 dimensional U(N;) x U(NN5) supersymmetric gauge theory on the
brane intersection with 16 real supercharges, which are chirally decomposed under the symmetry alge-
bra of boosts along the intersection, so0(1,1), giving ' = (4,4) supersymmetry. This two-dimensional
UV gauge theory is not conformal but instead flows to a 2d CFT in the low energy limit. In contrast
to NV =4 SYM and ABJM this gauge theory also has matter content in both the fundamental and

adjoint representations of the gauge group.

The UV theory has two branches: the Higgs branch, which describes the motion of D1 branes inside
the D5 branes, and the Coulomb branch, which describes the separation of the D1 and D5 branes. In
the low energy limit the Higgs branch CF'T can be viewed in terms of the D1 branes being instantons,
with instanton number Ny, in the SU(N5) gauge theory on the D5 branes [101]. In this picture the
CF'T is described by a o-model on the instanton moduli space, which is given by a deformation of the

symmetric product orbifold [6, 102]
(T /S, (1.0.63)

where Sy is the symmetic group.

This Higgs branch CFT is then conjectured to be dual to string theory on the near-horizon AdSs x
S? x T4 geometry of the D5-D1 brane system. In the planar limit the string theory is described by
a 2d string o-model, which is believed to be integrable in analogy to higher-dimensional AdS/CFT
dualities. The superisometry algebra of this model consists of the global subalgebra of N' = (4,4)

psu(1,1)2)g, @ psu(l,1|2)r (1.0.64)

and the additional u(1) factors for T4. Here the labels L and R denote the left- and right sectors for
the so0(1,1) chiral decomposition.
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Recently it was shown in [103| that the Higgs branch CFT admits a 't Hooft expansion in powers of
1/N; with non-planar corrections suppressed by powers of 1/N? in the large Ny limit. The parameters
N7 and N3 correspond to the number of colour and flavours with N5 playing the role of the Yang-Mills
coupling 1/ g% - The planar limit then corresponds to

Ny — 0, A = — = fixed. (1.0.65)

In this limit integrability appears in terms of an integrable spin chain as one would expect from higher
dimensional AdS/CFT examples. It was found that the 1-loop dilatation operator for single-trace
operators consisting of scalars charged under so(4) = su(2), & su(2) g, which forms a closed subsector

at 1-loop, is given by an integrable homogeneous s0(4) spin-chain Hamiltonian.

An interesting feature of AdS3 backgrounds is the presence of mixed flux. While the AdS3 x S% x T*
type IIB supergravity solution with pure R-R flux arises as the near-horizon limits of the D5-D1 system,
the theories with pure NS-NS and mixed flux arise as the near-horizon limits of the NS5-NS1 and the
D5-D1 -+ NS5-NS1 brane systems [104]. These R-R and NS-NS solutions are related by S-duality
and, in particular, we can obtain the mixed flux background by applying S-duality to either the pure
R-R or the pure NS-NS solution. Thus, string theory on the mixed flux background also provides an

important model to study the non-perturbative S-duality.

For AdS; x S? x S x S! the situation is less clear: the presence of the two 3-spheres leads to
two SU(2) R-symmetries. Therefore the superconformal algebra is enhanced to a large N = (4,4)
[105], which has two su(2) subalgebras in contrast to the small N = (4,4) algebra of AdSz x S* x T*.
However, much less is known about the holographic dual in this case. Recently a brane system based on
N = (0,4) supersymmetry has been suggested, for which the corresponding gauge theory is conjectured
to flow to an IR fixed-point with large N' = (4, 4) superconformal symmetry and for which the CFT
has a central charge matching the holographic dual of string theory on AdSs x S3 x §3 x S!. For details

on progress in this direction see [106] and the references therein.

(Non-)integrability of string motion in brane backgrounds

Integrability is a powerful technique for studying the properties of certain o-models and has lead
to significant progress in finding classical solutions to the non-linear equations of motion as well as
determining the spectrum of the quantum theory. However, given a 2d o-model there is no general
procedure to construct the Lax connection or to show integrability in another way. Moreover there
is no classification of integrable 2d o-models. In the case of og-models for string motion on curved
backgrounds this raises the question of which backgrounds lead to integrable string theories? A large
class of such backgrounds consists of symmetric spaces, i.e. spaces that have an inversion symmetry,
such as spheres [107] and related constant curvature spaces [108]. String motion on these spaces can
often be described in terms of integrable group G or G/H coset o-model [109, 110, 111|. For example
string motion on R x S? is equivalent to the principal chiral model, a o-model on the SU(2) group
space [109]. There are also some integrable deformations of these models including the sausage model,
which is a 2-sphere deformation [112], the squashed sphere as well as multi-parameter deformations of
the 3-sphere [113, 114, 115].
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In terms of the group spaces the SU(2) model has a 2-parameter deformation, the diagonal

anisotropic principal chiral model [116]
1
Sclg) = —5 / Potrlg0.gKg 0 g, K = diag(K1, K, K3), g€SU2),  (10.66)

which includes the squashed 3-sphere as the special case K1 = Ko # K3 with the squashing parameter
C = K3/K;. In this 1-parameter case the deformation can be further extended to any compact Lie

group G giving the Yang-Baxter o-model [117]

22
Sklg] = —% /dza(g_l&rg, MQ_la_g>, geG (1.0.67)
where n > 0 is the deformation parameter, (,) is the Killing form for the Lie algebra of G and R is
an operator given by the solution of some modified classical Yang-Baxter equation. For G = SU(2)
this model reduces to the anisotropic squashed sphere case. There has also been some work towards
generalising the principal chiral model to a non-diagonal form by studying the conditions for the
existence of a Lax connection [118, 119, 120]. More recently in [121] a procedure has been given to
construct 1-parameter deformations of string o-models that preserve integrability and which recovers
the Yang-Baxter o-model when applied to a compact Lie group. It also provides a natural generalisation

of the Yang-Baxter o-model to the case of symmetric space cosets.

In addition to the target space metric G string motion can also be coupled to an antisymmetric
Bjsn-field corresponding to an NS-NS flux. This leads to an additional Wess-Zumino term in the
string o-model action and in particular to integrable (gauged) WZW o-models [122, 123, 68|. For
backgrounds that can be supplemented with a mixture of NS-NS and R-R fluxes the coeflicient of the
Wess-Zumino term is unfixed. In the case of string motion on R x S* this gives a principal chiral
model with a WZ term of arbitrary coefficient, which is an integrable model [124, 125, 126] and, as
we show in this thesis, gives rise to the dyonic giant magnon in the presence of mixed flux. Other
integrable examples include new 3d target space models [115], coset space o-models with additional
WZ terms [126] and pp-wave models that are related to (massive) light-cone gauge string actions
[127, 128, 129, 130, 131].

Furthermore integrability is also preserved by classical transformations which do not affect the
equations of motion. Such transformations include abelian and non-abelian T-dualities in combination
with field redefinitions. For more details on T-duality and integrability also see [132, 120]. Among the
resulting models are different gaugings and marginal deformations of WZW models [133, 134, 135, 136,
137] as well as models related to AdSs x S [138]. It is also possible to obtain new integrable theories
from integrable group space models by taking a quotient by a discrete subgroup. This gives rise to
integrable orbifold string models such as in the case of strings on the BTZ black hole background, which
is an orbifold of AdSs. In this case the locally defined flat Lax connection is preserved when taking
the quotient and string motion is integrable [139]. However, in general discrete subgroup quotients can
also break integrability [140].

Even though there is no general Lax construction for string o-models one might wonder what
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necessary conditions are imposed on the backgrounds by integrability. For example, while integrability
is a hidden symmetry enhancement, the presence of non-abelian symmetries is not necessary. There
are integrable models which arise from non-abelian duality [141], e.g. by integrating out the gauge field
in a gauged WZW model, and which have no non-abelian isometries. There is however one necessary
condition for the integrability of 2d o-models, namely that any consistent 1d truncation of the equations
of motion to a mechanical system is also integrable. For example restricting classical string motion
on a sphere or AdS space to rigid strings gives an integrable Neumann-Rosochatius system [142, 143].
Another example is stationary string motion on AdS-Kerr-NUT backgrounds, which is described by

geodesic motion on an effective lower dimensional space and is known to be integrable [144].

Using necessary conditions one can also rule out integrability of a 2d o-model. For this it is sufficient
to find a consistent 1d truncation of the equations of motion that is not integrable. For integrable
differential equations the existence of a constant of motion for each degree of freedom implies that
solutions can be obtained by quadratures, i.e. in terms of some known functions. Therefore for
non-integrability it suffices to show that a system does not admit such solutions. This can be done,
for example, by further reducing the system to second order linear differential equations for small
fluctuations around phase space solutions and showing that they cannot be solved by quadratures [145],
which amounts to exhibiting chaotic motion of the system. Recently this method has been applied to
string motion on AdS; x T4 AdS; x YP? [146, 147] and “confining” supergravity backgrounds [148].
While these are highly symmetric backgrounds, which have isometries, preserve supersymmetry and

admit integrable geodesics, the corresponding string o-models were found to be non-integrable.

In this thesis we will consider a class of less symmetric p-brane backgrounds, which interpolate
between the integrable limits of flat space and AdS,, x S™ x T*. A priori one might hope that there
exists an interpolation between the charges of these integrable limits such that integrability is preserved.
As a first step we will consider geodesic, i.e. point particle, motion. Geodesic motion is known to be
integrable in higher-dimensional rotating black hole spacetimes [149] and in some spacetimes such as
TH! and YP7 geodesic motion is even super-integrable, i.e. with more constants of motion than degrees
of freedom [150]. Also in our case we will see that geodesic motion is integrable. However, applying

the non-integrability approach we find that the string o-model is not integrable.

Thesis outline

This thesis is split into two parts. In the first part we review classical integrability and investigate
integrability for geodesic and string motion on p-brane backgrounds. In the second part we apply
semiclassical methods to investigate quantum integrability of string theory on AdSs x S3 x T4 with

mixed flux.

The first part starts with a review of classical integrability for Hamiltonian systems and string
o-models. In chapter 2 we discuss the properties and consequences of integrability for classical and
quantum systems and introduce the Lax pair formalism. Further, we review the Lax pair construction
and the finite-gap equations for string motion on semi-symmetric coset spaces with an emphasis on
AdS5 x S® and AdSs x S? x T* with mixed flux. Finally, in preparation of the second part of the thesis,

we present the explicit example of string solutions on R x S3.
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In chapter 3 we then consider the question of possible integrability of classical string motion on
curved p-brane backgrounds. For example, the D3-brane metric interpolates between the flat and the
AdSs x S° regions in which string propagation is integrable. We find that while the point-like string
(geodesic) equations are integrable, the equations describing an extended string on the complete D3-
brane geometry are not. The same conclusion is reached for similar brane intersection backgrounds
interpolating between flat space and AdSy, x S¥. We consider, in particular, the case of the NS 5-brane -
fundamental string background. To demonstrate non-integrability we make a special “pulsating string”
ansatz for which the string equations reduce to an effective one-dimensional system. Expanding near
this simple solution leads to a linear differential equation for small fluctuations that cannot be solved

in quadratures, implying non-integrability of the original set of string equations.

In the first chapter of part II we then turn to the dyonic giant magnon, a string solution on R x S3.
We show how the explicit form of this solution in conformal gauge was originally obtained in the case of
AdSs x S°. We also briefly review the formulation of the dyonic giant magnon as a finite-gap solution
as this will allow us to include the fermionic world-sheet fluctuations when looking at the dressing

phases.

In chapter 5 we fix the exact form of the dispersion relation for light-cone string excitations in
string theory on AdSs x S* x T* with mixed R-R and NS-NS 3-form fluxes. For this we construct a
generalisation of the known dyonic giant magnon soliton on S? to the presence of a non-zero NS-N§ flux
described by a WZ term in the string action (with coefficient ¢). We find that the angular momentum
of this soliton gets shifted by a term linear in world-sheet momentum p. We also review and discuss the
symmetry algebra of the string light-cone gauge S-matrix and show that the exact dispersion relation,
which should have the correct perturbative BMN and semiclassical giant magnon limits, should also

contain such a linear momentum term.

In chapter 6 we also construct the g # 0 generalisation of the folded string on S® and on AdSsz x S*.
We show that the resulting solutions are closed strings if the angular momenta are taken to satisfy
certain quantization conditions. For the solution on AdSs x S! we find that, to leading order in large

angular momentum on AdSs, the energy takes the same form as in the pure R-R case but with the
string tension rescaled by /1 — ¢2.

In chapter 7 we present a semiclassical derivation of the tree-level and 1-loop dressing phases in
the massive sector of string theory on AdSs x S? x T* with mixed flux. In analogy with the AdSs x S°
case, we use the dressing method to obtain scattering solutions for dyonic giant magnons which allows
us to determine the semiclassical bound-state S-matrix and its 1-loop correction. We also find that
the 1-loop correction to the dyonic giant magnon energy vanishes. Looking at the relation between
the bound-state picture and elementary magnons in terms of the fusion procedure we deduce the
elementary dressing phases. In both the semiclassical and 1-loop cases we find agreement with recent
proposals from finite-gap equations and unitarity-cut methods. Further, we find consistency with the
finite-gap picture by determining the resolvent for the dyonic giant magnon from the semiclassical

bosonic scattering data.
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In chapter 8 we conclude by summarising the results presented in this thesis and discussing them
in the light of recent developments. We also outline some open questions and suggest possible future
directions for investigating integrability of geodesic and string motion on curved backgrounds and

applying integrability-based methods to string o-models.



Part 1

Classical integrability of string o-models

30



Chapter 2
Review of classical integrability

In general systems described by non-linear differential equations cannot be solved exactly except for
special cases with sufficient symmetry. The notion of such solvable systems is made precise by the
concept of integrability. In classical mechanics integrable systems exhibit as many constants of motion
as degrees of freedom and their analytic solutions can then be obtained by quadratures in terms of
Liouvillian functions, which are algebraic expressions and integrals of some known functions. In the case
of field theory this notion of integrability becomes less clear since exhibiting infinitely many conserved
charges might not be sufficient for an infinite number of degrees of freedom. Instead integrability can
be rephrased in terms of a Lax pair consisting of two matrices. The equations of motion then take the
form of an isospectral evolution equation for one of these Lax matrices. This Lax equation can be also
understood as the compatibility condition of an auxiliary linear problem. The conserved quantities
are then encoded by an eigenvalue equation, the spectral curve. This concept is readily generalised to
field theories with the Lax pair becoming a zero curvature connection.

Let us begin with a review of classical integrability for mechanical (1d) systems in section 2.1 and
for 2d classical and quantum field theories in section 2.2. We then show how these concepts apply to
string theories in AdS backgrounds in section 2.3. For more extensive reviews on these topics see e.g.
[151, 5, 69].

2.1 Integrability of 1d Hamiltonian systems

Let us consider a classical Hamiltonian system with n degrees of freedom. Its phase space M is a 2n

dimensional manifold with local canonical coordinates

(pla"apnaqlv'-7Qn) (211)

and a Poisson bracket for differentiable functions on M, defined by

n

of dg  0f 9y
,g} = = - = . 2.1.2
ER ; <3pi 9q;  0qi 32%) (2.1.2)
The Hamiltonian equations of motion
N . OH OH 0 —I
x':JVH, Tr = (pl,..,q1,..)7 VH = (aipl,..,aiql,..>7 J = ( I 0 ) (213)
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imply that, for any function f(p, q,t), the evolution of f(p(t),q(t),t) is given by

af _ of
=I5 (2.1.4)

A constant of motion or first integral is then a function on phase space, F(p, q), that satisfies
F(p(t),q(t)) = const & {H,F}=0. (2.1.5)

We can now make the definition of integrability precise. A Hamiltonian system is Liouville integrable

if it has n constants of motion F;,i = 1,..n, i.e. {H, F'} = 0, which are in involution
{FiFj} =0 (2.1.6)

and which are independent, i.e. the dF; are linearly independent (the tangent space of the surface
Fi(p,q) = fi has dimension n everywhere). For a non-degenerate Poisson bracket there cannot be
more than n independent constants of motion. The Hamiltonian itself provides a conserved quantity

and is therefore a function of the F;.

The motion in an integrable system takes place on the level set manifold My of the phase space
M ={(p,q) € M : Fi(p,q) = fi = const}, i=1,.,n. (2.1.7)

By the Liouville-Arnold theorem a compact and connected level surface M is isomorphic to a torus
T™. Thus the motion takes place on these level set tori which foliate the phase space. The equations
of motion can be solved by introducing a new set of canonical coordinates which include the con-
stants of motion. In particular one can introduce action-angle coordinates (I;, ¢;) through a canonical

transformation (i.e. the Poisson bracket and the Hamiltonian equations are preserved)

(plv"vaL?ql)"aqn) — (Ilv"aIn7¢17"7¢n)v OSQ{)Z §27T7 (218)
where the angles ¢; are coordinates on My and the actions I; = I;(f1, .., fn) are constants of motion.

In these coordinates the equations of motion take the simple form

06

_OH

jz’ = :wi(Ilv'wIn)a L= 17"an7 (219)
which corresponds to circular motion at constant velocity. The appropriate canonical transformation
can be generated using the canonical 1-form a = ), p; dg;. The action variables are then defined as

integrals of a over the fundamental cycles C; of the torus for a level set {f;}

1 1
I = : y 2.1.1
i a= 7{@ ;pz(q, f)dgi (2.1.10)

_271' Cj

The angle coordinates on the other hand satisfy

1
— do; = ;5. 2.1.11
o . 0= (21.11)
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Using the generating function

o =
mo m

S(I,q) —/m /mZpi(q’,f)dq{- (2.1.12)

one can define the transformation (p,q) — (I, ¢) through

_os
-~ 0q;’

08

%=1 (2.1.13)

bi

This is indeed a canonical transformation since it preserves the symplectic form w = da =), dp; Adg;

as follows from

0=d?5=3" (dpi Adg; + de; A dli>. (2.1.14)

)

One can show that S always exists, i.e. it is path independent, and thus the system is solved in

quadratures by calculating S and obtaining p; as a function of ¢ and F' using algebraic manipulations.

As an example let us consider the simple harmonic oscillator

1
H=0"+o°"),  p(g,E) = £V2E - w2 (2.1.15)

The action variable and generating function are

1 E q 21
I = 27{ dg\/2F — w2q? = = S(I,q) = w/ dxm (2.1.16)
T™JE

and the angle variable is then found from

oS 21 .
qﬁ_ﬁ:q_\/;smqﬁ. (2.1.17)

In these action angle variables the equations of motion are simply

0H

H:L“)Iv gb:ﬁ?

¢ = wt + ¢p. (2.1.18)

Lax pair formalism

The concept of integrability can be formulated as an auxiliary linear problem by recasting the Hamil-

tonian equations of motion into the form

L=[L,M)], (2.1.19)
where L and M are the Lax pair matrices. This equation is solved in terms of a matrix g(t)

L(t) = g(t)L(0)g~ (1), M =g(t)g~'(t). (2.1.20)

In this formalism the conserved quantities can be identified as functions of the time-independent

eigenvalues of L and a common choice is F; = trL7. In general the choice of the Lax pair is not unique:
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for example we can obtain a new Lax pair from any invertible matrix g using the transformation

L — gLg™!, M — gMg '+ g9t (2.1.21)

For a set of k independent simple harmonic oscillator a possible Lax pair would consist of block diagonal

P e VA (2.1.22)
wq —p w/2 0

with the conserved quantities

matrices with entries

k
1
wL# =0, wl®=2) QF)P, F= 0 +w'e). (2.1.23)
7

In general one still needs to ensure that the conserved quantities obtained from the Lax pair are in

involution. Defining the matrix of Poisson brackets between the elements of L

{Ll, LQ} = Z{Lij, Lkl}Eij & Ekl, (Eij)kl = 5ik6jl7 1 =L® ]I, Lo=1IQ®L (2.1.24)
ij Kl

the involution of the conserved charges is then equivalent to the existence of an r-matriz, which is a

function on phase space satisfying
{L1, Lo} = [r12, L] — [ra1, La]. (2.1.25)

The Jacobi identity for the Poisson bracket leads to a constraint on the r-matrix. For a constant

r-matrix this constraint is solved by a matrix that satisfies
[7“12, 7'13] + [7’12, 7’23] + [7’32, 7’13] =0. (2.1.26)

For an antisymmetric r-matrix, i.e. r19 = —ro1, this is the classical Yang-Baxter equation. In the case

of the simple harmonic oscillator the r-matrix is

w 0 1
= — L. 2.1.2
712 1E < 10 > & ( 7)

The Lax pair formalism can be further extended by introducing a spectral parameter z such that L

and M become analytic functions in z satisfying
L(z) = [L(2), M(2)]. (2.1.28)

The advantage of introducing the spectral parameter is that the analytic structure in z essentially
encodes the model and its properties. A particular system can be specified by the number and order of
poles in L(A) and the analytic structure of M ()) is associated with the dynamical Hamiltonian flows.

The eigenvalues p of L(z) are now encoded by the characteristic equation

[(z;p) = det(L(z) — ul) =0, (2.1.29)
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which defines the spectral curve T' = {(z, ) : T'(z; 1) = 0} on C2. As we shall see next, these ideas are

particularly useful in generalising integrability to field theories.

2.2 Integrability of 2d field theories

The Lax construction is generalised to 2d field theories by rephrasing the equations of motion in terms

of the zero-curvature condition
0-Ly — O0yL; — [L;,Ls] =0, (2.2.1)

where L, = L,(7,0;2) is a function of the world-sheet coordinates 7,0 and the spectral parameter
z. This flatness condition arises as the compatibility condition 9,9,V = 9,0,V of an auxiliary linear

problem
(0g — La)¥(7,0;2) = 0. (2.2.2)
The flatness of the Lax connection allows one to define the monodromy matriz

T(r,0;2) = Pexp% do’® Lo(7',0'; 2), (2.2.3)
[v(,0)]

which is a path-ordered exponential, i.e.

b a+e a+2e
Pexp/ dz f(x) = lim/ dz f(x)/ dz f(x)..., (2.2.4)
a =0 /g a+te
along a closed path v(7, o) on the world-sheet cylinder in the homotopy class [y(, 0)] of paths through
a base point (7, ) with single winding. The monodromy matrices for two base points (7,c) and (7, ")

are related by

T(%,6:2) =UT(1,0;2) U1, U(r,0,7,0;2) = Pexp/da’a Lo(7',0';2), (2.2.5)

g
where 7 is a path that connects (7,0) and (7,5) and has no winding. This evolution property can be
seen by applying the non-abelian version of Stokes’ theorem to the path in figure 2.1. It also implies
that tr7(r,0;2)P is independent of the base point and therefore the eigenvalues of the monodromy
matrix are conserved. One can also show that the traces of powers of the monodromy matrix are in
involution with respect to the Dirac bracket, which generalises the Poisson bracket to include second

class constraints in the Hamiltonian formalism (see [152]).!

A common choice for the path on the world-sheet is a circle of constant 7 such that the monodromy

matrix becomes

o421
T(r,0;2) = Pexp/ do’ L,(1,0'; 2). (2.2.6)

g

or string motion the Virasoro constraints are first class constraints. However, for example the additional static
IFor string motion the Vi traint first cl traints. H Jf ple the additional stati

gauge constraint Xo = x7 is a second class constraint since the Poisson bracket {Xo(c’), m0(c)} = d(¢’ — o) does not
vanish.
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N

Figure 2.1: Path on the world-sheet cylinder for obtaining the evolution of the monodtromy matrix
using Stokes’ theorem. Changing the direction of a path corresponds to inverting the associated
monodromy matrix.

In terms of the linear problem (2.2.2) this matrix corresponds to the monodromy of a solution
U(r,0 4 2m;2) =T (1,0;2)¥(T, 05 2). (2.2.7)

The time evolution of T'(7,0;2) can be obtained from (2.2.5) for an infinitesimal path 7 = 7 4 47,

6=0+4do
a‘l’T = [LTv T]a aoT = [LG T], (228)

which resembles the Lax equation. The time independent eigenvalues p(z) of the Lax connection are

described by the spectral curve
I ={(z,p) € C*:T(2,p) = 0}, [(z, 1) = det(T'(7; z) — pl). (2.2.9)

For every solution of the equations of motion this curve encodes an infinite tower of conserved quantities,
which can be determined by expanding in z. In general the spectral curve can have essential singularities
and infinite genus. However, it is possible to consider a subclass of configurations corresponding to a
curve of finite genus, the algebraic curve, which describes classical solutions. Also since the eigenvalues
p(z) can have essential singularities these finite-gap solutions are instead encoded in terms of the

analytic structure of the quasi-momenta [153| p; defined by
pi(z) = ePi?), (2.2.10)

Finding the explicit form of a solution to the equations of motion (2.2.1) for a given set of quasi-
momenta is a difficult problem in general. Another way to obtain classical solutions comes from
directly solving the auxiliary linear problem instead of the non-linear equations (2.2.1). The Lax
connection is a function of the fields of the model and specifying initial conditions at 7 = 0 for the
fields (and thus the Lax connection) one can solve for the time evolution of ¥(7,0;2) in (2.2.2). The
time evolution of the fields is then found from ¥(7,0;z) by solving a linear integral equation, the
Gel'fand-Levitan-Marchenko equation [154]. This is essentially a non-linear analogue of the Fourier

transform for partial differential equations, i.e. the non-linear problem is rephrased as a linear problem
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in the spectral space. This technique is known as the inverse scattering method 155, 109].

In general there is no constructive method known to find the Lax connection for a given model
and to show integrability. One necessary condition for integrability of a 2d field theory is that all
its consistent 1d mechanical subsystems are also integrable. For integrable string o-models on curved
backgrounds this implies that, for example, geodesic motion on the background must be integrable.
Using this condition it is also possible to show explicitly that a model is not integrable. The idea is
to consider an integrable 1d subsystem and expand in small fluctuations orthogonal to this system.
The resulting linearised equations take a standard form, for which differential Galois theory can be
used to determine whether Liouvillian solutions exist. If no such solutions exist the model is not
integrable. In chapter 3 we review and apply this method to study integrability for string motion on

brane background.

2.2.1 Quantum integrability

At the quantum level integrability places strong constraints on the dynamics of the theory and in

particular on the S-matrix. Let us consider an infinite tower of commuting conserved charges
E,, [E, Fj] =0, Vi, j, (2.2.11)
which are diagonalised in a basis of Hilbert states of momentum p and flavour «
E|p), = Fulp), - (2.2.12)
For example in the sine-Gordon model an excitation of mass m has the charges
Fopy1 = p?" L Fy, = p?"/p? + m2. (2.2.13)

Acting with the symmetry in the non-relativistic case, i.e. F, & p" (setting m = 1), on a localised

wave packet

one finds
~ . oo . 2 -
77[)(1,) _ ezanw(aj) —_ / dp e—a(p—po)2ezp(m—:vo)-l-z%(t—to)ezep ) (2215)

The symmetry translated wave packet is localised near the stationary point of the phase

d(phase)

0= dp

=1z — x0 + pol(t — to) +napy . (2.2.16)
Pp=Ppo

The cases n = 1 and n = 2 correspond to shifts in z¢ and ty9. However, for n > 2 the symmetry
operator shifts the wave packet in space by a value depending on its momentum. Since the symmetry
operator commutes with the S-matrix this implies that in two dimensions any multi particle scattering
factorises into a sequence of two particle scattering processes. In higher dimension all the wave packets

become well separated and scattering becomes trivial. This is the Coleman-Mandula theorem, which
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gives trivial S-matrices for theories with higher spin conserved currents (see for example [156]).

Let us consider a multi particle scattering process
~ ~ t i
‘pl) ’pM>((S%0113),54M = S |p17 "7PM>S?’)“7O(NI . (2217)

The in and out states are eigenstates of the symmetry operators

M
Fyp1, - PM) a0 Z k(02 05) P12 DMy oy (2.2.18)

and all the charges must be conserved during scattering

M M
7j=1 7=1

In general this condition can only be satisfied when the sets of incoming and outgoing momenta {p;}
and {p;} are the same and thus M = M. In other words there is no particle production in an integrable
theory. Furthermore if we consider 3-particle scattering there are two different ways to resolve the S-
matrix into two particle processes. Consistency requires that both ways are equivalent and this imposes

the Yang-Baxter equation on the two particle S-matrix, see figure 1.4a.

2.3 Integrability of string motion on AdS backgrounds

In this section we briefly look at how the Lax construction can be achieved for string o-models on
semi-symmetric coset spaces such as in the case of AdS5 x S°. In our discussion we closely follow [157].

The AdS4;1 space can be defined as a surface embedded in R*¢ given by the hyperboloid

V2 =npoY Y@ = Y% - Y@+ .. +Y} =1, (2.3.1)
where npg = diag(—1,1,...,—1) and P,Q =0, ..,d. The corresponding AdS,;; metric is then
dsias,,, = npedY " dY?. (2.3.2)

Alternatively AdS441 can be formulated as a coset space. Any point on AdSgy1 can e reached using
the isometry group SO(d,2). However, once a point is fixed the remaining rotations under the little
group SO(d, 1) leave it invariant. Therefore the AdS space can be defined by the equivalence classes
of SO(d, 2) transformations under the action of the little group

AdSgs1 = {g: g ~ ghlg € SO(d,2), h € SO(d, 1)}. (2.3.3)

In this language string configurations correspond to a map from the world-sheet ¥ into SO(d, 2) which
is gauged under the left action of SO(d, 1)

g: X — S0(d,?2), g(t,0) = g(r,0)H(7,0), H €8S0(d,1). (2.3.4)
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A gauge invariant string o-model can then obtained from the left-invariant current
J =g 'dg € s0(d,?2). (2.3.5)
This current is flat by construction, i.e. it satisfies the Maurer-Cartan equation
Oady — OpJy + [Ja, Jp) = 0. (2.3.6)
Since J transforms as a gauge connection
J—H'JH+H 'dH (2.3.7)
one can split s0(d, 2) into so(d, 1) and an orthogonal part f, so(d,2) = so(d,1) & f,
J=JO 1@ JO cso(d,1), J? et (2.3.8)

This decomposition arises from the fact that AdS is a symmetric space with the Zy inversion symmetry

Y — =Y. This induces a Zg automorphism on so(d, 2)
2 :s0(d,2) — so(d,2), [Q(w1), Qw2)] = Q([w1,wa)), Vwi,ws € s0(d,2), (2.3.9)
which acts on the split currents as
JO 5 g0 J@ 5 _ 7). (2.3.10)
The full decomposition of so(d,2) under this symmetry is then
[so(d,1),s0(d,1)] C so(d,1), [so(d,1),f]Cf, [ff] Cso(d,1). (2.3.11)
The current J®) now transforms as
J® 5 H @O H (2.3.12)
allowing one to define a gauge invariant action

h h
S = 3 /tr[J@) A *J(2)] =3 /de/—wab tr[JéQ)Jlgz)]. (2.3.13)

Substituting a particular coset parametrisation g(Y’) in terms of some embedding coordinates Y one
recovers the bosonic string action (1.0.26). The advantage of this coset formulation is that it can be
easily extended to the full supersymmetric string o-model. Also the flatness of the current J leads to

a natural construction for the Lax connection.

The equations of motion take the form
Doa(v/=7* Ty =0, Dy =04+ I, . (2.3.14)

Taking J© and J® to be independent the flatness condition (2.3.6) becomes another equation of
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motion and under (2.3.11) it is decomposed into

Doy = DyJP =0, Fy+ I, 17 =0, (2.3.15)

a

Fup = 0,71 — 0,00 + 170, 1), (2.3.16)

a

These equations are supplemented by the Virasoro constraints, which arise from varying the action

with respect to the world-sheet metric 45
1
w5 = Sran I 7] = 0. (2.3.17)

The equations of motion (2.3.14) and (2.3.15) can now be rephrased as the flatness condition for a

1-parameter family of Lax connections [18]

2241 2z 1
22_1J(§,)_ 22_1\/_7’}/’%&)6

where z is the spectral parameter. For consistent superstring theory backgrounds of the form AdSg,1 X

dL—LAL=0, L,=JO+ be j(2), (2.3.18)

My_4 the fermionic degrees of freedom are naturally incorporated into a supergroup coset construction.
In general such backgrounds can also be supported by NS-NS and R-R fluxes which are coupled as
bosonic and fermionic Wess-Zumino terms in the Green-Schwarz action. For example the Green-
Schwarz action for the superstring on AdSs x S, which is supported by an R-R flux, takes the form of

a o-model on the semi-symmetric coset space

G PSU(2,214)
Hy SO(4,1) x SO(5)°

(2.3.19)

The Zy symmetry of the bosonic case is now extended to a Z4 automorphism €2 on the Lie algebra g

of the group G. This automorphism gives a Z,4 grading of the algebra g
psu(2,214) =g @ @ gV o g® e g®, @) =i"g™ (2.3.20)
with the compatible (anti)commutation relations
(g™, g™} ¢ gllm+n)modd), (2.3.21)

Since €2 should also be compatible with the Grassmann parity, i.e. 22 = (—1)%, the algebra is split into
the bosonic subalgebra g(® + g2, which is Grassmann even, and the fermionic subalgebra g™ + g,

which is Grassmann odd. Decomposing the left current under the Z, grading as
J=g¢gtdg=JO gD 4 @ 4L g g PSU©2,2/4), J € psu(2,24) (2.3.22)

the current J(© transforms as a gauge field and J™, m # 0 transform by conjugation under the

gauged left action of Hy

g(1,0) = g(r,0)H(1,0), H(r,0) € SO(4,1) x SO(5), (2.3.23)
JO 5 gt yOg + g=tag,  J™ 5 H LM H, m£0. (2.3.24)

a

Coupling bosonic degrees of freedom with the world-sheet metric v** and the fermionic degrees of
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freedom with €, as expected for a Green-Schwarz action, one obtains the gauge invariant action for
the superstring on AdSs x S [158]

h
S=3 /str [T AxJ@ — gD A JE) 4 A A JO]. (2.3.25)
Here the supertrace str (a Zgz graded trace) is the unique G-invariant bilinear form on g and the

Lagrange multiplier A ensures that str.J() = 0 as required for PSU(2,2|4). The equations of motion

for this system are equivalent to the zero-curvature condition for the Lax connection

2
_ (0) z +1 (2) 2z (2) Z+1 (1) z—1 (3)
L=J0 4 57000 = G (P - ) [T 00 [T, (2.3.26)

which shows classical integrability [18].

2.3.1 Finite-gap equations

In an integrable system classical solutions are characterised by the eigenvalues of the monodromy

matrix

T(r,0;2) = Pexpja{ do’ Ly (7', 0'; 2). (2.3.27)
[C(r,0)]

In the case of a coset construction this is a group element of G which transforms by conjugation under

gauge transformations
T(r,0;2) = H Y (1,0)T(1,0;2)H(r,0), h(r,o0) € Hy (2.3.28)
and under shifts of the base point
T(r,0;2) = U T (1, 0'; 2)U, Ueaq. (2.3.29)

Here U is the monodromy along a zero-winding path connecting the base points (7,0) and (7/,0”).
These transformations do not change the conjugacy class of a monodromy matrix and as such the
conjugacy classes are gauge invariant and do not depend on a base point and are therefore time-
independent. The set of these conjugacy classes is isomorphic to the maximal torus of G modulo the

Weyl group. Locally we can diagonalise the monodromy matrix in a Cartan basis {H;},l =1,..,R

R
T =Utexp (Zpl(z)Hl>U, R = rank(g). (2.3.30)
=1

The conserved charges are encoded in the asymptotics of this monodromy matrix. For example the
Noether current associated with the global symmetry of left multiplication by ¢ € G can be found from

the first coefficient in the Laurent expansion around z = co
1 12 b
Lo = (aa+——eab/-c )g+..., Z— 00 (2.3.31)
zy

1 1
Ok =0, k= g(x/—W“szf2) - QG“szfl) + 56“%53))9’1- (2.3.32)
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The associated Noether charges are encoded as the first coefficient in the corresponding expansion of

the quasi-momenta

2
pi(z) = —;Ql + .. z — 00. (2.3.33)

Together with the remaining coefficients this gives the infinite set of conserved charges. Expanding

around the poles at z = £1 one can also generate an infinite set of charges in terms of local densities.

The quasi-momenta p; are defined up to shifts by 27 and Weyl group transformations. They are
multivalued functions in z with poles at z = £1 coming from the Lax connection. Additionally they
can have branch points arising from the diagonalisation in a particular Cartan basis. The associated
monodromies, i.e. the change of p; when encircling a branch point, correspond to Weyl group trans-
formations. In this picture elementary string excitations are characterised by Weyl reflections which
can be used to construct any element of the Weyl group. Composite monodromies then correspond to

composite string states. The monodromy for a Weyl reflection with respect to the lth root of g is
pi1(2) = pi(2) = Almpm(2) + 2T, ny; € Z, (2.3.34)

where A, is the Cartan matrix of g. Depending on whether the root generators are bosonic or

fermionic the diagonal entries of the Cartan matrix have different values giving the two cases

fermionic : Ay = 0, L= P E . (2.3.35)
bosonic : Ay = 2, L= =P+ ... (2.3.36)

In the fermionic case the quasi-momentum is shifted by some locally analytic function in z giving a
logarithmic branch point. This fully specifies the discontinuity across the fermionic cut except at the
endpoints. In the bosonic case there is an additional sign change which leads to a square root branch
point with some freedom for the discontinuity along the cut. Thus the quasi-momenta satisfy the

discontinuity relations

Aimp,,(2) =2y, z€C;, m; €L (2.3.37)

p(z) = %%(pl(z +i6)) + pi(z —ic)), e€C (2.3.38)

along a set of bosonic branch cuts {C);} with square root singularities at their endpoints and at the
endpoints of fermionic branch cuts corresponding to logarithmic singularities. Let us also parametrise

the residues around the poles at z = +1 by the constants x; and my

LRz F2mmy

pi(z) = 5 11 (2.3.39)

Additionally the system has a Z4 symmetry, which corresponds to an inversion symmetry in z at the
level of the quasi-momenta. The inversion symmetry arises from the action of the automorphism €

on the Lax connection and monodromy matrix (by lifting © to the group action using the exponential

map)

O(La(2)) = La<7>, A(T(2)) = T<f). (2.3.40)
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The action of €2 on the Cartan generators can be parametrised by a matrix S, such that
R
= Z H,pSomi (2.3.41)

This matrix satisfies S? = 1 and therefore has eigenvalues +1, since Q2 = (—1)" and the H; are bosonic

generators. The quasi-momenta are then found to satisfy

1 R
pz(;) = Stmpm(2)- (2.3.42)
m=1

Thus it is sufficient to specify p;(z) in the physical region |z| > 1. The quasi-momenta can be further
parametrised by the density p;(z) for the discontinuities along the bosonic branch cuts and fermionic

singularities, denoted by Cj,
pi(z) = 11_{1(1) (pi(z +€) —pi(z —€)), z € (). (2.3.43)
This gives the spectral representation

K1z + 2mmy / pu(y) / pu(y)
p(z)=———5——+ dy + dy , 2.3.44
(2) 2 0y T e Yy ( )

where the integral is split into cuts and poles C; in the physical region |z| > 1 and those in the unit

circle |z| < 1, denoted by 1/Cj. The inversion symmetry (2.3.42) gives the additional conditions
K = —SiLKL, my; = —Spmg. (2.3.45)

The inversion symmetry also determines the density p(w) in terms of p(1/w) giving

K1z + 2mm, dy pm
(z) = _% / a2 g / yy‘;_y), (2.3.46)
dy
2rmy = (O — Su) | —pr(y), (2.3.47)
Cy Y

with all integration contours in the physical region. Further imposing the discontinuity relations
(2.3.37) on (2.3.46) by using the Sochocki-Plemelj theorem one obtains the finite-gap equations, a set
of Cauchy principal value integral equations for the densities p;(z) on the collection of bosonic cuts

and fermionic singularities {C};}

dy pn(y) _ oy, R 2T

A dyL@) — AikSkn 2 o

Cr z—=Y Cny

T + 21y, 2z € Cpy. (2.3.48)
Y
Additionally one needs to impose the Virasoro constraints, which lead to conditions on the residues

of the poles at z = %1 of the quasi-momenta. Let us review these conditions following [72|. At the

leading order in n = z F 1 the auxiliary linear problem

O0sVi(0;2) = (Lo)ij V(03 2) (2.3.49)
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reduces to
1
0o Ui(0;2) = ——VijUi(0;2), V = —inLy ~ —i(JP + J2) + 0O(n). (2.3.50)
in

Here V(n) is an analytic function since L, has only simple poles at z = 1. This equation can be
solved by the WKB ansatz

1
Wi(o:2) = exp - Silin) ) &) (2.3.51)
This gives the eigenvalue problem for the R = rank(g) eigenvalues of V' € g
Vij¥;(o; 2) = 0,5%;(0; 2), l=1,.,R. (2.3.52)

The quasi-momenta are related to the linear auxiliary problem through the monodromy of a solution

which, in a diagonal basis, takes the form
Ui(r,0 + 2m; 2) = exp(ipi(2)) ¥i(T, 05 2). (2.3.53)

Combining this with the WKB ansatz (2.3.51) the quasi-momenta can be written as

21
pi(z) = }7<sl<o L om) — Si(oin)) = ,17 /O 4o 3, 51(0 7). (2.3.54)

In conformal gauge v,, = diag(+1, —1) the Virasoro constraints (2.3.17) take the form
tr[(J@ + Jg2>)2] —0, (2.3.55)
which implies that
trV? = O(n). (2.3.56)

Writing V' in the Cartan-Weyl basis with its eigenvalues 0,5;(0;n) and using A;; = str H;H; the

condition becomes

Ai055105:8m = O(n), (2.3.57)
where A;; is the Cartan matrix. Defining the functions

fi (o) = lim 0,5 (o;m) (2.3.58)

the limit 7 — 0 of (2.3.54) then determines the residues in terms of fli with the equation (2.3.57)
giving the Virasoro constraints. Thus the Virasoro constraints are equivalent to the existence of the
functions fli(a) such that

1 2w
5(/{; + 2mmy) = do fli(o'), AlmflifniI =0. (2.3.59)
0

In the case that there are not more than two product factors in the target spacetime, as for AdSs x S°
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and AdS; x CP? for example, the functions fli(a) can be chosen to be constant giving the simpler
relations [157]

1
fl:t(U) = 5(,‘?[ + 27rml), (Kil + 27Tml)Alk(Hk + 27ka) = 0. (2.3.60)

However, in cases such as AdSs x S® x T*, for which one needs to consider massless modes, the Virasoro

constraints take the more general form (2.3.59).

2.3.2 Quasi-momenta for string solutions on AdS; x S°

Classical solutions can be classified in terms of quasi-momenta by using the constraints on their asymp-
totics from the global charges of the solution, the constraints on the residues of the poles from the
Virasoro constraints and the Z4 symmetry from the automorphism of the algebra. As an example let
us see how this characterises quasi-momenta of classical solutions for strings on AdSs x S°. The Lax

connection is super-traceless and therefore the monodromy matrix 7'(z) is unimodular
sdet T'(z) = 1. (2.3.61)

It is convenient to define the quasi-momenta in the fundamental representation, i.e. one can consider

the set of quasi-momenta given by the diagonal form of the monodromy matrix
T(z) = diag (eipiq(z), P2 (?) (s (2) i (2) | PP (2) ipF(2) iP5 (=) €ipf(z)>a (2.3.62)

where the label A and S distinguishes between the AdSs and S® matrix blocks. These quasi-momenta

are not independent since unimodularity gives the additional condition

(0(z) =05 (2)) =20k,  keZ. (2.3.63)

4
=1

)

In this representation the quasi-momenta are only unique up to shifts by some constants corresponding
to a central charge.? The quasi-momenta are defined on the cover of the complex plane and the number

of sheets of the Riemann surface is given by the degree of the characteristic polynomial for T'(z)
sdet(T'(z) — pl) =0, (2.3.64)

which in this case is eight. Each branch cut C¥ connects a pair of these eight sheets with the quasi-

momenta having the discontinuity
pi(z + i€) — pj(z —i€) = 2mn,; , ze CY. (2.3.65)

In this picture classical solutions are described by quasi-momenta with macroscopic cuts. The global
charges (FE,S1,S52) and (J1,Jo2, J3) for the SO(4,2) and SO(6) isometry groups are related to the

2We will elaborate on this point in the next section when considering AdSz x S*.
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asymptotics of the quasi-momenta as

pi! +E-81+ S,

P +E+ 81— Sy

P4 —£-8 -8

p4: R e S T Y O( 12), (2.3.66)
Py z +h+Te— T3 z

PS5 + -+ T

3 ~Ji+ o+ T

py - =T~ T3

where the charges are rescaled by the 't Hooft coupling Q@ = vAQ. The inversion symmetry of the
quasi-momenta, which arises from the automorphism of the psu(2,2|4) algebra and relates the |z| < 1

and |z| > 1 regions, takes the explicit form

- - 1
P1,2(2) = —p21 (;) —2mm (2.3.67)
- _ 1
P3a(z) = —p4,3(;) + 2mm (2.3.68)
R . 1
DP1,2,34(2) = —p2,1,4,3(;)- (2.3.69)

Finally the Virasoro constraints (2.3.60) relate the residues of the poles at z = +1 for different quasi-

momenta

{a:ta a4, 6:t,/8:|:|04:|:, a4, B:i:)ﬁ:l:} +0

e (1), (2.3.70)

A A A AL S S S S
{p1',p3, 05,05 [T, 05, 05,1} =

where a4+ and (4 parametrise the residues. Having specified the quasi-momenta one can define the

filling fraction for each cut

VA

Sij =+
* 87T2i Cij

dz(l - ;—Z)pi(z), (2.3.71)

which correspond to the action variables of the system. At the semiclassical level these are quantized
by the Bohr-Sommerfeld condition [159, 152]. Hence S;; corresponds to the number of quanta for a

macroscopic excitation.

Small fluctuations around a classical solution can be described by adding perturbations dp;(z) to

the quasi-momenta of the classical solution, i.e.

pi(z) = pi(2) + pi(2). (2.3.72)

The perturbations take the form of microscopic cuts (i.e poles), which backreact with the macroscopic
cuts and shift their position. The discontinuity condition (2.3.65) now applies to all the cuts. At the

microscopic cuts one finds
pi(z)) = pi(z)) = 2mn,  |5]| > 1, (2.3.73)

which determines the position 29 of the poles to leading order. Along the macroscopic cuts on the
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other hand one finds that the perturbations satisfy
dpi(z +i€) — opj(z — ie) = 0, z€CY. (2.3.74)

The 16 different polarisations of physical world-sheet excitations for the superstring on AdSs x S° are

given by microscopic cuts which connect the following sheets following [160]

@5)
ot

)

Hn

=

<t

T S S S,
S S S

=
S

Together with the asymptotic behaviour and the conditions on the simple poles from the Lax connection

this can be used to find the spectrum of small fluctuations around classical solutions.

2.3.3 Finite-gap equations for strings on AdS; x S* x T* with mixed flux

In the case of string theory in AdSs x S? x T* with mixed flux the coset construction is supplemented
with an additional Wess-Zumino term in the action for the NS-NS flux. In the massive sector of this
mixed flux theory, i.e. in the case of coset fields only, the finite-gap equations were determined in [95].
An important new feature of the AdSs x S* backgrounds is that there are two sets of quasi-momenta,

one for the left moving and one for the right moving sector. The coset for AdS3 x S? is

G xGr  PSU(1,1]2) x PSU(1,1[2)

2.3.75
Hy SU(L,1) x SU(2) (2.3.75)

The algebra of this permutation supercoset is split into the left and right moving sectors
9=09LDIR, 9L = 9R- (2.3.76)

The algebra elements can be written in the matrix form

Jr, 0

J =g 'dg € g, €GrLxGgr, J=
g dgecg, g L R (OJR

> . Jor=9.rd9L.R, 9LR € GLR (2377

The Z4 automorphism acts as

(Jr O
QU)—( 0 (L1)F, > (2.3.78)

where (—1)F is 1 for Grassmann even and —1 for Grassmann odd elements. Explicitly one can take

+1] 0
i 0 |41
)= MM M= | . Q(AB) = QA)Q(B), (2.3.79)

0 | —I
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where each entry in M acts on either even or odd subblocks of a supermatrix. This automorphism

decomposes the Lie algebra g in the usual way into the four parts
Jeg, J=JC+ g4 @450 M)y = M), (2.3.80)
The gauge transformations H € Hy act simultaneously on the left and right group elements by
gr,r = gr,rRH (2.3.81)
and the currents transform as
Jor=JPr+Jtp  Jor—H YPRH+H 'dH,  Jfp— H 'J[ zH. (2.3.82)

Here B and F label the even (bosonic) and odd (fermionic) components. The NS-NS flux is represented
by a Wess-Zumino term in the action, which is a three-dimensional integral over a ball B with its
boundary M = 0B corresponding to the world-sheet. The integrand is a total derivative ensuring
that after integration one is left with a term that only depends on the world-sheet coordinates. In the
bosonic case, i.e. for the bosonic subgroup Hy with the only non-vanishing current J® in the action,
the Wess-Zumino term has the standard form [122]

Sa?;)nic _ q% / str J2D A J@ A J@) (2.3.83)
B

In the case of the full supergroup this expression by itself is not a total derivative. Instead in [68] it
was shown that a total derivative can be obtained by supplementing the bosonic WZ term with two

additional terms giving the unique fermionic completion

Swz =4 / str EJ@) AT AT L gO A g A B 4 g3 A O A J(2>]. (2.3.84)
B

The action therefore takes the form
S == / str [J@) AxJ® 4 g JO A J(?’)} + Swz, (2.3.85)
M

where s and ¢ are now free relative parameters for the different terms. For x? 4+ ¢?> = 1 the equations
of motion admit a flat Lax connection in terms of the currents J®*) showing classical integrability. The
above form of the action is not invariant under the Z4 automorphism due to the presence of the WZ
term Sy z, which has a grading of two, i.e. Q(Swz) = —Swz. Instead, applying € is equivalent to
sending ¢ — —¢q. For convenience it is possible to write a Z, invariant action by introducing a matrix

of grading two into the WZ term in the action. Defining such a matrix by

I 0
W:(JB ]1)’ w2=1,  QW)=-W, (2.3.86)

the Z, invariant action takes the form [95]

Swz=4q / str W EJ@) ANTDATD 4 gD A JE A O 4 g& A JO A JO (2.3.87)
B
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One should note that the automorphism is not a physical symmetry since it acts non-trivially on W

which is not a dynamical field. The equations of motion are given by

Adx K++KANJ+JA+K =0, K=Kas—+ Ky (2.3.88)
«Kag = —(x2J@ + g(J® — JOy), (2.3.89)
«Kyy = —qW(2J® + g0 4 j@), (2.3.90)

1

where kK = gK g~ is a Noether current

dxk=0. (2.3.91)
Making the same ansatz for the Lax connection as in the pure R-R case (i.e. ¢ =0)
L=J9 4~ 47 % J? 4 4 JD 4 4576 (2.3.92)

the flatness condition dL + L A L = 0 gives a set of equations for the coefficients v;,7 = 0, .., 3, * which

involve W. Hence in this parametrisation the coefficients are matrices of the form
Yi = il + BiW. (2.3.93)
The flatness condition is invariant under transformations of the form
L — hLh™t —dhh™!, h e G, (2.3.94)

which can be used to gauge away the J(© term by choosing h = g where g is obtained from J = ¢~'dg
and thus

L—L=g(L-J)yg" (2.3.95)

Finally the coefficients a; and 3; can depend on g and should also be functions of the spectral parameter
z. In particular one can choose a parametrisation in z such that the Lax connection inherits the

following properties from the pure R-R case:

e When the NS-NS flux vanishes the Lax connection should reduce to the standard expression in
the pure R-R case, which in particular implies
2241

as(z) — -

e The asymptotics of the Lax connection should give the global Noether current k as in the pure

R-R case, i.e.

L~

w |

Foy 200 (2.3.97)

e The 7Z, automorphism should induce the inversion symmetry

Q(L(2)) = L(l). (2.3.98)

z
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e The coefficients d9 = as + B9 and d, = ay + B4 for the bosonic current J@) contributions should
be rational functions of the spectral parameter. This is particularly useful for the construction

of the algebraic curve for classical solutions [20].

Imposing these conditions a possible parametrisation for the Lax connection is given by

L(z) = ! > [(&-(@ +8i(—q)JD + (6;(q) — 51(—q))WJ(i)], J&) = 53 (2.3.99)
i=1,2,3,*
Z2 K K
02 = (ZQ(_ 1;11 507 61 =(z+ 1)\/( y— e (2.3.100)
—2Kz K
5* = _m, 53 = (Z - 1)\/( e — 2(]2 (23101)

The original pure R-R Lax connection poles at z = +1 now get shifted by the NS-NS flux coefficient
q to z=s,—1/s, where

s /1 (2.3.102)

I—gq
The Z4 symmetry also gives the two additional poles at z = 1/s, —s. The monodromy matrix can now

be diagonalised in a Cartan basis

R
T(z,q) = (z,q) exp (Z [p1k(2,q VHE 4 p_i(2, q)Hk])U(z,q), (2.3.103)
k=1

where the labels L and R denote non-vanishing elements in the upper left and lower right corners of the
matrix decomposition for g = gr ®gr. The Z4 automorphism exchanges the left and right currents and
therefore the left quasi-momenta p,(z) inherit the poles at z = s, —1/s while the right quasi-momenta
p_k(2) inherit the poles at z = 1/s, —s. The Weyl reflections lead to the usual logarithmic and square

root branch points with the monodromy condition along the cuts C ;
Ao, =205, z € Cy, (2.3.104)

where Alim are the Cartan matrices for gy and gr. Expanding the quasi-momenta near the poles one

can parametrise the residues as

+ +
K £ 2mm 1
p1i1(z) = S =TT . Z~ 54, S5y =8, S_=—-— (2.3.105)
2 Z — S4 S
S+ K; F2mm,;
po(z) =F =L T 4z~ sy (2.3.106)

2 zZ+ s+

At large z the Lax connection and quasi-momenta expand as

L:g_l(d—ké*k)g—k(?(%), pﬂ(z)z%ﬂo(i), (2.3.107)

22

which gives the charges @); associated with the Noether current k for the global symmetry. In the

spectral representation the quasi-momenta take the form

z(2rgmit + k) + 2rmit / () / ()
. 4 I R 2.3.108
N P P A A e R
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The action of the Z4 automorphism on the Cartan generators can be parametrised as

Q(HE) = HEST

ml>

QHY =HES,,. (2.3.109)
Together with Q(7'(z)) = T'(1/2) this gives the inversion symmetry for the quasi-momenta

1
Pil(;) = S} prm(2). (2.3.110)

For the spectral representation of the quasi-momenta these relations imply

+
:0 (v)
KT = SiRT, mljE = Skl 27rm;E = $/C dy P y(y / (2.3.111)
l

(27rqml == +) + 27rml dy p
— 2.3.112
pai(z) = CFa)isT) /Cz / 5 ( )

The monodromy condition (2.3.104) then gives the finite-gap equations
+

dy pf omqmi + K + 2rmi

Alﬂ;,][ ay?i¥) _ Alﬂ,gs,jn/ dy piW) _ _ o 2mamy i 2y, . (23.113)
c 2T c, Y2 —1/y (z Fs)(z+1/s)

The Virasoro constraints do not change in the presence of the Wess-Zumino term and for coset fields

are given by
(5 £2mm ) Af (5 £2emf) =0, (k] £27mm; ) Ay (K, £ 27my ) = 0. (2.3.114)

For superalgebras the choice of simple roots is not unique, which results in different possible inequivalent
Dynkin diagrams and Cartan matrices. At the level of the finite-gap equations all these grading choices
are equivalent. However, matching the finite-gap equations with the semiclassical limit of Bethe ansatz

equations leads the preferred choice of opposite gradings for the two copies of psu(1,1|2)

0 F1 0 1 -1 0
AF=| 711 2 71 |, S*=[0 -1 0 |. (2.3.115)
0 F1 0 0 -1 1

In the fundamental representation, i.e. with the quasi-momenta defined as the eigenvalues of the

monodromy matrix, the finite-gap equations reduce to the six relations

pt —pl =2mnf,  p%y—pty=2mng, (2.3.116)
pi—pio=2mnf,  ply—pl =2mng, (2.3.117)
s — pis = 2mn, py —p% =2mn]. (2.3.118)

For fluctuations along directions on AdS3 x S? there are now 8 physical world-sheet excitations, which

correspond to microscopic cuts connecting the following pairs of sheets (as shown in figure 2.2)

$7: (051,0%,), (012, P0), (2.3.119)
AdS3 : (p21,p2), (e, p), (2.3.120)
fermionic : (péhpiﬂa (p§1apé2)v (Pﬁ%pil% (Pimpﬁﬁ- (2.3.121)
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A S
3 3 y 2] I 3 Y L))
S A
3 3 Dy 3 3 Y2
+1 -1
A
g pig . 2]
A S
P < p+2 P Py p—l

Figure 2.2: The left and right figures show the sheets of the quasi-momenta in the gradings for the
two copies of psu(1,1[2). The +1 gradings are characterised by the middle nodes, which in the left
and right figures correspond to su(2) and s[(2). The blue and red wiggly lines show which sheets are
connected by the poles for the eight bosonic and fermionic excitations. Polarisations that cross the
dashed lines next to the fermionic nodes an odd number of times are fermionic.

2.3.4 String motion on R x S?

In this section we briefly review classical bosonic string motion on the R x S subspace of the AdSsz x
S3 x M* backgrounds with mixed flux. In particular we make the connection between the group space

o-model and the bosonic string action in terms of embedding coordinates.

In general bosonic string motion on a curved background is described by the Polyakov action

h

5=-3 / &% [\/—wabGMN(Y) + e“bBMN(Y)]aaYM oY, (2.3.122)

where Y™ M = 0,..,9 are the string embedding coordinates, Gjsn is the target space metric, By n
is the antisymmetric tensor for the NS-NS flux and ~,, is the 2d world-sheet metric. The target-
space metric Gy and world-sheet metric v, are assumed to have signatures (—, +, ..., +) and (—, +)

respectively.

For string motion on the RxS? ¢ AdS3 xS? xT* subspace with embedding coordinates (t, Xy, .., X4)

in RY the action takes the form

S = —};/d% [\/—’y’yab(aaX O X — DgtOpt) + A(X? — 1)} + Swz, (2.3.123)

h ) .
Swz = -5 /d% ¢’ B0, X0, X7, i,j=1,..,4, (2.3.124)
where A is a Lagrange multiplier restricting string motion to S® and we use the shorthand notation
X% =X'X", XY = XY, i=1,

A4, (2.3.125)

The Kalb-Ramond 2-form Bjysn is a potential for the 3-form field strength H = dB. The 3-form H

must be proportional to the volume form since it is the only non-trivial 3-form on S3
dB = gvol(S?). (2.3.126)

Using Stokes theorem the B-field contribution Syyz can be written in terms of the embedding coordi-
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nates as a Wess-Zumino term, which in this case is given by the 3-dimensional integral
1
Swz = —hq/d30' ge“bceijlei(‘)anakaach. (2.3.127)

Varying the action with respect to the world-sheet metric gives the Virasoro constraints

Qa a 1 55 h a 1 a C
Tb:Oa Tb:\/?’Y(Wb 25(96—5’7 b’chQ d>7 (2.3.128)
Gab = Gun0YMOYYN = 0,X - 0,X — 0,t0ht, (2.3.129)

where T is the 2d energy-momentum tensor. These constraints are independent of ¢ since the world-
sheet metric does not appear in the Wess-Zumino term. The equations of motion for X; and t are

given by

(V=70 X;) + /=7 (0, X - O X)X; + qK; =0,  X*=1 (2.3.130)
da(v/ =77 0yt) = 0. (2.3.131)

Here K; = e“beijlejaanale and we have used that €;30 X;0,X;0,X,0.X; = 0 since 6X and 0X are
orthogonal to X, which follows from X? = 1, and thus only span a 3-dimensional space. Alternatively
since S3 ~ SU(2) this string model can be written as a principal chiral model with a Wess-Zumino

term, which is a group space o-model on SU(2)

h

525

1
[ / d%\ﬁ—wab(%mt}m}b] +8at6bt) +q / d3a§e“bctr[JanJc]}, Jo =g a9, (2.3.132)

where g € SU(2) and J € su(2). This action can also be written in a more compact notation

S—h

=3 [/dQU (%tr[J A xJ] 4+ dt A *dt) + g/d3o tr[J A J A J]}, J =g dg, (2.3.133)

where J = J.d7r + J,do. We can explicitly parametrise SU(2) in terms of the embedding coordinates
as, for example,
VARV
g={ 71 TP, Zi=Xi+iXe, Zy=Xs+iXy, |Z[P=1. (2.3.134)
—Z5 43

Substituting this parametrisation into the PCM action (2.3.132) one recovers the Polyakov action

(2.3.123). The equations of motion and Virasoro constraints now take the form

dxdt =0, (2.3.135)

dxJ —qJAJ =0, dJ—JAJ=0, (2.3.136)
1

T =0,  gu= =5 trl o] — Datyt. (2.3.137)

In order to determine the Lax connection we can make the ansatz

L=oa(z)]+p(z)*J. (2.3.138)
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Requiring that this connection is flat gives
0= (a—a*+qB— B3I NJ, (2.3.139)

where we used the equations of motion (2.3.136) as well as the following identities for 1-forms in two

dimensions
**x =1, al xb=—xaAb. (2.3.140)

The equation (2.3.139) can be solved for 8 = (—q + /¢ — 4a + 4a2) /2. However, the Lax connection
should only have simple poles and we would like it to be a rational function in z. Therefore we
need to choose a parametrisation such that ¢> — 4a + 4a? gives a square. One possible solution is
a(z) = (1—qf(2))/(1— f(2)?) where f(z) is an arbitrary rational function®. For example, a convenient
choice is

1—gqz
=T

z—q 1—gqgz zZ—q
— L= J J. 2.3.141
1—22’ 1—22 +1—22* ( )

a(z) Bz) =

Global symmetries

The action for string motion on R x $3, in the form of (2.3.123) or (2.3.132), is invariant under constant

shifts of the target space time coordinate t. This gives the Noether charge for spacetime energy
2
E= h/ do 0;t. (2.3.142)
0

The principal chiral model (2.3.132) also has a global SU(2)1, x SU(2)g symmetry
g — ULgUR. (2.3.143)

The associated Noether charges are given by

h

SU@2)L: QL= 2/ *jr,  jo=K+qxK, K=dgg'=gJg" (2.3.144)
h

SU2)r: Qgr= 2/ * IR, jr=J —q*J, J = g_ldg. (2.3.145)

Expanding the Lax parametrisation (2.3.141) around z — oo we obtain the Noether currents
1. .
L=—%jrp+.., jr=J —qx*J, z — 0. (2.3.146)
z

Let us note that the action (2.3.132) is written in terms of the SU(2)g current J, which is invariant

under SU(2)r, but under SU(2)g transforms non-trivially as
J = Up' JUE. (2.3.147)

Equivalently the action can also be written in terms of the SU(2), current K.

2
3This is not a unique solution. Another possible solution is o = %(1 — /1 —q? i;g;z ).
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Gauge fixing

String o-model actions are invariant under world-sheet reparametrisations
(1,0) = (7,0), (2.3.148)

which is a world-sheet gauge symmetry. The target space fields transform as world-sheet scalars and

the world-sheet metric transforms as a world-sheet tensor

YM(r,0) = YM(7,6) =YY (1,0), (2.3.149)
“ L o do
V(7.0) = Fabl(7,5) = o= =5 Ye(7, ). (2.3.150)

For infinitesimal diffeomorphisms 0 — 0% — €*(7, o) with
oYM =29, Y™, Sy = Vaer + Vieq (2.3.151)
this world-sheet symmetry gives the Noether currents
P =26T%  V,*=0. (2.3.152)

For global diffeomorphisms, i.e. constant €, this reduces to the conservation of the energy-momentum

tensor with world-sheet energy and momentum as the corresponding charges
VI%=0, P,= /da T°,. (2.3.153)

Since €, is an arbitrary function of the world-sheet coordinates the remaining condition from (2.3.152)
implies that the energy-momentum tensor vanishes, 7% = 0, which is consistent with the Virasoro

constraints. Therefore the world-sheet energy and momentum vanish on shell
P, =0. (2.3.154)
Another gauge symmetry of string o-model actions is the invariance under Weyl transformations
Vap — €T o (2.3.155)

The topology of the string world-sheet is that of a sphere. Therefore all metrics are conformally
equivalent. In particular the reparametrisation invariance can be used to fix conformal gauge, i.e. to

bring the world-sheet metric into a conformally flat form

\/jryryab — pab = dlag<—17 —|—1) (23156)

Any remaining overall scale factor of the metric can be further eliminated using Weyl invariance. This
still leaves a residual invariance of the action under diffeomorphisms that only affect the scale factor

of the metric, i.e. conformal transformations of the form

(Ta U) — (71, 6)) Yab — ’S/ab = Q')’ab- (2.3.157)
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In two dimensions they form an infinite dimensional subgroup of diffeomorphisms with an infinite

number of Noether currents
§O = 26,7, (2.3.158)
where ¢, is a solution of the conformal Killing equation
Ly=Q—1)y, & Vaep+ Viea = Veeyap, Q — 1=V, (2.3.159)

This residual gauge freedom can be used to further fix the gauge. For this it is convenient to introduce

world-sheet light-cone coordinates

+
ot =1 : Z 0L=08,+0,, (2.3.160)

such that the world-sheet metric takes the form
ds? = —4doTdo. (2.3.161)
Conformal transformations preserve this form and are therefore given by
ot =&t =fT(c™), o- —ad = f(07), (2.3.162)

where f*(oF) are arbitrary invertible functions. In these coordinates the equation of motion for ¢

takes the form
04+0_t =0, (2.3.163)
which has the general solution
t=tt(oT)+t (07). (2.3.164)
Applying a conformal transformation allows one to fix static gauge by bringing ¢ into the form
t = KT (2.3.165)
Here the constant « is related to the target-space energy of a string solution
E= h/dat' =V )k, (2.3.166)
The bosonic string action simplifies in conformal gauge to
S = g/da+d0_ (Gun + Bun)o, YMo YN, (2.3.167)
In the case of string motion on R x S? this gives the action

h 1
§=-3 [ / o0, X -0_X +AX*-1)]—¢q / d3o ge“bceijklxiaaxjabxkacxl], (2.3.168)
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with the equations of motion and Virasoro constraints

0+0-X; + (0+ X - 0_ X)X, +qK; =0, K; = €ijlej8+Xka_Xl, X2 = 1,
(0+X)% = K%

In the case of the principal chiral model with a Wess-Zumino term the action becomes

h
S=—3 [ / o ttr(JoJ ) — ¢ / d3o %e“bctr(JanJc)],

with the equations of motion and Virasoro constraints
1
Oxdz+ (14 T, J] =0,  tr(J3) = -2k

The Lax connection (2.3.141) now takes the simple form

==y
14z

Ly Jx.

Solving the Virasoro constraints by defining the unit vectors S, and parametrising Ji as

Jy = ilﬁgi o
where & is the vector of Pauli matrices, the equations of motion become
84S0 — k(1 +q)e7k ST 5% =0, 9_S° + k(1 — q)c7*SI Sk = 0.

These equations follow from the Faddeev-Reshetikhin action [161]

5= [ ol(t - C4(E0) + (14 9O (82) - 51— @S - 5,

where Cy is a Wess-Zumino-type term of the form
Cy = —% /0 1 A€ €%8;0¢5;04. Sy, 6Cy = %ajkasisjaisk + 01X
gi(ﬁ =1)= S, gi(f =0)= So+ = const.
Now transforming the world-sheet coordinates as
of = 6T =(1+q)o™

maps the ¢ # 0 FR action to the ¢ = 0 action

T B

S = /d25[é+(§_) +C-(84) — 5r84 - 5],

o7

(2.3.169)
(2.3.170)

(2.3.171)

(2.3.172)

(2.3.173)

(2.3.174)

(2.3.175)

(2.3.176)

(2.3.177)

(2.3.178)

(2.3.179)

(2.3.180)

In part IT of this thesis we will use the map (2.3.179) to construct ¢ # 0 generalisations of ¢ = 0 string

solutions.
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2.3.5 Finite-gap equations for strings on R x S*

The monodromy matrix

™ 1/14¢ 1—gq
T(z) —Pexp/o da§<1+2J+—EJ_) (2.3.181)

is a unimodular 2 x 2 matrix with the eigenvalues e*?(?) and the quasi-momentum p(z) given by
trT(z) = 2cosp(z). (2.3.182)

The Dynkin diagram for SU(2) consists of a single node with the Cartan matrix and inversion symmetry

matrix given by
A=2, S=-1 (2.3.183)

The Lax connection (2.3.173) can be diagonalised near the poles z = £1 by a gauge transformation

which is regular in z and periodic in o (see e.g. chapter 3.8 in [151])
L(z) = LY%8(2) = g5 (2)L(2)gT (2) ! — dgT(2)9T (2) 71, g (2) € SU(2), (2.3.184)

Ldiag(z) _ i Li(l +2)", gi = igf(T,U)(l +2)". (2.3.185)
n=0

n=-—1

In this abelian gauge the flatness of L* reduces to dL;" = 0 and the coefficients L give an infinite set

of local conserved quantities
oFf = /Lﬁf, n=-1,0,... (2.3.186)
~

Their conservation follows from Stokes theorem

/ Lj;—/ Lf:/ dLE =0, (2.3.187)
71 72 D

where 1 and 79 are closed paths corresponding to the boundary of D. The Q are diagonal elements
of su(2). They are therefore proportional to the Pauli matrix o3 = diag(+1, —1), which gives the

conserved charges

Q= %Z.tr(Q,iLag). (2.3.188)

The mondoromy matrix then takes the diagonal form

T(2) = T8 (2) = ¢ (2)T(2)g% (2) ! = exp [ 3 QE(1+2) (2.3.189)
n=-—1
with the quasi-momentum

p(z)= Y QF(1+2)" (2.3.190)

n=-—1
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In particular the Virasoro constraints determine the residues at z = £1 of the quasi-momentum, i.e.

Q*,. Expanding the o-component of the Lax connection (2.3.173) in the abelian gauge we have

11+q dia
L, =%+- JE 4. — F1l. 2.3.191
o 2 1 :I: p =+ + 9 z + ( )
Since Jiiag € su(2) it is proportional to o3 and the Virasoro constraints trJ2 = —2x? then give
JI8 — ko, (2.3.192)

The residues at z = £1 of the quasi-momentum are then found from the diagonal monodromy matrix

. 1+
leag = exp [j: o qi7r/€03 + }7 PR q:l. (2.3.193)
z

We can therefore write the quasi-momentum in the spectral representation as

p(z)ZG(z)—i—ﬂ\%HiZ -9, G(z):/odyzp(_y)y+/cdy Py) (2.3.194)

2
z— 2
Y Y

where G(z) is the resolvent. The discontinuity relation (2.3.37) for the quasi-momentum reads
p(z + i€) + p(z — i€) = 27mn;. (2.3.195)

This gives the finite-gap integral equation

, , [ py) | 1 ply) 2rErl+q 1-—¢q
G(z + i€) + G(z — ie) dy(z—y+y2z—f>_ ™ Vo F i g L z e C

2.3.6 BMN string on R x S* and AdS; x S* x T* with mixed flux

As a simple example let us consider the point-like BMN string. It has the same form on pure R-R and

mixed flux backgrounds since its coordinates do not depend on o

) 0 1
Zp=e"m, Zy =0, E=— =k, Jry=J,+J, =1k . 2.3.197
' ? 5 * (1 0> ( )

For this solution the monodromy matrix (2.3.181) is found to have the eigenvalues

(2.3.198)

AR p(n) = 7r5[1 +q 1- q}

1+2 1-—-=2
In other words the BMN string corresponds to a quasi-momentum with the two simple poles and no

additional cuts. In the case of AdS3 x S® x T4 with mixed flux the BMN string gives the flat connection

Ex

1 Ez
G(z—s)(z+1)

7
Ly = diag(1l,—1,1,-1) @ +— <%
( ) q(z—l—s)(z—%)

diag(—1,1,—1,1), (2.3.199)

G=1-¢ (2.3.200)
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This gives the diagonalised monodromy matrix in terms of the quasi-momenta

T = diag (eipﬁljeipﬁz ‘eip%’eipiz | leipﬁ’ oy |eip§17 eip§2> (2.3.201)
— diag (ez‘pm, e~ ()| eP(2) ¢=ip(2)||ip(1/2) o=ip(1/2)|gin(1/2), e—ip(l/z)) (2.3.202)
2rE
p(z) = ez (2.3.203)

V1—q¢*(z—s)(z+ %)
2.3.7 Circular strings on AdS; x S°

Another simple example is the circular string solution moving on the R x S? subspace with R ¢ AdSs,

S? ¢ S%, equal angular momenta and equal winding numbers

E = \/Xg, Jl == \F/\jl, J2 = \F)\jg, jl = jQ = j/Q, mip = —Mmgog =M (2.3.204)
1 1 .
7y = —=¢llwrtma) o= ——Wrmo) 2 4 2=k T =w, €=k 2.3.205
1 \/§ 2 \/5 ( )
The quasi-momenta on the AdS subspace have only the two simple poles (in analogy to the BMN

string solution)
. R R R 2Kz
Pr=p2=-Ps=-P1= 57, k=E=+\J?*+m? (2.3.206)
Choosing a coset parametrisation in terms of Z; and Zs and evaluating the Lax connection one finds
that the quasi-momenta on the S subspace have a single cut connecting the sheets of pp and ps
[153, 160]
- - z _ _ z
pr=-ps=——K(1/2), pa=—p3= K(z)—m, K(z)=+vVJ?+ m2z2. (2.3.207)

22 -1 22 -1




Chapter 3

(Non-)integrability of classical strings on

p-brane backgrounds

In this chapter, based on [1], we investigate integrability of classical string motion on brane back-
grounds. The equations of motion for strings on curved backgrounds are non-linear as they are de-
scribed by o-models. Ideally we would like to have a detailed description of their dynamics at the
classical and quantum level to a degree similar to flat spacetime, for which the equations of motion
are linear. This is indeed possible for certain backgrounds that lead to integrable string o-models.
The most prominent example is given by superstring theory on the maximally symmetric AdSs x S°
spacetime, for which much progress towards a quantitative description of the quantum spectrum has

been achieved due to its integrability [162].

One may wonder if integrability can also apply to string motion on closely related but less symmetric
p-brane backgrounds [163, 164, 165], such as the D3-brane background [165, 166|, which is a 1-parameter
(D3-brane charge Q) interpolation between flat space (Q = 0) and the AdSs x S® space (Q = o).
While string theory is integrable in these two limiting cases, what happens at finite () is a priori an

open question. This is the question we are going to address in this chapter.

A first step towards establishing quantum integrability of a bosonic model or integrability of its
superstring counterpart is the study of classical integrability of the corresponding bosonic o-model.
Following the same method as used previously in [146, 167, 147] we will demonstrate non-integrability
of classical extended string motion on the D3-brane background (particle, i.e. geodesic, motion is
still integrable). We will also reach similar conclusions for other p-brane backgrounds that interpolate
between flat space and integrable AdS,, x S¥ backgrounds.

The main cases include the D3-brane, the D5-D1 background and the four D3-brane intersection
that interpolate between flat space and AdSs x S®, AdS3 x S x T* and AdSy x S? x T respectively.
While geodesic motion on these backgrounds is integrable, making a special ansatz for string motion
we will find that the resulting 1d system of equations is not integrable by applying the variational

non-integrability technique for Hamiltonian systems as used in [147] (section 3.3).
In section 3.1 we first give a brief summary of the ideas from differential Galois theory on which the

non-integrability techniques for Hamiltonian systems are based on. In section 3.2 we then illustrate

these techniques on a simple example of the non-integrable two-particle system with the potential

61
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V(z1,32) = $a3ad.

In section 3.4 we study the NS5-F1 background and show that integrability is absent for generic
values of the two charges Q1 and @5, but it is restored in the limit when Q)5 — oco. In section 3.5
we also demonstrate non-integrability of string propagation on the pp-wave geometry T-dual to the

fundamental string background [168, 130].

3.1 Integrability and differential Galois theory

Integrability in the sense of Liouville implies that the equations of motion are solvable in quadratures,
i.e. the solutions are combinations of integrals of rational functions, exponentials, logarithms and
algebraic expressions. Solutions of this type are referred to as Liouvillian functions. Thus the question
of integrability is related to the question of when differential equations admit only Liouvillian solutions.
This is answered by differential Galois theory and the main integrability theorem, which our analysis

relies on, can be stated as follows [169]:

Theorem Let H be a Hamiltonian defined on a phase space manifold M with an associated
Hamiltonian vector field X . Let P be a submanifold of M which is invariant under the flow of X with
the invariant curves T' and let X|p be completely integrable. Also let G be the differential Galois group
of the variational equation of the flow of X|p along I' normal to P. If X is completely integrable on

M then the largest connected algebraic subgroup of G which contains the identity is abelian.

Since differential Galois theory is not frequently used in physics we shall give a brief introduction
and illustrate some basic concepts on a simple example below. We shall follow ref.[170]. First, let us

give some basic definitions:

1. A differential field is a field F' with a derivation Dg, which is an additive map Dg : F — F thus
satisfying Dr(ab) = Dp(a)b+ aDp(b), Va,b e F.

2. A differential homomorphism /isomorphism between two differential fields F; and F; is a homo-
morphism /isomorphism f : F; — F, which satisfies Dg,(f(a)) = f(Dg,(a)), Va € F.

3. A linear differential operator L is defined by
L(y) = y™ + an_1y™ D + ..+ agy (3.1.1)

where y(™ = D%(y) and a; € F.

4. A differential field F with derivation Dpg is called a differential field extension of a differential
field I’ with derivation Dp iff E D F and the restriction of Dg to F' coincides with Dg.

5. Elements a € F whose derivative vanishes are called constants of F'. The subfield of constants
of F'is denoted by CF.

In order to investigate the types of solutions a differential equation admits one has to encode the
relations and symmetries of the independent solutions. Relations can be encoded in the Picard-Vessiot

extension of a differential field which includes the solutions of L(y) = 0:
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Definition An extension E D F is called a Picard-Vessiot extension of F' for L(y) = 0 iff:
E is generated over F as a differential field by the set of solutions of L(y) =0 in E;
E and F' have the same constants;

L(y) = 0 has n solutions in E linearly independent over the constants.

One can show that the Picard-Vessiot extension always exists for differential fields with an algebraically

closed field of constants and this extension is unique up to isomorphisms.

Symmetries of the solution space are linear transformations which, applied to a solution, give a
new solution. The simplest formulation is in terms of automorphisms of the Picard-Vessiot extension

and leads to the notion of the differential Galois group:

Definition For a differential field F' with the Picard-Vessiot extension E O F the differential Galois
group G(E/F) is the group of differential automorphisms o : F — E whose restriction to F' is the

identity map, i.e.
GE/F)={0c:FE — FE|o(a)=a VYa€F}.

A solution y(x) of a linear differential equation L(y) = 0 is called
algebraic if it is a root of a polynomial over F’;
primitive if y'(x) € F, i.e. y(z) = [* f(2)dz for f(z) € F;
exponential if % € F,ie. y(z)=exp ([” f(z)dz) with f(z) € F.

Definition The solution y(x) is called Liouvillian if there exist differential extensions E;, i = 0,..,m
F=FEyCFEF C..CE,=F

such that y(z) = ym(x) € E, E; = E;_1(yi(x)) and y;(x) is algebraic, primitive or exponential over
E;,_1.

We will be interested in second order homogeneous linear ordinary differential equations
y" (@) + a(@)y'(z) + b(x)y(z) =0, (3.1.2)

where a(z),b(z) € F and F = C(x) is the differential field of rational functions over complex numbers.

The equation (3.1.2) can be cast into the normal form

y'(x) +U(z)y(xr) =0, (3.1.3)
Ulx) = —%aQ(:c) - %a'(m) +b@), U)eF (3.1.4)

by the transformation y(z) — y(z) exp (—1 [* a(z)dz). Let us identify the corresponding Galois group.
Let E be a Picard-Vessiot extension of F' = C(z) and z;(x), z2(x) € E be two independent solutions
of (3.1.3). The Galois group G(E/F') consists of differential automorphisms o which act on the space

of solutions of (3.1.3), i.e. map solutions to solutions. Thus

o(zi(x)) = Cijzj(x) , i,j=1,2. (3.1.5)
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Defining the Wronskian w(z1(x), z2(x)) = det ( z} (z) z?(x) ) we obtain
21(z) z5(x
o(w(z1(x), 22(z))) = det C w(z1(x), z2(x)), (3.1.6)

where det C' is the determinant of the Cj; matrix in (3.1.5). The Wronskian is a constant since
w'(z) = z1(x) 25 (x) — z2(x) 2] (x) = 0 by virtue of (3.1.3), i.e. w(z) € F. Therefore, o(w(x)) = w(z),
giving det C = 1. Thus the Galois group for (3.1.3) is a subgroup of SL(2,C). For more general
equations the Galois group is a subgroup of GL(n,C).

Let us now address the main question: whether a differential equation can be solved in terms
of Liouvillian functions. Since the minimal differential extension generated by all solutions is the
Picard-Vessiot extension we therefore require that the Picard-Vessiot extension is generated by a tower
of Liouvillian extensions. By the fundamental theorem of differential Galois theory this tower of
extensions is related to subgroups of the Galois group through a bijective correspondence. One can
show that for the Picard-Vessiot extension to be Liouvillian, the identity-connected component of the
Galois group G has to be solvable (see theorem 25 in [171]).1

A simple example is provided by the equation y”(x) + 2zy’(x) = 0 which has the normal form
y' () — (2% + 1)y(z) = 0. (3.1.7)

For this equation F' = C(z) is the field of rational functions over complex numbers. The solu-

2

tion space may be represented as Ces™ @ C 2 J e7*". The Picard-Vessiot extension is E =

Clx, 6%12, e_xz, J e_x2) and the tower of extensions of E is
1 1 1
C(z)cC (x,e5x2) ccC (:r,eixz,e_xz) CcE= (C(ac,e2x2,e_x2,/e_x2> i

Then the Galois group G(E/F) and its identity component G are

0

G:Goz{(a ) a#0,c e(C} (3.1.8)
¢ 1/a

This is a solvable group since it is a subgroup of SL(2,C) whose algebraic subgroups are all solvable

except for SL(2,C) itself.

3.2 On the non-integrability of classical Hamiltonian systems

Integrability of classical Hamiltonian systems is closely related to the behaviour of variations around
phase space curves. Based on this observation, ref.[172] obtained necessary conditions for the existence
of additional functionally independent integrals of motion. These conditions are given in terms of the
monodromy group properties of the equations for small variations around phase space curves. Using
differential Galois theory, refs.[173, 174, 145| improved these results by showing that integrability

implies that the identity component of the differential Galois group of variational equations normal

LA group is solvable if it has a subnormal series whose factor groups are all abelian, that is, if there are subgroups
{1} < G1 < ... < Gy, = G such that Gx_1 is normal in Gy, (i.e. invariant under conjugation) and G /Gr—1 is an abelian
group for all k =1,...,n.
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to an integrable plane of solutions must be abelian (see the theorem in section 3.1). This necessary
integrability condition allows one to show non-integrability from the properties of the Galois group.
However, determining the Galois group can be difficult and therefore one usually takes a slightly
different route in analysing the normal variational equation (NVE).

One considers a special class of solutions of the NVE which are functions of exponentials, loga-
rithms, algebraic expressions of the independent variables and their integrals and which are known
as Liouvillian solutions [175]. The existence of such solutions is equivalent to the condition that the
identity component G° of the Galois group is solvable (see, for example, theorem 25 in [171]). This in
turn implies that if the NVE does not admit Liouvillian solutions then G° is non-solvable (and thus
non-abelian) leading to the conclusion of non-integrability.

For Hamiltonian systems the NVE is a second order linear homogeneous differential equation and
for such equations with rational coefficients Liouvillian solutions can be determined by the Kovacic
algorithm [176] which fails if and only if no such solutions exist. Therefore, whenever no Liouvil-
lian solutions of the NVE are found by the Kovacic algorithm one can deduce non-integrability of a
Hamiltonian system.

An important subtlety here is that we first need to algebrize the NVE, i.e. rewrite it as a differ-
ential equation with rational coefficients. This can be done by means of a Hamiltonian change of the
independent variable and it was shown in [177] that the identity component of the Galois group is

preserved under this procedure.

In summary, if the algebrized NVE is not solvable in terms of Liouvillian functions or, equivalently,
if the component of the quadratic fluctuation operator normal to an integrable subsystem does not
admit Liouvillian zero modes, the original system is non-integrable. This is consistent with the usual
definition of integrability in the sense of Liouville which, for Hamiltonian systems, implies that the

equations of motion should be solvable in quadratures, i.e. in terms of Liouvillian functions.

The main steps to prove non-integrability of a Hamiltonian system are thus:
e Choose an invariant plane of solutions.
e Obtain the NVEs, i.e. the variational equations normal to the invariant plane.

e Check that the algebrized NVEs have no Liouvillian solutions using the Kovacic algorithm.

This approach was recently used in [147, 148] to show the non-integrability of string motion in

several curved backgrounds and we shall also follow it here.

Let us first explain what the algebraization procedure of the last step means. A generic NVE is a

second order differential equation of the form

i+ qt)n+r(t)n=20. (3.2.1)

A change of the variable ¢ — x(t) is called Hamiltonian if z(¢) is a solution of the Hamiltonian
system H(p,z) = % + V(z) where V(z) is some potential. Then x satisfies the first integral equation
32 4+ V(z) = h, implying that & (and also #) is a function of z only. Changing the variable t — z(t)
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in (3.2.1) we obtain (here ' = %)

" + ( r q(ti’n))) n + Mﬁ =0. (3.2.2)

— + -
32 12

We should now require that the coefficients in this equation are rational functions of z.

Let us consider the following simple example of a Hamiltonian system with the canonical variables
(@i, pi) (i=1,2) [178]

1 1
H = 5(p} +p3) + 5aias. (3.2.3)

A choice of an invariant plane, referred to above, is P = {(x1,x2,p1,p2) : 2 = p2 = 0} along which
the solution curves are z1(7) = k7 + const, p; = k, & = v/2H. The system along the plane P with
the coordinates (x1,p1) is integrable since the only required constant of motion is provided by the
Hamiltonian.

To determine the direction normal to the solution curves of this integrable subsystem we can use
the Hamiltonian vector field along the curves X*! =k, XP1 =0, X*2 =0, XP2 = 0. Thus the normal
direction is along x2 and po and expanding around xo = 0 with dzs = 1 we obtain the following normal

variational equation (NVE)
0" (1) = =23 (7) n(r), Zi(1) = KT, (3.2.4)

which is solved by the parabolic cylinder functions D_5((i — 1)x7) and D_; 5((i + 1)k7). These are
not Liouvillian functions and this implies the non-integrability of the original Hamiltonian (3.2.3).

To illustrate the previously discussed algebraization procedure let us consider the Hamiltonian

1 1
H = S0+ ) + g (o} — a3)? (3:2.5)

which is equivalent to (3.2.3) by the trivial canonical transformation

T — X2 _>$1+$2 _)pl—pz _>p1+p2

) x bl ) .
\/§ 2 \/5 b1 ﬂ b2 ﬂ

Restricting to the invariant plane P = {(x1,x2,p1,p2) : 2 = po = 0} we obtain an integrable

T, — (3.2.6)

subsystem

. ) 1
1 =p1, p1 = f§x? (3.2.7)

The Hamiltonian vector field on this solution plane is X' = —%3‘3?, XP2 =0, X% =71y, X* = 0.
The NVE is now obtained by expanding the Hamiltonian equations for the coordinates normal to the

invariant plane, i.e. z9 and po, along (3.2.7). Denoting dxo = 1 we thus obtain

= _22(t)n, ilﬁ)::2W4hu4sn<<g)1ﬁ%,—l> (3.2.8)

where Z; is a solution of (3.2.7) representing the curves in P parametrised by the Hamiltonian h > 0.
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We can algebrize this NVE by changing the variable ¢ — x = Z;(t). This leads to (' = %)

" 273 - 272
8h—x4n 8h — x4

n n=0. (3.2.9)

Further changing the variable n — & = (8h — z*)'/4n one obtains the NVE in the normal form

8ha? + 225
ey} (3.2.10)

S

This equation is solved in terms of hypergeometric functions, i.e. it has no Liouvillian solutions. This
implies non-integrability of (3.2.5), in agreement with the previous discussion of the equivalent system
(3.2.3).

To summarise, proving non-integrability of a Hamiltonian system can be achieved by demonstrating
that given an integrable subsystem defined by some invariant plane in the phase space, the correspond-
ing normal variational equations are not integrable in quadratures and thus do not admit sufficiently

many conserved quantities.

3.3 String motion on p-brane backgrounds

In what follows we shall consider classical bosonic string motion on a curved background. In the

conformal gauge the action is

1

I =—
4o

/ dodr [GMN(Y)aaYM oYY 4 By (V)9 Y M 8bYN] , (3.3.1)
and the corresponding equations of motion should be supplemented by the Virasoro constraints

GunYMYN =0, (3.3.2)
Gun(YMYN 4 yMyNy—o¢ . (3.3.3)

In this section we shall consider the case of By = 0 and the target space metric given by the following
p-brane ansatz (Q > 0)

ds? = f72(r) datda”nu, + f2(r)(dr® +r*dQ3) , (3.3.4)
_ Q\™

flr) = (1 + rfn) : n,m # 0 (3.3.5)

N = diag(—1,+1, ..., +1), v =0,...,p

where sz is the metric on a k-sphere.

Fork=8—p,n=7—p >0and m = i this metric describes the standard single p-brane geometry
in D = 10 supergravity. It may be supported by a R-R field strength and dilation backgrounds, but
since they do not couple to the classical bosonic string we shall ignore them here.

Keeping k,n, m,p generic also allows one to describe lower-dimensional backgrounds representing
(up to a flat factor) some special brane intersection geometries. In particular, the metric (3.3.4) with
nm = 1 describes a one-parameter interpolation [179, 180] between flat space (for @ = 0) and the
AdS, 42 x S¥ space (for Q — o0).?

2More precisely, the metric (3.3.4) interpolates between the flat-space region (7™ > Q) and the AdS,.2 x S* region
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Special cases include:
(i) n=4,m= i, k=5 p=23 D3-brane interpolating between flat space and AdSs x S°;

(i) n = 2,m = %, k=3,p= 1 D5DI (or NS5-F1 with non-zero Bjsn, see next section)
background [181, 182] with Q5 = Q1 = Q interpolating between flat 10d space and AdSz x S3 x T4;

(iii) n=1,m=1,k=2,p=0: four equal-charge D3-brane intersection [183] (or U-duality related
backgrounds, see, e.g. [184]) interpolating between flat 10d space and AdSy x S? x TS; this may

be viewed as a generalised Bertotti-Robinson geometry.

Below we shall show that the point-like string (i.e. geodesic) motion on this background is inte-
grable. We shall then demonstrate that extended string motion on the p-brane geometry with p =0, .., 6
and on the backgrounds (ii), (iii) is not integrable for generic values of @), despite integrability being

present in the limits = 0 and @ = cc.

3.3.1 Complete integrability of geodesic motion

The symmetries of the metric (3.3.4) are shifts in the 2 coordinates giving p + 1 conserved quantities
and spherical symmetry which gives k/2 conserved commuting angular momenta for even k and (k +
1)/2 for odd k (generators of the Cartan subgroup of SO(k+1)). Thus for k£ > 3 the spherical symmetry

does not, a priori, provide us with sufficiently many conserved quantities.

Parametrising the k-sphere by k+1 embedding coordinates y* the effective Lagrangian for point-like

string motion is
L= f2(r) il nu, + f20r) (72 + r29?) + A7 - 1). (3.3.6)

The first integrals for ## and r are E* = f~2(r)i#* and the Hamiltonian respectively. The equation of
motion for y* reads
O-(f2(r)r*y") + Ay’ = 0. (3.3.7)

Taking the scalar product of this equation with 3 and with gj and using 3y’ = 1, y'y' = 0 we conclude
that
A= P2 = 200 2m? m? = f4(r)r'y? = const . (3.3.8)

Substituting this expression into (3.3.7) allows one to eliminate A giving
O (f2(r)r?y") +mP f 2 (r)r 2y = 0. (3.3.9)

Multiplying this equation by f2(r)r?y’ for fixed i and integrating once we obtain the constants of

motion C* (no summation over %)

@) +miy)? =0, Y ot =2m?. (3.3.10)

r™ < Q). Moreover, since f(r) = (c+ 2)™ gives a solution for any constant ¢ including ¢ = 0, AdS,42 x S* is also an
( ) 8 y g pt
exact solution.
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We can rewrite the C? in terms of phase space coordinates (y’, p* = 2f2(r)r?y’) as

1. .

' = Z(pl)2 +m?(y")? . (3.3.11)
The integrals C? are easily checked to be in involution. Only k of the k+ 1 integrals C* are functionally
independent and correspond to the angles on the € sphere. Altogether with the p + 1 constants for
the z* coordinates and the Hamiltonian this gives in total £ + p + 2 constants of motion which is the

same as the number of degrees of freedom.

3.3.2 Non-integrability of string motion

Let us now study extended string motion on the geometry (3.3.4),(3.3.5). We shall choose a particular
“pulsating string” ansatz for the dependence of the string coordinates on the world-sheet directions
(7,0): we shall assume that (i) only 2°, r and two angles ¢, 0 of S? C S* (with d3 = d6? +sin®  d¢?)

are non-constant, and (ii) 2%, r, # depend only on 7 while ¢ depends only on o, i.e.

29 = t(7), r=r(T), ¢ = ¢(0), 0=0(r). (3.3.12)

This ansatz is consistent with the conformal-gauge string equations of motion and the Virasoro con-

straint (3.3.2). The remaining string equations of motion and the Virasoro constraint give

i=FEf?, E = const , (3.3.13)

é = v = const , p=vo, (3.3.14)
20-(f27) = 0. (fHE% + 0,(f2)? + 8,(r2 f2) (6% — v?sin?0) | (3.3.15)
d-(f2%0) = — f2r*1%sinf cos b (3.3.16)
E? =2 4 r20% + %% sin 0 | (3.3.17)

Thus the string is wrapped (with winding number v/) on a circle of S? whose position in 7 and 6 changes

with time. The equations for » and 6 can be derived from the following effective Lagrangian
L=f? (7"2 +726% — V2% sin% 0 + E2) , (3.3.18)

with the corresponding Hamiltonian restricted to be zero by (3.3.17). We shall show that this 1d Hamil-
tonian system is not integrable, implying non-integrability of string motion on the p-brane background
(3.3.4).

Let us choose as an invariant plane {(r,0;p,,pg) : 6 = §, pg = 0}, corresponding to the a string
wrapped on the equator of S? and moving only in 7. Then (3.3.17) gives 72 + v*r?> = E? which is
readily solved by (assuming e.g. that r(0) = 0)

E
r=7(r) = —sin(v7) . (3.3.19)

v
According to the general method described in section 2, we have to show that small fluctuations near
this special solution are not integrable, or, more precisely, that the variational equation normal to this

surface of solutions parametrized by E and v has no Liouvillian solutions along the curves inside the

3Note that when only one of the angles of S* is non-constant, 1-d truncations are not sufficient to establish non-
integrability, see below.
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surface.

For the invariant subspace {§ = 5, pg =0, r =7, p, = 2 f2(7)7} the Hamiltonian vector field is
X" =7 XPr=p,=Aff'F2+2%  X°=0, XP =0 (3.3.20)

and thus the normal direction to this plane is along 6 and pg. Expanding the Hamiltonian equation
for 0 around 6 = 7, 0 =0, r = 7 one obtains the NVE (66 = )
E
il + 2v cot(vT) (1 +— sin(m-)W)ﬁ -2 =0. (3.3.21)
v
v

If f'/f is a rational function (as is the case for (3.3.5)) this equation can be algebrized through the

change of variable 7 — = sin(v7) giving

1
f— =0. 3.3.22
)n T2 ( )

Using the explicit form of f(r) in (3.3.5) this NVE reduces to

2 T mnv™Q)

x 1—22 z(v"Q + Enan

1
i ' — =0. 3.3.23
mt ( ) )77 1— 56277 ( )
We shall assume that v # 0 as otherwise the string is point-like and we go back to the case of geodesic
motion.
Bringing (3.3.23) to the normal form by changing the variable to £(x) = g(x)n(x), where g(x) is a

suitably chosen function, one obtains

2 . 2 1 _ 9 "
&+ [4(2;—:61)2 - x(:Zl +1)BTZ:)2 22?;2 —11)(§n+ ;ng)) £¢=0, b= gyn - (33.24)
There are two special limits of (3.3.23) and (3.3.24)
Q—0: f”+2+7x2§:0 ’ (3.3.25)
4(x% —1)2
Q—oo: &+ 222 + 2% — 4(mn)?(2? — 1)% + dmn(1 — 322 + 2x4)§ _o. (3:3.26)

122(22 — 1)?

corresponding to the flat spacetime and AdSy x S? for nm = 1.

We can now apply the Kovacic algorithm? to determine whether these NVEs do not admit Liouvil-
lian solutions and thus the identity component of their Galois group is not solvable which would imply
non-integrability.

For the special cases Q — 0 and for Q — oo with nm = 1 Liouvillian solutions are found which is
consistent with the fact that string motion on flat spacetime and on AdS, x S? is integrable. However,
for a finite value of ) Liouvillian solutions do not exist for generic values of E,v for the cases of a
p-brane background with p = 0, ..,6 and the intersecting brane backgrounds of (ii) and (iii) mentioned
above. This implies non-integrability of string motion in those special cases of the general background
(3.3.4),(3.3.5).

Finally, let us comment on the special case of a 7-brane in 10 dimensions when the transverse space

4We use Maple’s function kovacicsols.
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is 2-dimensional, i.e. the string motion is described by
L= f2(r)0a3"0"x" nu + f2(1)(0ar0"r + r20,00°0) . (3.3.27)

It is easy to see that if we truncate this model to a 1-parameter system by taking each of the string
coordinates to be a function of 7 or ¢ only then the corresponding equations always admit constants of
motion for z# and @, and the Virasoro condition then provides the solution for . To test integrability in
this case one is to consider some more non-trivial truncations. Assuming the spatial coordinates z* are
constant the corresponding effective metric is 3-dimensional: ds? = —f~2(r)dt? + f2(r)(dr? + r2d6?).

Integrability of string motion on such a background deserves further study.

3.4 String motion on NS5-F1 background

Let us now include the possibility of a non-zero Bj;y coupling and consider the case of string motion
on a background produced by fundamental strings delocalised inside NS5 branes [185, 164, 181, 186]

(here we use the notation 2% = ¢, 2! = z and i,j = 2,...,5)

ds® = H{ ' (r)(—dt* 4 d2?) + da'da; + Hs(r)(dr? + r2dQ3) | (3.4.1)
d02 = d6? + sin® 0 dp? + cos? 0 d¢? |

B=—H{'(r)dt Adz + Q5sin* 0 dp Adé , (3.4.2)
H5:1+%, H1:1+%, (3.4.3)

; Tats : —2& _ Hi(r)
with the dilation given by e =m0

BMN)8+YM8_YN (Where 8i = 80 + 81) is

. The corresponding string Lagrangian in (3.3.1) £ = (Gun +

7“2 i T2 + Q5
L= m 6+u o_v + (9+x 8_1'@‘ + 7“2 8+7”8_7'
+ (r* 4 Q5)(0400-0 + sin® 0 0. p0_p + cos* 0 01 pI_¢) + Q5 5in® § (4 pd_¢p — 0_p04¢) , (3.4.4)
u=—-t+z, v=t+z.

It interpolates between the flat space model for @1, @5 = 0 and the SL(2) x SU(2) WZW model (plus
4 free directions) for @1, Q5 — oo. Both of these limits are obviously integrable.

Another integrable special case is @1 = 0, Q5 — 0o when we get the SU(2) WZW model plus flat
directions.

The opposite limit of Q5 = 0, Q1 — oo is described (after a rescaling of coordinates) by £ =
20 u0_v + Oyr0_1r + r2(0400_0 + sin? 0 0, 0I_p + cos® 0 0, pO_¢)+ free directions. Solving the

equations for u,v as (0 =7+ 0)
2o, u= f(oT), r20_v=f(o7), (3.4.5)

one finds the effective Lagrangian for r being

fle™)f(e™")

r2

L=04r0_r— + 12(0400_0 + sin? 0 01 0d_p + cos® 0 0 pO_ ) . (3.4.6)
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As we shall find below, this model is not integrable.?
Let us note that in the limit @5 — oo the action (3.4.4) reduces to a combination of the SU(2)

WZW model, flat directions and the following 3-dimensional sigma model

1

= 17002 Orud-v @s0ipd-p, p=lnr, (3.4.7)

This model is T-dual to a pp-wave model with an exponential potential function 168, 135] and is thus
related to the SL(2) WZW model by a combination of T-dualities and a coordinate transformation (it
can be interpreted, upon a rescaling of u, v, as an exactly marginal deformation of the SL(2,R) WZW
model [136]). It should thus be integrable. Indeed, solving the equations for z £+t as in (3.4.5) we get
the following effective Lagrangian for p (cf. (3.4.6))

L=Q504p0_p— f(o ) fle)(1+ Qe ) . (3.4.8)

Since f(o7) f (07) can be made constant by conformal redefinitions of o0& (reflecting residual gauge
freedom in the conformal gauge) this model is equivalent to the Liouville theory, i.e. it is integrable.

Indeed, the results of our analysis below are consistent with this conclusion.

A point-like string does not couple to the B-field, so geodesic motion on the background (3.4.1) can
be shown to be integrable in the same way as in the previous section. To study extended string motion
let us consider the following ansatz describing the probe string being stretched along the fundamental

string direction z (that may be assumed to be compactified to a circle) and the S* angle ¢, i.e.

t=t(r), z=z(o0), =0, r= r(t), 0=0(1), w=p(0), ¢=0o(1). (3.4.9)
Then the string equations are solved by

vQs

() DV H(r (7)) (3.4.10)

t = k1 Hy(r(7)) + ko, Z = K9o , p =vo, b=
The resulting 1d subsystem of equations for r and @ is described by the following effective Lagrangian
L = Hs(r) [7’"2 +720% — 42 sin? 0 — Qv r 2 H *(r) cos® 0} + KIH L (1) (3.4.11)

which should be supplemented by the consequence of the Virasoro constraint

Hs(r) [7’“2 +720% 4+ V%% sin? 0 + Qv r 2 Hy % (r) cos® 9] — K2HL (1) = 26162 (3.4.12)

implying that the Hamiltonian corresponding to (3.4.11) is equal to 2k1k2. This system admits the

special solution

0= g , r=r(T), Hs(7) (7 + V*7%) = 2r1ko + kEH, (7) (3.4.13)

SLet us note that the constant term in the harmonic function of the fundamental string background (1 in H;) can
be changed by a combination of T-duality, coordinate shift and another T-duality [168, 180], so that the fundamental
string background is not integrable for any value of @ if it is not integrable for large Q1. A similar shift in the harmonic
function can also be achieved for D-brane backgrounds but this involves S-duality (mapping e.g. F1 to D1) which is not
a symmetry of the world-sheet string action; thus there is no contradiction with integrability of the D3-brane background
at large Q.
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which may be chosen as an invariant plane in the phase space. The corresponding Hamiltonian vector

field is
X'=7, X' =20.(7H5(r)), X'=0, X"=0. (3-4.14)

Expanding along the normal direction to this solution plane we find for the NVE (0 = § + 1)

it (Hé(F) 2) ( o Hi(7) | 2kik2 ,,27:2)1/2 - ,,2(1 - ,:4132522(,:))’7 =0. (3.4.15)

s(m) )\ T ) 7

Changing the variable 7 to = 7(7) we obtain the NVE in the normal form (' = %)

&' (z) +U(x)é(z) =0, (3.4.16)
where
Ulr) = RS [Q5(Q5 — 2z?) N 4Qsa" — 225 4+ 2Q1 82(2Q5 + 2?)
4zl (Qs +a?)? (Qs + 22)(—Q15? + 22[Q5 + 22 — B2(1 4+ )])
3(Q18% + z*)? _ K1 _ k2
i (Q18? + 22[—Q5 — 22 + [2(1 + )])2) =0 YT (3.4.17)

One finds that already for a = 0, i.e. for ko = 0, this NVE has no Liouvillian solutions for general
values of ()1 and @5, implying non-integrability of string motion on the NS5-F1 background with
generic values of the charges. Our results are summarised in the table 3.1.

Let us discuss some special cases. Taking ()1 = 0 or ()5 = 0 one can absorb the remaining brane
charge by rescaling x, 8 and k1. The resulting equations do not admit Liouvillian solutions for arbitrary
values of  which implies non-integrability of string motion on the NS5-brane or on the fundamental
string backgrounds.

In the limit @1 — o0, @5 — 00, in which the non-trivial part of the string action becomes that
of the SL(2,R) x SU(2) WZW model, one finds Liouvillian solutions in agreement with the expected
integrability. The same applies to the case of @1 — 0, Q5 — oo described by the SU(2) WZW model
plus free fields and, in fact, to the model with @5 — co and arbitrary @1 described by (3.4.7)(3.4.8).

In the opposite case of Q5 — 0, Q1 — oo described by (3.4.6) integrability appears to be absent as
we did not find Liouvillian solutions (see table).®

Since 2d duality transformations of string coordinates preserve (non)integrability, similar conclu-
sions can be reached for string backgrounds related to this NS5-F1 background or to its limits via
T-dualities (and coordinate transformations). In particular, this applies to the pp-wave background

related to the fundamental string by T-duality [168] which we study in the next section.

3.5 String motion on pp-wave background

Here we shall study string motion on a pp-wave metric (i = 1, ..,d)

ds? = dudv + H(u,z) du® 4 da'dz; . (3.5.1)

SLet us note that the results about the existence of Liouvillian solutions turn out to be independent of whether the
truncated solutions contains any contribution from the B-flux of the fundamental string solution (o # 0 or o = 0),
reflecting a special choice of our ansatz (3.4.9).
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limit U(z) in NVE &'(2) + U(x)é(x) =0, y=% rescaling
Q0 Q=0 e :
Qs — 00 Q1 — 00 (VZ?jfz)EV;zZ(J{figi;sza) a— Qo
Qs -0 Q1—0 o B}

Q%64+10Q152$4+IB8—2Q154x2a+262x6a
Q1777+ a%a)?

Q5—)0 Q1*>OO

(=B (1+a)) (22— % (242 (1+a))) x— Vi,
@s 200 @70 i(a? (a2 (1+0))? K12 = VQ1k12
[7_254(:22 —2) + 2771821 + 22 (1 + 522) — 2971841 + 522 + x4)a
Qs #0 Q1 — (142 - a1+ a?) 4 R - ] | T VST
1| k2 — VQ5k1,2
X [4(1 + x2)2(x2 +at — /32(771 + xza))z]
28 +84(1-222(14+0)) +28%2% (5+2% (1+0)) T — \VQ1T,
@—=0 Q70 L2 (@A =2 (122 (1+a)))? K12 = VQ1k12
(1422)4 4252 (22 —1) (1422)2 (1+a)— B4 (202 1) (14a)? T — V5,
Qs #0 Q1 —0 4z2(1+22)2 (1422 — 2 (1+«))? K12 — \/@fﬂ,z
2-form contributes to the NVE has Liouvillian
limit spacetime truncated system solutions
a=0 a#0 a=0 a#0
Qs =0 Q1 —0 R1Y X X v v
Qs > 00 Q1 — oo | AdS3 xS% x R4 v v v v
Qs >0 Q1 —0 R0 x 83 v v v v
Qs =0 Q1 — o - X 4 X X
Qs > 00 Q1#0 - v v v v
QRQs#0 Q1 — - v v X X
Q5 —0 Ql 75 0 F1 X v X X
QRQ:s#0 Q1 —0 NS5 v v X X

Figure 3.1: This table summarises the NVEs and the results for the existence of Liouvillian solutions
for string motion on the various limits of the NS5-F1 background.

In conformal gauge the equation for v reads d,8_u = 0 and is solved by u = f(ot) + f(o7). We
can fix the residual conformal symmetry by choosing u = pr. Then v is determined from the Virasoro

constraints and we get the following effective Lagrangian for x;
L =% — &4 + p?H(u, x), (3.5.2)

which describes light-cone gauge string motion in a potential.

One familiar example is the Ricci flat space with H(z) = uijxixj, ,ug = 0. Another is the pp-wave
limit of the AdSs x S background for which H(x) = x’z; [187]. Here the string motion takes place in
a quadratic potential and is obviously integrable. Penrose limits of the brane backgrounds we consider
in this paper also take the pp-wave metric form with H(u,z) = h;j(u)z'z? (see e.g. [188]). In the
light-cone gauge string motion takes place in a quadratic potential with a 7-dependent coefficient and
it is solvable [189] but formally the resulting model is not integrable.”

There are also other integrable examples with H(z) corresponding, for example, to the Liouville

"For the relevant case of h ~ %2 the Kovacic algorithm gives no Liouvillian solutions for string modes that depend
on o.
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or Toda potential.
The case that we shall study below is the pp-wave solution T-dual to the fundamental string
[185, 168| for which H is a harmonic function

H(z)=1+ % , r? =gz . (3.5.3)

Not surprisingly, the conclusions will be the same as for the fundamental string in section 3.4: the
geodesic motion is integrable but an extended string motion is not.

In the point-like string limit (3.5.2) takes the form (we set % = ry® with 72 = 1)
L=72 2P 4 p*H(r) + A7 - 1) . (3.5.4)

The corresponding geodesic motion is completely integrable since we have d — 1 constants of motion
from the coordinates y (see section 3.3.1) plus the Hamiltonian.
Let us now consider an extended string moving only on a 3-space dz'dx; = dr? +r2(df? +sin? 0 d¢?)

and choose the following ansatz (similar to the one in (3.3.12))
r=r(T), ¢ = ¢(0) = vo, 0=0(r). (3.5.5)
Then the effective Lagrangian for r and 6 takes the form
L£=17%41r%0% —v2r?sin? 0 + p?H(r) . (3.5.6)

If we also assume that v = 0 (i.e. the string also moves in the light-cone direction) then the Virasoro

condition for (3.5.1) is equivalent to the vanishing of the Hamiltonian corresponding to (3.5.6)
i 4+ 7202 + v2r?sin?0 — p*H(r) =0 . (3.5.7)

Restricting motion to the invariant plane {(r,p,0,pg) : 0 = 5, pg = 0} gives a one-dimensional
integrable system parametrised by v and p with the Hamiltonian as the constant of motion. Imposing

the zero Hamiltonian constraint (3.5.7) gives the solution for r
2 + 2% = p?H(r) , r=7(7) . (3.5.8)

The Hamiltonian vector field on the plane of these solutions is
X" =7  XPr=2F=-2%4+p’H'(F), X°=0, XP=0 (3.5.9)

and the direction normal to this plane is along # and py. Expanding the equation of motion for 6 gives
the NVE (n =460 =0 — 7)

7'7'+2£7’;—1/217: 0. (3.5.10)

. . . o . _d
Changing the independent variable 7 — 7 = 7(7) one obtains (' = {-)

2 1p?H'(r) - v V2
/! 2 /
- — =0 3.5.11
U <r + p2H(r) — v2r? )77 p?H(r) — VQT‘Q?? ( )
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Bringing this equation to the normal form via the change of variable n(r) = g(r)&(r) we get

"+UME=0, (3.5.12)

U(r) = —(d—2)B*Q[(d — 6)Qr? + 4(d — 3)r?] + 48%r4[(d* — 2d + 2)Qr? + 2r?] 4 4r> 24
B 16[32(Qr? + rd) — r2+d]2 ’

where § = 2. For 2 < d < 13 the Kovacic algorithm does not yield Liouvillian solutions for general

finite non-zero values of () and § which implies non-integrability.
Note that in the limit ) — 0, when the metric becomes flat, we get
232 4 r?

¢+ mf =0, (3.5.13)

which has Liouvillian solutions in agreement with flat space integrability.

3.6 Summary

In summary we have investigated classical integrability of string motion on p-brane type backgrounds.
The corresponding string o-models interpolate between integrable flat space and coset or WZW o-
models. We have seen that particle, i.e. geodesic, motion is integrable by constructing as many
conserved quantities as degrees of freedom which are in involution. For extended string motion we con-
sidered a particular string ansatz which reduces the model to an effective one-dimensional Hamiltonian
system. Perturbing around a subclass of integrable solutions of this system we found that the resulting
differential equation for small fluctuations cannot be solved in quadratures. Therefore integrability is
not present for extended string motion on these p-brane backgrounds.

Let us note that the lack of integrability does not necessarily imply the absence of a quantitative
description of these string o-models. For example, we have seen that the string model on the pp-wave
background that gives rise to motion in a time-dependent potential is not integrable. Nevertheless this

model is solved in terms of the well-understood Bessel functions, which are not Liouvillian functions.
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Chapter 4
Dyonic giant magnons on AdSs x S°

For AdS5/CFT, the spectral problem takes a particularly simple form in the su(2) sector of N' =4
SYM. The dilatation operator is identified with an integrable su(2) spin-chain Hamiltonian. In this
sector operators of a large U(1) R-charge J; (and thus large scaling dimension A > J;) and

A — Jp = fixed, Ji, A — oo, (4.0.1)
can be built from long chains of scalars X. The spin-chain ground state corresponds to the operator
trX, A—-J =0 (4.0.2)
and excited states are obtained from operators with a finite number of Z “impurities”

. 14
O~ (XXX 7 XXX..). (4.0.3)
0

These operators correspond to long spin chains with magnon excitations propagating along the chain.
In [22]| the dual string state of a magnon excitation was identified for large coupling \ as a classical
string solution, the giant magnon, on an R x S? subspace of AdSs x S° with energy F = A and
angular momentum J;. Its endpoints move at the speed of light around the equator and identifying
their angular separation with the momentum p of the magnon excitation one recovers the magnon
dispersion relation

A—J = Q

™

sin g‘ (4.0.4)

In [23] these giant magnon string configurations were extended to string solutions on R X S3, the
dyonic giant magnons, which carry an additional angular momentum Jo. This was done by exploiting
the relation of string motion on (R x S*) R x S? to the (complex) sine-Gordon equation through the
Pohlmeyer reduction. The giant magnon solution corresponds to a kink soliton of the sine-Gordon
equation. Similarly the dyonic giant magnon solution is related to a U(1) charged soliton of the CsG
theory, which in the limit Jo — 0 reduces to the kink soliton of the giant magnon. Additionally

imposing the boundary condition that the string ends move at the speed of light around a great circle

78
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of $? then leads to the unique dyonic magnon solution. Its charges satisfy
LY
E—Jy=4/J5+ —sin = (4.0.5)
T

where p is again the angular separation of the string endpoints along a great circle of S3. For J, = 1 this
is the all-loop dispersion relation for a single magnon excitation of momentum p. For integer Jy > 1
this dispersion relation describes bound states of Js elementary magnon excitations. Therefore the

dyonic giant magnon string configurations are dual to bound states of elementary magnon excitations.

The dyonic giant magnons are also related to the folded string configurations. For example taking
two dyonic giant magnons of momenta p = 47 one obtains the folded spinning string on R x S3 [35].
Also various configurations of multi spin giant magnons on AdSs x S°, their scattering and bound-state
solutions have been studied in [190, 90, 191].

In this chapter we review the construction of the (dyonic) giant magnon solutions in some detail.
In section 4.1 we give the Hofman-Maldacena (HM) giant magnon solution on R x S? and show that
it reproduces the dispersion relation (4.0.4). We also review its explicit form in conformal gauge and
we obtain the associated sine-Gordon kink soliton. In section 4.2 we review the generalisation of the

giant magnon to R x S3 using the Pohlmeyer reduction. We also show that .Jo should be quantized.

In section 4.3 we briefly consider string motion on R x S* with an additional Wess-Zumino term for
the NS-NS flux and show that the Pohlmexer reduction gives again the CsG model, but with a rescaled
mass parameter. Finally in section 4.4 we review the dyonic giant magnon solution in the context of
the finite-gap construction.

4.1 Giant magnons in AdS; x S°

Let us write the R x S° metric as
ds? = —dt* + d6? + sin? 0 d¢? + cos? 0 dQ3, (4.1.1)

where ¢ is the global AdS time coordinate and we denote by J the angular momentum associated with
shifts in ¢. Following [22] we are interested in string solutions of energy E and angular momentum .J

in the limit
E,J— oo, FE—J=fixed. (4.1.2)

The ground state £ — J = 0 corresponds to the BMN solution, which is point-like string located at the
spatial origin of AdS and which moves around the great circle of an S? € S°. In the above coordinates

it takes the form
¢ — t = const, 0=m/2. (4.1.3)

The giant magnon is a string solution which has the lowest non-vanishing energy ¢ = E — J for a given

world-sheet momentum p. Therefore it suffices to find a solution that gives the expected dispersion



CHAPTER 4. DYONIC GIANT MAGNONS ON ADS5 x S° 80

relation and verify that it is indeed the minimum energy solution. This can be done by restricting
motion to R x S? described by the coordinates ¢, § and ¢ and considering excitations in the 6 direction

along the motion of ¢ such that 6 is rigid, i.e. # = 6(c). Choosing the gauge
t=71, ¢=17+o0, (4.1.4)

the Nambu-Goto action takes the form

S = \F drdo \/COS2 062 + sin? 6. (4.1.5)

and the equation of motion for 6 is solved by

sinf(o) =

sin 6 _<7r (4.1.6)

coso’
The endpoints of this giant magnon solution are moving at the speed of light around the equator and
they are separated at a given time ¢ by Ap = 2(F§ — fp) which is identified with the momentum, i.e.

p = A, of the excitation. This identification leads to the expected dispersion relation

VA oL oL\ VA YYD
E—J= o (a — 8¢> pw dov/cos? 062 + sin2 0 (4.1.7)
w/2—60 :
_ VA do S \F) (4.1.8)

210 J_(x/2—9,) cOS%0

This is indeed the minimum energy solution for a given momentum p since one can show that it is

BPS [22).

4.1.1 Conformal gauge

Let us now see how this solution looks in conformal gauge with the choice ¢t = k7. Since in this gauge
E =+V/\k/(21) — oo and X is held fixed let us rescale the world-sheet coordinates (7,0) — (K7, ko) =
(t,z), which decompactifies the world-sheet o-direction into a straight line and thus turns the closed
string into an open and infinitely long string. This also allows one to actually consider a single magnon
excitation as otherwise momentum conservation would require the presence of additional magnons. In
these rescaled coordinates one can place these additional magnons at the boundary x = oo such that
they are well separated from any interaction with the magnon excitation in the “bulk”. Such solutions
can then be glued together to form closed string solutions corresponding to asymptotic states long

before or after any interaction of the magnons.

In this gauge the giant magnon solution can be found by making an ansatz for a soliton profile with

the embedding coordinates X; parametrised in terms of a boosted world-sheet coordinate & = x — vt
b=nr, Zi=m(©eh u(6) =r(©e*©, g=g—ut, F4rE=1  (419)

where Z; = X7 4+ iX9 and Zy = X3 + iX4 are complex embedding coordinates for S3. Writing the

metric on S? in Hopf coordinates

ds? = d#? + sin? 0 d¢? + cos? 0 de3, (4.1.10)
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the action and the ansatz take the form

S = —ZFX dtdx(—f2+t2+92—9/2+sin20(¢%—Q’S%)—i—cosQ 6((]53—(;5%)), (4.1.11)
t=rr, 0=00), o1=wit+ei1(§), ¢2=wat+ @a(§), &= —ut, (4.1.12)
ry =sinf, ro=cosf, (4.1.13)

where "= 9; and "= 9,. In order to consider the giant magnon solution on S? we shall take X, = 0 or

equivalently wy = 0 and @92 = 0.

Furthermore the endpoints of the giant magnon must be moving at the speed of light around the

equator with a constant angular separation A¢,. This gives the boundary conditions
0—>g, o1 %ti% asx — 400, (4.1.14)
which implies w; = 1. This ansatz gives the effective Lagrangian density
L=—(1—-v%)0?%+5in?0(1 — 20, — (1 —v?H)p}), (4.1.15)
which is supplemented by the Virasoro constraints
0'(£)? + sin? 0( - % + go’l)cp’l =0, 071 +0?) +sin?0[(1 —vp))? + P =1. (4.1.16)

The equation of motion for g

0] = A sin 20 — —°
71— 2 1—102

(4.1.17)
can be used to eliminate ¢/ from the Virasoro constraints obtaining an equation of motion for 6 and

a condition on the integration constant A;

cos? 0(1 — v? — cos? )
(1 —v2)2sin%20 ’

6% = Al =wv. (4.1.18)

This can be used to solve for 6 and subsequently ¢; giving

0(z,t) = arccos(ysech(y'¢(z,1))), 7= V1— 02 (4.1.19)
¢1(x,t) =t + arctan (% tanh(y~1&(x, t))) (4.1.20)

As before the magnon momentum is identified with the angular separation of the string endpoints,

which correspond to z — #00. In terms of the soliton velocity v the separation angle is given by !

V1—0? A
Ap = lim ¢i(x,t) — lim ¢1(z,t) = 2arctan (71)) = cos -8 = . (4.1.22)
T—00 T——00 v 2

Note that same result can also be obtained by performing the integral

/2 ’
Ap = 2/ - 2dtﬁ’% = 2arcsiny/1 — v? (4.1.21)

which is useful when the explicit solution cannot be given in closed form.



CHAPTER 4. DYONIC GIANT MAGNONS ON ADS5 x S° 82

In this gauge the identification of the magnon momentum with the separation angle is also supported

by comparing the group velocity of the dispersion relation with the string soliton velocity

de(p) VA p dz
Ugauge = Tp = g Cos 57 Ustring = E = . (4123)

Figure 4.1: The giant magnon solution is a string solution moving on the R x S? subspace of AdS5 x S°.
Its endpoints move at the speed of light around the equator and their separation angle is identified
with the magnon momentum p.

4.1.2 Giant magnons and the Pohlmeyer reduction

In conformal gauge the action for string motion on a sphere is

VA
= )9

S 2004 X -0_X + A(X? —1)], (4.1.24)

where X (7,0) are the string embedding coordinates, o4 = (7 £ 0)/2 are world-sheet light-cone coor-

dinates and A is a Lagrange multiplier. The equations of motion and Virasoro constrains are
04 0_X 4+ (0, X-0_-X)X =0, (0+X)?=r% (4.1.25)

In the case of R x S? the Pohlmeyer reduction is performed by introducing a new basis for R? consisting

of the three vectors

X, 04X, 0.X. (4.1.26)

Their inner products are given by
X?’=1 X-0,X=0, X-0.X=0, (0:X)*=kr%  (0_X)*=+k" (4.1.27)
04X - 0_X = K?cos 2¢, (4.1.28)

where ¢ is the remaining degree of freedom of the system after the Virasoro constraints are taken into

account. The system can be reduced to an equation of motion for this degree of freedom by expressing
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higher derivatives in the above basis

91X =2c0t200+¢ 0+ X —2csc2¢0:00-X — KX, (4.1.29)
92X =2cot200_p0_X —2csc200_¢p 0L X — K2 X. (4.1.30)

Taking derivatives of (4.1.28) and using (4.1.29), (4.1.30) one finds that the O(3) o-model describing

string motion on R x S? reduces to the sine-Gordon equation
(2
0+0_¢ — > sin 2¢ = 0, (4.1.31)
which arises from the sine-Gordon Lagrangian
2

5:%@¢&¢+%ﬂmw¢—n. (4.1.32)

In the sine-Gordon model the giant magnon takes the form of the kink soliton (after rescaling 7, o by

K)

¢(t,z) = arcsin [sech (%)] (4.1.33)

4.2 Dyonic giant magnons and Pohlmeyer reduction

The giant magnon solution can be extended to a solution on RxS? carrying a second angular momentum
Jo by exploiting the relation of the string o-model to the complex sine-Gordon model. Following [23]
we review the construction of this dyonic giant magnon here. Let us consider string motion on R x S?

in the limit
E, J — oo, E—J =fixed, Jo,p=fixed. (4.2.1)

In order to perform the Pohlmeyer reduction one needs to identify four basis vectors which span R%.

This can be done by supplementing the vectors X, ;X and 0_X, which span R3, by
Ki = 5ijlej8+Xk6,Xl. (4.2.2)

The three degrees of freedom of the system ¢, u and v can now be written in terms of SO(4) invariants

as
cosp=0,X-0_X, wusing = GiX-K, vsing = 02X - K. (4.2.3)

where we have set k = 1 since we consider a decompactified world-sheet with the light-cone coordinates
rescaled by x, i.e. oF = (t 4+ x)/2. Expressing derivatives in the above basis allows one to cast the

equations of motion and Virasoro constraints into the form

u = 04 x tan 27 v=—0_X tan% (4.2.4)
. tan? % 1
0100 -+5i0— 200X =0, 00X+ So(0h00X+0-00:) =0, (425)
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where x is a new field replacing u and v, which are not independent. Defining the complex field

1 = sin(¢/2) exp(ix/2) one obtains the complex sine-Gordon equation

0401

T

+y(1—[yf?) =0. (4.2.6)

This equation is integrable and therefore its soliton solutions undergo factorised scattering. The most

general single soliton solution is

cos aexp(isinaT)
cosh((X — Ap) cos a)

X = xcosh?d —tsinhv, T =tcosh? — xsinh?. (4.2.8)

¢1—soliton($7 t) = eiﬂ (427)

where X', T are boosted world-sheet coordinates, 1 is the soliton rapidity and « corresponds to the
soliton U(1) charge. The parameter X can be absorbed by a shift in z and the phase ¢ does not
affect the string embedding coordinates since it only contributes a constant shift to y. Hence without

loss of generality we set Xy = p = 0.

In order to relate this soliton solution to the string embedding coordinates one can solve the defining
equation of i for cos ¢ = 01 X -9_ X giving a linear differential equation for the embedding coordinates
through (4.1.25)

2 cos? o

040X + X =0, =1-—.
M cos¢ cos¢ cosh?(X cos a)

(4.2.9)
The soliton 11 _ggliton 18 also the only known solution for which the field ¢ reduces to the giant magnon
kink soliton (4.1.33) when taking oz — 0.

In order to solve (4.2.9) it is convenient to introduce complex embedding coordinates 77 = X1 +i X5,
Zy = X3+ X4, which carry charges (1,0) and (0, 1) under the U(1), x U(1)g Cartan subgroup of the
full SU(2)1, x SU(2)R isometry group of this system. In terms of the boosted world-sheet coordinates
the equation (4.2.9) takes the form

0’z  0*Z 2cos? o
gt [1- =] Z =0, 4.2.10
oT?  0X? cosh?(X cos a) ( )
Additionally the solution should satisfy the giant magnon boundary conditions
Z1 — exp (it + z%), Zy — 0 as r — £00. (4.2.11)

The equation (4.2.10) describes a relativistic particle incident on a potential well and is solved in terms

of stationary states
Zy = Fuo(X) exp(iwT). (4.2.12)

Defining the new variables y = X cosa, fu(y) = F,(X) and ¢ = Vw? —1/cosa one obtains the
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time-independent Schrodinger equation in a Rosen-Morse potential V' [192] from (4.2.10)

2

-~ -V =2, V(y)=——5—. 4.2.13
e, YW=t V) o’y ( )
The solutions to this equation consist of one normalisable bound state of energy > = —1 and scattering

states with a continuous dispersion relation €2 = k2, k > 0. Their wavefunctions are
f-1(y) = sech(y) (4.2.14)
fi2(y) = exp(iky)(tanh y — ik), (4.2.15)

which for y — +o0o behave as
f() —0 (4.2.16)
. 0 1

fyizme — exp(iky £ 25), d = 2arctan(k™ ). (4.2.17)

The full solution is a linear combination of these modes which should satisfy the boundary conditions
(4.2.11). This is only possible for a single mode since k is fixed by the condition p = §. Therefore the

string solution is

inh ¥
Zy = c1fz(X cosa) exp(iwge T),  kp = o wiz = 4/1+ k2 cos® a (4.2.18)

cosa’

Zy =caf_1(X cosa)exp(iw_1T), w_i=sina, p=2 arctan(kp_l). (4.2.19)

Finally taking ¢; and ¢ to be real and imposing |Z;]? + [Z2]?> = 1 gives ¢; = ¢ = (1 + /@%)‘1/2 and

the full solution takes the form

(tanh(X cos o) — ikp) exp(it) _ sech(X cos ) exp(i7 sin )

Zy = Zy = 4.2.20
! (1+ k2)1/2 2 (1+ k2)1/2 ’ (4.2:20)
which reduces to the HM giant magnon as a — 0.
The conserved charges for this solution can be obtained from
\ 0o _ A o _
E— Jl = f dx (1 - Irn(ZlatZl)), JQ = f dzx Im(Zg(‘)tZg). (4.2.21)

T oom T oor

—0o0 —0o0

Note that these charges are not necessarily the same as the charges in the original world-sheet coor-
dinates (7,0) since they can carry additional contributions from = = 4o00. Substituting the explicit

solution (4.2.20) into these expressions one finds

E—Ji=

tan a. (4.2.22)

Vi1 (1—i—k§cos204)1/2 Vi1
; 2 =
T

71—}—1@% COS &

Eliminating o and replacing k, by the momentum as p = 2arctan(k~!) gives the dispersion relation

A oD
_ /72 2
E—Jy=1/J5+ g s o (4.2.23)
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4.2.1 Semiclassical quantization of J;

In an integrable Hamiltonian system motion takes place on a phase space torus. The action variables
are associated with the Liouville torus cycles and by the Bohr-Sommerfeld condition for semiclassical
quantization they should be integer-valued. The dyonic giant magnon solution (4.2.20) is time-periodic

in the ¢9 direction up to world-sheet translations in x and its period is given by

coshy 27 p
T=2 = "5 [ J3 + 4h2sin? T 4.2.24
L 7 J5 + sin 5 ( )

The periodicity of the full solution can also be explicitly seen in light-cone gauge as we will show in

the next chapter for the mixed flux case. Time periodicity can be used to define the action variable I

over the associated Liouville torus cycle

T

. o . oS

27TI:%piqu:/ dt/ dep;g* =S+TH=S5-T—, (4.2.25)
Y 0 —00 oT

where we used the Hamilton-Jacobi equation
0S(t)
H=——"-, 4.2.2
5t (4.2.26)

In (4.2.25) the action S = S(7,p) is evaluated over one period of the dyonic giant magnon solution.
The value of the action does not depend on the gauge due to reparametrisation invariance and one

finds in conformal gauge

S(T,p) = —4rh sin 2

: ( T )2 ~1 (4.2.27)

o

The action variable is then obtained from (4.2.25) and (4.2.27), giving

I =4rh sing [(23)2 - 1} P, (4.2.28)

™

Therefore the Bohr-Sommerfeld condition implies that .Jo should be quantized, which is consistent with

the expectation that Jy is integer-valued in the quantum theory.

4.3 Pohlmeyer reduction for R x S* with a Wess-Zumino term

In preparation of the mixed flux case let us also briefly review the Pohlmeyer reduction for string
motion on R x S? with an additional Wess-Zumino term in the action for the NS-NS flux (for a more

detailed review see [74]). The action in conformal gauge is

ﬁ(l

S ==
2w \2

1
/ %[04 X - 0_X + A(X? —1)] + 34 / d3agabcamnpquaaxnabxpaqu). (4.3.1)
The the equations of motion and Virasoro constraints are give by

0;40-X —AX +qK =0, (4.3.2)
K = emnp Xn04+ Xp0-X;,  (0£X)* = K%, (4.3.3)
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where X2 = 1 and the Lagrange multiplier A is given by A = =0, X - 0_X. As in the ¢ = 0 case the
set of basis vectors {X,0,X,0_X, K} spans R* and they satisfy the inner product relations (4.1.27).

In terms of the SO(4) invariants the two degrees of freedom take the form
04X -0_X = K%cos2p, K- 02X = fi(p)d+x, (4.3.4)

where ¢ and x are the fields of the reduced model. Expressing 92X in the above basis as

0
X = —K>X + 20 + pcot 200+ X — 201 csc(2p)0+ X + L{i,:;;(K (4.3.5)
k4 sin® 2

and taking the inner product of 92 X with itself gives the equation of motion for ¢

fof-0x0_x (1=
2,6 sin® 20 2

0+0_p + sin 2¢ = 0. (4.3.6)

The functions fi must be chosen such that they satisfy the compatibility condition

a_ (‘ﬁi[() - a+(8gjf_'K), (4.3.7)

4

where we used K2 = x*sin? 2. This condition has the solutions

fi=—f_ =Asin?p (4.3.8)
fi=f_ = Bcos’p. (4.3.9)

Both solutions give the same reduced model. Therefore choosing the former one finds for x
d_(tan? pd, x) + 0, (tan? d_x) = 0. (4.3.10)
Choosing A = 4k2, for consistency with the ¢ = 0 case, one obtains the equation of motion for ¢

1
D4 0_p — sec? ptan pd, xO_x + 5(1 — ¢>)K?sin2p = 0. (4.3.11)

The equations (4.3.10) and (4.3.11) follow from the complex sine-Gordon model

1
L = 0, 00_¢ + tan® ©d, xO_x + 5(1 — ¢*)K? cos 2¢, (4.3.12)

which has the mass parameter (1 — ¢2)x?.

As we see the Pohlmeyer reduced theory is the same
as for ¢ = 0 but with a rescaled mass parameter. Also exchanging the solutions (4.3.8) and (4.3.9)
interchanges tan® ¢ and cot? ¢ in the CsG Lagrangian. It is also interesting to note that for the special

points ¢ = £1, where the o-model becomes a WZW model, the reduced model is massless.

4.4 Dyonic giant magnon as a finite-gap solution

As a finite-gap solution of the principal chiral model the dyonic giant magnon takes the form of

a condensate cut [193, 194], which is a constant density cut with logarithmic singularities at the
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endpoints. The resolvent

— =]  zecC (4.4.1)

admits a spectral representation in terms of a density p(y) along the condensate cut C defined by

2mip(z) = G(z + i€) — G(z — ie), zelC (4.4.2)
_ ry)
G(z) = / dyz _— (4.4.3)

The discontinuity condition (2.3.37) reads

p(y) 2rEr 1 1
p — 2 — - , : 4.4.4
][dyz—y o ﬁ[l—i—z 1—=2 zed ( )

A single dyonic giant magnon is described by the constant density along a contour C,

p(z) = —i, z e C, (4.4.5)

for which the endpoints X* are complex conjugates of each other (see figure 4.2). The resolvent for

this density is given by

X+t +
d - X
GDGM(Z) = —i/ . _yy = —ln z —x- . (4.4.6)

The position of the endpoints X+ is fixed in terms of J, and p, which can be seen from the asymptotics

Figure 4.2: The dyonic giant magnon is described by a condensate cut, which is a constant density cut
with logarithmic singularities at its endpoints. The endpoints are the dyonic spectral parameters X*.

of the Lax connection

1 1
L:—;*J—i—(’)(z—Q), Z — 00 (4.4.7)

L=J+zxJ+0(%), z-0. (4.4.8)
Expanding the monodromy matrix to leading order gives for z — oo

1 147w
T=1-- J+..=1--—— 4.4.9
[ Qe 2o (149)
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and similarly for z — 0

T = g(21)" P exp (z/ w K+ ...)g(()), 250 (4.4.10)
v
]I+z/*K+ 1+:2 0, + (4.4.11)
= = —r + ..., 4.
v 2

where we used g(o + 27) = g(o), d+ J + zxJ = g~ }(d + 2x K)g and ~ is a closed path of single
winding around the world-sheet cylinder. Without loss of generality one can take the SU(2);, and
SU(2)r charges to lie in the o3 direction of su(2), i.e. one considers highest weight solutions. This
leaves the Cartan subgroup U(1)r, x U(1)g with the two angular momenta J; and J> as Noether charges

and one finds

VA

T an

VA

T am

1 1
Q=32 [ +K =+ dge  Qu="2 [ wI= (=m0 (4.4.12)
~ 7 ~ 21

The asymptotics of the quasi-momentum p(z) around z — oo and z — 0 are given by

2 Jo — Jq
=—— 4.4.13
o= - . (14.13)
2w Jo + J1
z) =2mm + — zZ4+ .., z — 0, 4.4.14
p(2) s (44.14)
where 2mm arises from T(0) = g(27)~'g(0) = I as a consequence of the closed string boundary

condition g(o + 2m) = g(o). This can be interpreted as the level matching condition with the string

momentum given by 27m. Combined with the finite-gap equation (4.4.4) these give the relations

—]{;Tin(y) = / dy p(y) = j}[h + W , (4.4.15)
_7{;7?:@(;;?]) - /dy(yy) = 2mm, (4.4.16)
_j{;ﬂ'iny(g) :/dyp;g):f/g(E—Jl—Jz)- (4.4.17)

The dyonic giant magnon is an open string solution and a physical string configuration is obtained by
combining dyonic giant magnons such that the total momentum vanishes. However, in order to consider
a single dyonic giant magnon we can relax the level matching condition to allow for a momentum which

is not a multiple of 2. The above relations then give

X 2m
. — +_ vy AT .
z/ dy = —i(X* — X7) ﬁ[E J1+J2}, (4.4.18)
X+ +
) dy Lo X
— 2 — jln>— = 4.4.1
’L/_ y ¢ nX_ b, ( 9)
X+
) dy ./ 1 1 27
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which reproduces the dispersion relation (4.0.5) after eliminating X*. Therefore the position of the

condensate cut is determined by the charges E — Ji, Jo and p as

E—-J+ J2 2hSiIlg
r= =

X:t — o Tip/2 — .
e dhsin  E—J—J

(4.4.21)

For fundamental magnon excitations, i.e. Jo = 1, the dyonic spectral parameters X* are denoted by

+

lower case letters x™. These Zhukovsky variables also appear naturally in the Bethe ansatz and the

S-matrix. The dispersion relation written in these variables takes the form

1 1 21
T — (o +—) ==, 4.4.22
T zt <$ + x‘) h ( )

This dispersion relation can be solved by introducing the Zhukovsky map to the rapidity plane u € C
through

u:m—i—;, z* :x(uii). (4.4.23)

The rapidity for a single magnon is given by

1
w=: cot %’, /1 + 4h2 sin? g. (4.4.24)

These rapidity parameters correspond to the Bethe roots in the Bethe ansatz describing the scattering
of magnons. For example, in the su(2) sector the exact S-matrix for the scattering of two magnons

with the spectral parameters * and y* takes the form

x*—y*1_1+1y— Up —uy + F
3($a y) = SBDS (:Ea y)a(:z:, y)a SBDS ($7 y) = _ ¥ 1 2 (4425)
rTT -y l—m,y+ Uy — Uy —

where o(x,y) is the dressing factor and sgpg(z, y) is the factor from the BDS all-loop asymptotic Bethe
ansatz [12]

~

: : M 2

. z(uk + 1) z(uy + £)F up —uj + 3 1

e = ——— —p= o sw=g(us Ve —a) (@4420)
x(ug ) r(up — ¢ g Wm0~

=

The BDS factor has a pole at = = y*, which corresponds to the formation of a bound state of two

magnons [35]. In terms of the spectral parameters these Bethe equations take the form

+ 1 — 1
(i’j - 11 = o5 (4.4.27)
Zy, j=1,j#4k T}, + E — <l'j + ﬁ)

In the semiclassical limit of a large number of excitations the Bethe roots condense to form cuts [153]
and the Bethe equations reduce to the finite-gap integral equations describing the semiclassical dyonic

giant magnon spectrum.



Chapter 5

Glant magnon solution and dispersion

relation

In the case of string theory on AdSs x S°, in addition to the light-cone symmetry algebra considerations
and the perturbative near-BMN expansion, there is a third string-theory-based source of information
for the dispersion relation — the semiclassical giant magnon solution. In this chapter, based on [2], we
use this third approach to complement previous work on the first two approaches |74, 75| and shed
further light on the exact form of the mixed-flux dispersion relation for massive excitations. Following
[22, 23, 35|, we consider a giant magnon solution on S? with two angular momenta (Ji, J2) and find

that its energy is given by (F, J; — o0)

E—-J = \/Mi + 4(1 — ¢?)h?sin? g , (5.0.1)
My = Jy£qhp . (5.0.2)

For ¢ = 0 this reduces to the standard dispersion relation for a dyonic giant magnon [23, 35]. In the
giant magnon construction the momentum p is related to the angle A¢; between the end-points of
an open rigid string moving along a circle of S* so that p € (—m, 7). One may formally consider the
energy as periodic in p by periodically extending (5.0.2) to the whole interval p € (—o0,c0).!

The giant magnon solution is interpreted as a bound state of Jy elementary “magnons”’ (string
excitations) so that for Jy = 1 this relation corresponds to (1.0.54) with an exact linear expression for

M (i.e. without any higher order corrections in (1.0.55))
My =1+qghp. (5.0.3)

The resulting dispersion relation (5.0.1),(5.0.3) has the nice feature that for ¢ = 1, i.e. in WZW model

limit, it directly reduces to the expected massless dispersion relation
g=1: e, =1xhp. (5.0.4)

To derive (5.0.1),(5.0.2) we shall start with the bosonic string moving in R x S* in the presence of
an NS-NS flux, i.e. described by an action with a WZ term proportional to ¢, and consider its classical

solutions (see also |74] and references therein). Some previous discussions of similar classical solutions

IThe periodicity in p becomes irrelevant in the perturbative string theory limit of h > 1 when we set p = h™!p for
fixed p so that p goes to zero.

91
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in this model and their charges, based on various ansatzes for the string coordinates, appeared in [195]
but they will not be used here. Since the string model on R x S? in the conformal gauge reduces to
a principal chiral model with a WZ term proportional to ¢, to find solutions for ¢ # 0 from solutions
in the ¢ = 0 case one may use the fact that the g # 0 equations of motion written in terms of SU(2)

currents are related to the ¢ = 0 equations of motion through a world-sheet coordinate transformation.

In section 5.1 we review the classical string equations on R x S? in conformal gauge described by
the SU(2) principal chiral model with a WZ term proportional to . We then discuss the corresponding
conserved charges, pointing out an ambiguity in the action related to boundary terms, and describe a
procedure for constructing classical solutions for ¢ # 0 from their ¢ = 0 counterparts, illustrating it on

the example of the rigid circular string solution on S®.

In section 5.2 we construct the dyonic giant magnon solution generalising the solution of [22, 23] to
the ¢ # 0 case. We find the corresponding relation between the energy, the finite angular momentum
component Jo, and the effective kink charge, equal to the separation angle A¢; between the rigid
open string endpoints. Claiming that the latter should be interpreted as in [22, 23| as the magnon

world-sheet momentum p, we obtain the dispersion relation (5.0.1),(5.0.2).

In section 5.3 we further justify this momentum identification by considering the limit of large
angular momentum which isolates and effectively decouples fast string motion of extended slowly
varying string configurations such as the giant magnon. In this limit the string motion is described by
a q # 0 generalisation of the familiar Landau-Lifshitz model [196, 197]. The Landau-Lifshitz equations
are known to admit a “spin wave” soliton [198, 199, 200] which may be interpreted as the large J5 limit
of the dyonic giant magnon solution. The world-sheet momentum p of this Landau-Lifshitz soliton
has a straightforward definition that confirms its identification with A¢; of the giant magnon. The

resulting dispersion relation represents the large Jy limit of (5.0.1), i.e.

2(1 — ¢*)h?
E,6,=FE—J —Jy=—¢hp+ (JQ) sin? g +0(Jy?) . (5.0.5)
2

In section 5.4 we revisit the discussion of the world-sheet S-matrix of the mixed-flux AdSs x S*
theory in |74, 75]. We first review the light-cone symmetry algebra and then suggest a modification to
the conjecture for the central charge function My in |75], switching from (5.0.3) to (1.0.56). Doing so,
we recover the semiclassical ¢ # 0 dyonic giant magnon dispersion relation (5.0.1),(5.0.2) by considering
the bound states of elementary excitations (with Jy being the number of constituents) and taking an
appropriate strong-coupling limit. The simplicity of the bound-state picture provides a strong argument
in favour of the linear momentum function (5.0.3).

In section 5.5 we also comment on the relation between the dyonic giant magnon solution and the

soliton of the corresponding Pohlmeyer reduced theory.

5.1 Classical string solutions on R x S* for ¢ # 0

In this section we shall discuss the relation between the ¢ = 0 and ¢ # 0 classical string equations

on R x $? that we will use in the following section to find the unique generalisation of the standard
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g = 0 dyonic giant magnon solution of [23] to ¢ # 0. We will see that the ¢ = 0 and g # 0 equations
written in terms of the current J = g~ 'dg? are related by a world-sheet coordinate transformation.
Our strategy will be (i) to perform this world-sheet coordinate transformation on the ¢ = 0 current of
a given solution to obtain its ¢ # 0 counterpart and (ii) starting with this new current to solve for the
coordinates of the ¢ # 0 solution.

The string action in the conformal gauge is equivalent to that of the principal chiral model with a
Wess-Zumino term with the coefficient g € (0,1)

=—— /d2 2ty —q/d3 ety (FaTpJe )] Jo=9 '0ag , (5.1.1)
where h is the string tension, g € SU(2) and o = %(7’ +0), 01 = 0y £ 0,.

5.1.1 Classical equations
The equation of motion for the above action is

(14+¢0-J++(1—-¢q)0+3- =0, =g ldg, (5.1.2)

or, equivalently
(1—q)0-Ry +(1+q)0+R_ =0, R=dgg'. (5.1.3)

Supplemented with the flatness condition (5.1.2) can be rewritten as

R 1 - . ~ 1 N~ o~
043 + 5(1 +¢)[3+,3-] =0, 0_J4 — 5(1 —q)[3+.3-]=0. (5.1.4)
The formal transformation of the world-sheet coordinates
ot 56t =(1+xq)o* (5.1.5)

then maps the g # 0 current equations to the ¢ = 0 equations, provided the currents are left unaltered
(i.e. this is not a conformal transformation that leaves the classical equations invariant). Furthermore,

the Virasoro conditions (assuming that the target space time coordinate is t = Kk7)
tr(31) = —2x* (5.1.6)

are invariant under this transformation. Given a solution for ¢ = 0 the map (5.1.5) allows us to
construct the ¢ # 0 counterpart, J, of the ¢ = 0 current. It then remains to solve the defining
equations of J for the function g, or, e.g., for the 4 real (2 complex) S? embedding coordinates X,
m=1,..,4(Z,i=12)

7 Z
~ —1 1 2
Jr =g 049, = €SU(2), 5.1.7
+=9 Oig g < i > (2) (5.1.7)
Zy=X,+iXy, Zo=X3+iXy, X2=1, |Z)*=1. (5.1.8)

2Here we denote algebra elements by J instead of using plain J notation as in part I. This is to avoid confusion with
the various angular momenta denoted by J.
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The relation 019 = gJ+ then gives first order differential equations for the complex embedding coor-

dinates in terms of the current J
0.7 =317 . (5.1.9)
Taking an additional derivative these imply
0,0.72=0-3)"72+373"Z, 0.0,72=03)7+3"3"7. (5.1.10)

Subtracting these equations gives the compatibility condition 8+8,Z = 8,8+Z , which corresponds to

the flatness condition for J. Adding the two equations one obtains
= - 1 _ _ rz 1 . .
0+0_-Z + Q7 + §q[d+,d_] Z=0, 0= —5’51“(‘5+d—) , (5.1.11)

where have we used the fact that since J4+ are traceless and anti-hermitian the anti-commutator
{J+,J—} is proportional to the identity.

In order to solve for Z we decouple (5.1.9) into two first order equations

JHorzy - 3oz + (3EIY -33ihzi =0, (5.1.12)
320, 7, — 3207, + (3232 - 3252 2, = 0. (5.1.13)

These linear first order partial differential equations can be solved using the method of characteristics
and their solution will involve an undetermined function. At the same time, the original equations
(5.1.9) are four first order equations for two variables, which uniquely determine the solution up to
integration constants. Therefore, we still need to impose some additional conditions. This we can do

by decoupling the second order equations (5.1.11) as

Cia C1a
8,071 + qy~21 20, 71 + (Q 1 ¢Cii — 3211 35)21 —0, (5.1.14)
+
C C N
04+0_Z5 + q~—126‘+22 + <Q + qCo — 4=15 J?E)ZQ =0, (5.1.15)

where C' = 3[J4,J-]7. The undetermined function can then be fixed by substituting the solution of

the first order equations into the above second order equations.?

5.1.2 Conserved charges

The equations of motion (5.1.2),(5.1.3) imply that we have two conserved SU(2) currents, the left-

invariant and the right-invariant one

Lo=30—qeard’,  Ra=Ra+qea®,  0,L°=08,R*=0. (5.1.16)

#Notice that the equations (5.1.14) and (5.1.15) are related through complex conjugation. This does not imply that Z;
and Zs are complex conjugates of each other as we shall see in more detail later on. The above second order differential
equations admit two separate solutions corresponding to roots of a quadratic equation. Requiring that the final solution
is consistent with the original ¢ = 0 solution then uniquely fixes the choice of these roots giving rise to solutions for Z;
and Z2 that in general are not related by complex conjugation.
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Using these we can construct conserved charges in the standard way

Qu=b [do@o+ar) . Qn=h [do(f—as). (5.1.17)

For the dyonic giant magnon solution that is the main subject of this paper, there are a particular pair
of charges that we will be interested in
i i

4(tr[QL~O'3]+tI“[QR'O'3]) y M:—*(—tr[QL'O'g]—{—tl"[QR-Ug]) . (5.1.18)

J = 1

We will parametrise the 3-sphere as
Zy = X1 +iXy =sinf 1 | Zy = X5+ iXy = cosf e?? (5.1.19)
or, equivalently, in terms of the Euler angles
g= 39193 03%02 50RO , Yv=m—20, Or=¢1+¢2, Orp=0¢d1— 2. (5.1.20)

The bosonic string action (5.1.1) then takes the form

S = —g / d’c [aaeaae +sin? 00,¢010%1 + cos® 00,¢20% Py + q(cos 20 + ¢ ) (d1y — q'ﬁQqu)] . (5.1.21)

where a,b = 0,1 stand for the world-sheet coordinates 7, o with the metric n = diag(—1,1) and
= 0,, = 0,. The last ¢g-dependent term comes from the Wess-Zumino term, in which the parameter ¢
corresponds to an ambiguity in defining a local 2-d action.* The c-term is a total derivative and does
not, of course, affect the equations of motion. However, if we consider string solutions with non-trivial
boundary conditions (which includes the case of interest — the dyonic giant magnon) then it will affect
the corresponding Noether global charges as we shall discuss below.

As we are using the conformal gauge with the residual conformal symmetry fixed by choosing t = k7

the Virasoro constraints take the following explicit form
6% + 62 + sin® 9(¢% + <Z>%) + cos? 0(¢% + ¢%) =K%, 06 + sin” 0¢1 1 + cos® Ogacy = 0. (5.1.22)

The translational invariance of the full string action under shifts of ¢, ¢1 and ¢9 leads to the following

conserved Noether charges: the energy and the angular momenta (here o € (—m, 7))

E = 2rhs (5.1.23)
J = h/da [sin2 9(&1 — g(cos 20 + C)(Zgg] , (5.1.24)
Jy = h/da [6082 0o + %(cos 20 + c)qfal] . (5.1.25)

Here J; 2 follow directly from the action (5.1.21). The c-terms are of course total derivatives and thus

contribute only if ¢; or ¢ have non-trivial boundary values or if periodicity in ¢ is not imposed (as

4In general, the string couples locally to the antisymmetric B-field, while the defining equations — the conformal
invariance conditions or, to leading order, the supergravity equations of motion — depend on the three-form field strength
H. Therefore, there is a gauge freedom in choice of the B-field and in the presence of the boundary this necessitates
a boundary term parametrising this ambiguity. At the moment we will leave it arbitrary and fix it later via natural
physical requirements appropriate for the giant magnon solution.
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will be the case for the giant magnon solution).
Let us compare (5.1.24),(5.1.25) with the charges J and M (5.1.18) that were derived from the
SU(2)-invariant currents (5.1.17). Substituting the parametrisation (5.1.19) into (5.1.17) we find

J= h/do [5in2 0y — g(cos 20+ 1)do | , (5.1.26)
M = h/da [cos? O + %(cos 20— 1)¢n | , (5.1.27)
and hence
Ji=J— %hq(c C)Ads,  Jo= M- %hq(c +1)Ady | (5.1.28)
Adi = ¢i(m) — gi(—7) . (5.1.29)

Thus to match J and M with J; and J» we need different choices of ¢ (= +1), i.e. J and M cannot be
obtained as Noether charges from a local action (5.1.21) with equations of motion equivalent to (5.1.2).
This, of course, is not a contradiction as the difference appears only due to the boundary “twist” terms
Ad¢;, but if non-zero such terms break manifest SU(2) symmetry.®

The dyonic giant magnon solution we will be interested in is a classical soliton representing a
“bound state” of string excitations above the BMN vacuum. The latter corresponds to a point-like

string moving along a great circle of S3
9:%, L =KT, Go=0. (5.1.30)
For the point-like BMN solution
E—-J =0, Ji=1J. (5.1.31)

In the ¢ = 0 case, the giant magnon limit [22] involves taking both E and J; to infinity (i.e. K — 00)
with their difference held fixed

E, Ji — o0, e=E—Ji, Jo» = fixed . (5.1.32)

Also, as in [22| the string is assumed to be open so that rescaling 7 and o by k — oo the spatial

interval may be decompactified
r =Ko, K — 00, x € (—o0,+00) , (5.1.33)
and the non-zero angle between the end points of the string
Apy = ¢1(x = 0) — p1(x = —0) (5.1.34)

may be related to the 2-d momentum p. Then e, which plays the role of the energy of the state relative
to the BMN vacuum, can be expressed as a function of p and Js.

As we shall see below, for ¢ # 0 the requirement that £ — J; remains finite in the x — oo limit (and

®Let us note also that in general, the currents conserved (9,j¢ = 0) on the equations of motion are defined modulo
a trivial term €*?9, f; where the functions f; (that may, in principle, break some manifest global symmetries) contribute
to the corresponding charges only if they have non-trivial boundary twists.
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also the classical action is finite when evaluated on one period of the dyonic giant magnon solution)
implies that
c=1. (5.1.35)

In this case the action (5.1.21) becomes explicitly
h 2 a 2 a 2 a ab 2
§=—3 [ d% (aaea 0 + 5in% 0 u 19961 + cos2 0 Duad®a + 2¢e® cos 9aa¢1ab¢2) . (5.1.36)

The physical reason for this particular choice of By,,-term in the string action is that it vanishes at
¢ = 7. This implies the vanishing of force on the ends of the open string (representing the giant magnon
solution) moving along the great circle corresponding to ¢;. As usual, the boundary term in the varia-

tion of the string action specifies the boundary conditions for the open string end-points. The variation

of (5.1.36) under the variation of ¢ gives the condition f dr 6o ( sin? 9, ¢1 — g cos? 087@) . =0.
o=0,7
Since the end-points of the giant magnon move along the great circle 0}0':071' = 5 the g-dependent
term vanishes and we just have the standard free-ends condition 80(1)1}0:0 L, =0
From (5.1.29) we then get
J=J1, M = Jy — qghA¢ . (5.1.37)

Here A¢q plays the role of kink charge, which, as for ¢ = 0, can be identified with the 2-d spatial
momentum p of the soliton. Recalling that the quantized WZ level k is related to ¢ as k = 27hg, we
may write M as

M:JQ—thZJQ—k%, p=Ad . (5.1.38)

Here A¢; € (0,7) but being an angular coordinate it may defined modulo 27, and then the same may
be assumed about p, i.e. M may be considered as a periodic function of p.%

Also, for a physical closed string A¢; should be equal to 2rn where n is an integer winding number,
or, equivalently, the total momentum of a bound state of magnons representing a physical state should

be quantized
Zpi =27n . (5.1.39)

This is consistent with both M and .Js in (5.1.38) taking integer values for such states.
This relation between M and Js is suggestive of how the dyonic giant magnon dispersion relation
is to be modified in the presence of the NS-NS flux (cf. (5.0.1),(5.0.2)).

5.1.3 An example of a solution: rigid circular string

Before turning to the construction of the giant magnon solution for ¢ # 0 let us illustrate the general
procedure of finding ¢ # 0 solutions from their ¢ = 0 counterparts on the example of a rigid circular

string on S3 [201, 143]. The standard ¢ = 0 solution written in the embedding coordinates reads

1
7y = —expli(w+m)oT +i(w—m)o],

V2

1
Zy = —expli(w —m)o +i(w+m)o], m? 4+ w? = K2 . (5.1.40)

V2

5The issue of periodicity is a subtle one and we will return to it later in section 5.2.3 after we have derived the relevant
expressions for the energy and angular momenta of the dyonic giant magnon as functions of the solution parameters
(which include A¢1).




CHAPTER 5. GIANT MAGNON SOLUTION AND DISPERSION RELATION 98

For this solution the SU(2) currents are (see (5.1.7))

N m wexp[—2im(ct — o7)]
o ( wexp[2im(oct —o7)] -m > ’
N —-m wexp[—2im(ct —o7)]
v ( wexp[2im(oct —o7)] m > ’
o —%tr(fprﬁ,) W om?. (5.1.41)

Performing the world-sheet coordinate transformation (5.1.5) gives the ¢ # 0 currents

3—i < m wexp[—2im[oT — o~ +q(ot + 07)]] )
- wexp[2im[cT — o7 4+ q(6T +07)]] —-m 7
i < —-m wexp[—2im[oT — o~ + q(ot +07)]] >
- wexp[2im[ocT — o~ + qloT +07)]] m ’
B 0 exp[2im(cT — o~ + q(oT +07))]
¢ =2m ( —exp[=2im(o* — 0= + q(o +07))] 0 >  (5:142)

with € unchanged, while the decoupled equations for the embedding coordinates (5.1.14)-(5.1.15)

become
0L0_2Zy — 2qmidy Z1 + (w2 —m? - 2qm2>Z1 ~0, (5.1.43)
0,07 + 2qmi 8y Zo + (w2 —m? 2qm2>Z2 —0. (5.1.44)
Fourier decomposing the solution as
Z1 = ay explip,T + ino]| , Zy = by, expliv,T — ino] , (5.1.45)

and requiring that the modes reduce to those of the ¢ = 0 circular string solution one obtains

fm = qm + /¢>m? + w? | Um = —qm + \/¢®>m?2 + w? . (5.1.46)

The normalisation condition |Z1|? + |Z2|?> = 1 together with the Virasoro constraints 01210427 +
0+ 720+ 75 = K* = w? +m? then determine a,, and b, up to a phase giving

[W —gqm
ST exp(t[(W + gm)T + mo]) , (5.1.47)

w
2—;‘/qm exp(i —qm)T —mal) , W =+/w?+ ¢m? . (5.1.48)

In the parametrisation (5.1.19) this solution takes the form

fqm

sinf = =W +gm)T + mo p2 =W —gm)T —mo . (5.1.49)

The two angular momenta associated to shifts in ¢ and ¢2 computed from (5.1.24),(5.1.25) are

J1 = Jy = wh(W + cqgm) , (5.1.50)
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where ¢ parametrises the ambiguity in the choice of the total derivative term in the action (5.1.21).

The expression for energy then takes the form

E = 2rhk = \/(J — 2rhcqm)? + 472h2m2(1 — ¢2) , J=h+J=2J. (5.1.51)

Expanding in large J we get

2m2h2(1 — ¢?)m?
J

E = J — 2rhegm + +0(J7?) . (5.1.52)

The choice ¢ = 0 here gives the standard BMN limit £ = J when J — o0.

5.2 Dyonic giant magnon on R x S? in the presence of NS-NS flux

5.2.1 Review of ¢ =0 case

Let us start with a review of the standard dyonic giant magnon solution on S® in the absence of an
NS-NS flux, i.e. for ¢ = 0 in the action (5.1.21). In the notation of section 5.1 the dyonic giant magnon
solution, labelled by the two independent parameters b (or v) and p, takes the form [23]

[b+ itanh(X cosp)] exp(it) _ sech(&X cos p) exp(i7 sinp)

7y = Zy = 5.2.1

1 (1+02)1/2 ’ ? (1+ 6272 ! (5:2.1)

b:%, ve(0,1), pe(O,g), b e (0,00) , (5.2.2)
— U

where X' and T are related to the world-sheet coordinates 7, o through a boost of velocity v and a

rescaling by &

xr — vt t—ox
x =" T=_27 5.2.3
V1—10v? V1—02 ( )
t =K1, I =kKO, T € (—00,00) , o€ (—mm), x € (—00,00) . (5.2.4)

Here we have already taken the limit kK — oo and thus “decompactified” the spatial direction .
o — Fo0 correspond to the endpoints of the string moving in the ¢; direction, while p € (0, 5) is the
parameter associated with the angular momentum in the ¢o direction. We may of course extend the
parameter ranges so that v € (=1,1), p € (—m,m) \ {—5, 5} to cover also the soliton moving in the
opposite direction. These ranges correspond to b € (—o0, 00) and hence A¢; € (—7, 7).
This solution satisfies the boundary conditions
A
© — 400 : 71 — exp (z’t + z%) L Za—0, (5.2.5)

where
A¢ = 2arctanb™! € (0,7) (5.2.6)

corresponds to the angle between the rigid open string endpoints which move in the ¢; direction on

the great circle 6 = 7.

The finite combination of energy E with J; and the angular momentum Js for this solution are
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given by

2h (1 + b%cos? p)!/? 2h
y JQ

—J pu— :7t .
N Ccos p 102 P

(5.2.7)

The case of p = 0 thus corresponds to the S? giant magnon of [22] (then Z in (5.2.1) becomes real)
with Jo = 0. In addition to Jy another “charge” parameter of this solution is the “kink charge” A¢py.

Expressing the energy in terms of these charges we get

4h2 A
E—le\/J22—|—Hb2:\/J22+4hQSin2;§1. (5.2.8)

This becomes the usual dyonic giant magnon dispersion relation upon the identification [22, 23] of the
magnon momentum with the separation angle: p = Agy.

Let us mention that if one considers a more general solution where the string moves also along an
St in the torus part of AdSs x S? x T then the dispersion relation (5.2.8) is modified as follows:

VE? P Jy = \[J? + 4h?sin? g : (5.2.9)

where P is the (large) momentum in S' with E, P and .J; scaling as x — oo. This follows simply from
the formal Lorentz invariance in the R; x S%b subspace in the decompactification limit (equivalently,

the contribution of the R; and S}/, to the Virasoro condition can be absorbed into a rescaling of 7 and

o).

5.2.2 Dyonic giant magnon for ¢ # 0

Let us now generalise the above solution to the g # 0 case using the procedure outlined in section 5.1.
First we are to re-express the current, constructed from the ¢ = 0 solution (5.2.1) via (5.1.7), in terms
of 6%, defined in (5.1.5), giving us the current J of the ¢ # 0 solution. Anticipating that the ¢ # 0
solution is again most conveniently written in terms of boosted world-sheet coordinates we introduce
the boosted world-sheet coordinates X, T which are related to the ¢ +# 0 world-sheet coordinates ¢, &

by a boost of velocity v, i.e.

&i:(liq)oi:%(%i&), f=r7, &=ko, 2:%, ’r:%. (5.2.10)
Note that the boosted world-sheet coordinates of the ¢ = 0 and q # 0 cases are related via
X=X+qT, T=T+qX . (5.2.11)
It is useful also to introduce rescaled coordinates € and 7, defined as
£=Xcosp, f="Tsinp . (5.2.12)

The coordinate transformation from the original light-cone coordinates o* to 5 , 1 is then

1 1 N 1 1-— 7l
ot = F( R/ § ) o = N ”(,’7 _ £ ) (5.2.13)
26(1+q)V1—wv\sinp cosp 2k(1—q) V 14+wv\sinp cosp
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Written in €, 7 coordinates the equations (5.1.12)-(5.1.13) become
8521+A8ﬁ21+BZ1:0, 8§"Z2+A*aﬁZ2+B*Z2:0,

where

1+v~21 e
T=oU m + gb + igtanh ¢
= tan

(1+q)\ /3723 - (1—q)
Q) /1+v33_1 P qm+b+itanh§~ '

(1-
A =tanp
(1+ Q) 3+ (1

B K eos™ p(3FIY - 32151 _sech2¢ + (k + i tanh €)(b + iu tanh €)
= = — >
(1+q) [ E23% + (1 — ) /12237 (w+1)(b+ qm +itanh )
v
VT Poo?p
u:&7 m=(1—u)tanp .
sin p

We can then write (5.2.14) as an ordinary differential equation

dz
1. BZ, =0
d¢

valid along the characteristic curve
T-ad = 0= [dad+a.

Evaluating the integrals of A and B we obtain

B s oo 20k + ks 4 (b — s1)ul€ -
Il—/ng(g)—— 20+ )1+ u) + Incosh ¢
i + k2 + 51(s1 — k)(1 4+ u)] In[2(s; cosh € + isinh £)?]
2(1+ s2)(1 + u)
R 2(1 + s152)€ — im(1 — ¢2) In[2(s1 cosh € + i sinh €)2]
1, _/dgA@) — tanp S
si=k+qm, S0 =m+qk .

The solution for Z; is then obtained by integrating (5.2.18)

2= f(Colé))exp |~ [ €BE)] = £~ B@)exp [~ (@]

We can determine f by substituting this solution into (5.1.14). This gives

@) =2rf(@)+1* =6 =0,

i 1+ ¢q(q — 2v)
=51+

r

) 1
yE———
2 (sinp\/l — 02

which has the solutions

flx) =e*" | ar=r=+90.

sinp(1 —¢2)V1—?

)

101

(5.2.14)

(5.2.15)

(5.2.16)

(5.2.17)

(5.2.18)

(5.2.19)

(5.2.20)

(5.2.21)

(5.2.22)

(5.2.23)

(5.2.24)
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Requiring that in the limit ¢ — 0 we recover the dyonic giant magnon solution (5.2.1) leads to

- - q”) . (5.2.25)

sin pv1 — 021 —¢?

We can now determine the Z3 solution by taking the complex conjugate of (5.2.21), but to ensure the

f(z) = e*** =exp (z

correct ¢ = 0 limit in this case we should take

F(2) = "% = exp (iz [Sin p(ICIqu;)i’}m + 1]) . (5.2.26)

After fixing the normalisation constants using the Virasoro condition and |Z1]? + | Z3|? = 1 we obtain

the solution written in terms of the original X', 7 coordinates (5.2.3)

(B + i tanh[cos p(X + ¢T)]) exp(it)

71 = - , 5.2.27
! (1+ b2)1/2 ( )
72 — sech[cos p(X + ¢T)] eXpN(i[sin p(T +qX) — qz)) ’ (5.2.28)
(1+0)72
; v—gq .
b = sec /)(\/17_71}2 +gsinp) . (5.2.29)

This generalises (5.2.1),(5.2.2) to the ¢ # 0 case. It is straightforward to verify that the solution
(5.2.27)-(5.2.29) satisfies the defining equations (5.1.9). Written in the parametrisation (5.1.19) it

takes the form?

sech[cos p (X + ¢T)]
(RN
¢1 =t + arctan (5_1 tanh[cos p (X +qT)]) , ¢ =sinp (T +qX) — qz (5.2.31)

cosf = (5.2.30)

where as in (5.2.3) here X = % , T= \;%

The asymptotics of this ¢ # 0 dyonic giant magnon solution (5.2.27),(5.2.28) have the same form
as in the ¢ = 0 case (5.2.5)

A
£ too:  Zi —sexp (it + z%)  Zy—0, (5.2.32)
A¢ = 2arctanb~! € (0,7) . (5.2.33)

Here we have restricted so that A¢, € (0, ), corresponding to be (0,00). As in the ¢ = 0 case these

ranges can be extended to (—m,7) and (—o0, 00) respectively.

5.2.3 Conserved charges and dispersion relation

For the ¢ = 0 dyonic giant magnon the energy E and the angular momentum J; diverge with their
difference staying finite. This is no longer true in general for g # 0: the behaviour of E — J; happens
to depend on the definition of J; in (5.1.24) which is sensitive to the total derivative ambiguity (~ c)

"One can check that this solution remains valid also for ¢ = 1 (it satisfies the Virasoro constraints and equations of
motion for (5.1.21)) even though the world-sheet coordinate transformation (5.1.5) which we used to derive it becomes
degenerate. Furthermore, written in terms of the group element (5.1.20) the solution factorises as expected: ¢ =
exp (%gt — ) 03) - gp(t + ). It is interesting to note that the right-invariant current is particularly simple in this limit:
0_gg~  =ios.
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in the Wess-Zumino term in (5.1.21).8 We find from (5.1.23)—(5.1.25)

E—J = h/ da (1 — [sin2 00,6y — %(cos 20 + c)ax(;sg]) , (5.2.34)
Jo = h/ dz [cos2 000 + g(cos 20 + c)&pgbl] , (5.2.35)

where we used the rescaled world-sheet coordinates (¢, ) = (k7, ko) with t,z € (—o0, 00). Computing
these integrals for the solution (5.2.30),(5.2.31) we find

1—q2+ (bcosp — gsinp

E—-J = Zh\/ ( = )
(1+b2)cosp

Agpy = —cos p (qcos p + bsin p) x‘iooo , (5.2.37)

2
1
+ ihq(c —1)A¢y (5.2.36)

tan p — ql;

1
=M+ - 1)hgA M =2h =
JQ +2(C+ )q ¢17 1+b2

, (5.2.38)
where A¢; is given in (5.2.33), the divergent expression for Agy = ¢a(z = 00) — ¢2(x = —00) follows
from (5.2.31) and M was defined in (5.1.18),(5.1.27). We conclude that E — J; is finite only if ¢ = 1.9
Remarkably, this is exactly the case (cf. (5.1.28)) when the charge J; (5.1.24) coincides with J in
(5.1.18),(5.1.26) which corresponds to manifestly SU(2) invariant current.

Eliminating p and expressing b in terms of A¢; in (5.2.33) gives

A
c=1: E—J = \/M2 + 4h2(1 — ¢2) sin? % , M = Jy — ghA¢y . (5.2.39)

Let us comment on the values of parameters here (with ¢ € (0,1)). As in the ¢ = 0 case, when
constructing the solution we restrict to Ag; € (0, ), or equivalently b € (0, 00). Taking also p € (0, 5),
this implies the restriction v > v.(q, p) > v.(q,0) = g, where v, is a function of ¢ and p whose explicit
form follows from (5.2.29). As before, we may extend the parameter ranges so that v € (—1,1) and
pe (—m,m)\{-5,5} and thus b€ (—o0,00) and A¢y € (—, ).

Note also that M in (5.2.38) is single-valued; Jo = M + ¢ghA¢; formally shifts if we shift A¢q by
its period. As was already mentioned in section 5.1.2, the shift is integer as the WZ level & = 27hg
should be quantized.

It remains to relate the “kink charge” A¢; (5.2.33) to the world-sheet momentum p. In general,
there is no universal definition of world-sheet momentum (the total momentum vanishes as we are
dealing with a reparametrisation-invariant theory). In the present case the preferred gauge used to
define the near-BMN S-matrix is the uniform light-cone gauge (see [5] for a review). In the ¢ = 0 case

the momentum was identified in [22, 23| with the angular separation
p=A¢, (5.2.40)

and this relation was indeed demonstrated to apply in the uniform light-cone gauge for the original

8The infinite contribution of the total derivative term comes from the infinite (in the x — oo limit) number of
“windings” of the ¢ # 0 giant magnon around the circle of ¢2, i.e. Ags = co in (5.2.31).

9Let us note again that this choice is not related to the parameters of the solution itself but only to the total derivative
term in the action (5.1.21) or to the definition of the corresponding Noether charge Ji. Let us mention also that the
importance of similar WZ-term related boundary terms in the presence of non-trivial kinks was emphasised in a similar
context in [82].
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(Jo = 0) [22] giant magnon [202, 5]. Heuristically, the relation (5.2.40) is not expected to change upon
switching on non-zero values of Jo and ¢. First, there should be no momentum flow in ¢o direction in
(5.2.31) as it is linear in ¢ and z, i.e. the relevant momentum should be associated with ¢;. Expressing
¢1 and ¢y in terms of two other string coordinates — ¢ and 6 in (5.2.30),(5.2.31) and treating 6 as a

spatial coordinate along the string (cosf changes from its maximal value to zero and then back) we

get
¢1(t,0) = t + arctan [5_1\/1 — (1 + b2) cos? 0] , (5.2.41)
¢o(t,0) = wt +r arccosh[ (\/ 1+ b2 cos 9)71] , (5.2.42)
(1 -gY)sinpVI—2—qv—q) \/1—q2+(5008/>—qsinp)2 oo 2m (5.2.43)
1—qu sinp—ql;cosp ’ Jwl o
_ L rbtans (5.2.44)
qb —tanp

In this form we can also see the qualitative features of the solution: the string motion is controlled by

the three parameters b, w and r. In particular,

(i) b= cot Agl € (—o0,00) controls the separation between the string end points,
(ii) w € (—1,1) controls the angular velocity in the ¢2 direction,
(iii) r € (—o0,00) controls the winding in the ¢, direction.

From the expressions (5.2.29), (5.2.43) and (5.2.44) for b, w and r we see that the NS-NS flux does not
introduce any new features for the motion, i.e. all of the above three behaviours are also present for
q = 0. Instead for a given value of ¢ there are only two independent parameters for the solution, e.g.
(v, p) or (b, p), and only certain combinations of the three features are allowed. Therefore the presence

of the NS-NS flux allows for additional new ¢ # 0 combinations of these features.

In (5.2.41)-(5.2.44) the independent parameters are p and b associated, respectively, with two
conserved charges — Jo and p (see (5.2.33),(5.2.38)). The expression for ¢; has indeed the same form
as for the Jo =0, g = 0 case, i.e. it depends on p (or J2) and ¢ only via b in (5.2.29). Then a natural

definition of the world-sheet momentum corresponding to ¢; is

p= [ a6 061001 = [ d dyon = 2 (5.2.45)

where we have taken into account that 0:¢1(t,6) = 1. The same conclusion is indeed reached in the

uniform light-cone gauge where one has [5]
r_=p—t, ze=(1—a)t+ap=r, P+ =1 —a)p, —ap =1, P— =Dy + i (5.2.46)

Here a is a gauge parameter (we ignore winding in the ¢ direction as we are interested in the decom-
pactification limit J; — o). The Virasoro condition, which is unchanged by the presence of the WZ

term ~ ¢, then implies

F_ +pidt =0. (5.2.47)
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In the present case ¢ is to be identified with ¢; (see [74]) and 2 stand for all other “transverse”

coordinates. Thus the world-sheet momentum is
Ds = —/da pidt = /da i =Ap=A¢1 =p. (5.2.48)

Therefore the relation between world-sheet momentum and A¢; does not depend on the gauge param-
eter a, which was observed for ¢ = 0 in [202] and agrees also with the near-BMN expansion for ¢ # 0
in [74].

Let us note that the momentum for a rigid moving wave-type soliton, given by some profile function

© = p(x — vt), can be defined as

p= /d:vpgp ¢ (5.2.49)

where p, is the conjugate momentum density for ¢. For the S? giant magnon, which is described
in light-cone gauge by a constant Ji-density, this gives p = 2arccosv [202]. The relation cos & = v
between p and the soliton center of mass velocity v also generalises to J2 # 0 and ¢ # 0 (v = v in
(5.2.1) when p = 0). From (5.2.27),(5.2.28) the string centre of mass coordinates are

™ d b
z; = lim —aZi(t, KO), 2] = ——=—e", z9 =0, (5.2.50)

k—oo J_ 2T 1/14_(;2

i.e. they describe a motion along a circle in the (X7, X3) plane with linear (tangent) velocity given by

(cf. (5.2.33))

V= = cos . (5.2.51)

Using (5.2.40) in (5.2.39) we arrive at the following ¢ # 0 generalisation of the dyonic magnon

dispersion relation'®

E—J = \/(Jz — ghp)? + 4h2(1 — ¢?)sin? . (5.2.52)

It is worth noting that, as in the ¢ = 0 case (see equation (5.2.9)), the generalisation of this dispersion
relation to the case when the string also moves along an S' in the torus part of the background is
simply given by replacing E — v E2 — P2 where P is the (large) momentum in S!. Again the reason

for this is the formal Lorentz invariance in the R; x S}Z, subspace in the decompactification limit.

Finally, let us derive the quantization condition for Jy (a similar argument for the ¢ = 0 case
appeared in [22, 23]). As one can see from (5.2.28) or (5.2.42) the giant magnon motion is time-
periodic in the ¢y direction with period T (5.2.43) assuming that the shift of ¢ is compensated by a
shift of x so that X + ¢7 and thus 0 stays unchanged. In fact, the solution is explicitly periodic in

0For completeness, one should also check that the “off-diagonal” components of the SU(2) charges (5.1.17) vanish
on this solution and indeed this is the case. We can also construct these “off-diagonal” charges by considering the
corresponding Noether currents following from the local action (5.1.21). For these charges to be well-defined, i.e. for the
spatial component of the current to go to zero as * — 400 we again find that we should fix ¢ = 1. Furthermore, these
charges also vanish on the solution, i.e. there is no additional contribution from the non-trivial boundary conditions.
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x4+ = 7 in the light-cone gauge discussed above, where we have (see (5.2.41),(5.2.42))
zy=1—-a)t+ap; =t+ax_ =T, z_ = f(0), P2 = wt + g(0). (5.2.53)
The changes over the period 6t = T are
50 =0,  Oby=2m, O =0ot=T, (5.2.54)

so that dx_ = d¢p1 — 9t =0, dxy ="T.

This periodicity implies that there is an associated action variable, which should take integer
values upon semiclassical quantization. Indeed, in general, for an integrable Hamiltonian system one
can define action variables I, = % f% pidg* where the v, form a basis of Liouville torus cycles. The
Bohr-Sommerfeld condition then implies that I should take integer values in the quantum theory. In

the present case we can obtain the action variable I associated to the above cycle in phase space from

oS
2nl =S —-T—| . 5.2.55
a 9T, ( )
Here S = S(T,p) is the light-cone gauge string action computed over one period T on the giant
magnon solution (we assume that the parameters p and b are expressed in terms of T in (5.2.43)
and p in (5.2.40),(5.2.33)). Since the string action is reparametrisation-invariant, its value is gauge-
independent and so it can be evaluated, e.g., in the conformal gauge (even though the periodicity of
the solution is not manifest in this gauge — ¢; gets an additional shift ~ T). Considering w > 0
we compute the action (5.1.21) (keeping ¢ arbitrary and including the —9%td,t term) on the solution
(5.2.30),(5.2.31) to find

21—-¢*) 1 1
S =2rh| — (7611 + —q(c+ 1)A¢p; — —Tq(c — 1)Ap2| , (5.2.56)

tanp —qb 2 4
where T is given in (5.2.43), A¢; in (5.2.33),(5.2.40), and Ay in (5.2.37) is divergent. Thus the action,
like £ — J; in (5.2.36), is finite only if ¢ = 1, once again supporting the choice of the boundary term
made above in (5.1.35),(5.1.36). Eliminating p in favour of T or w = 2% (recall we consider w > 0)

T
using (5.2.43), i.e.

L=+ B = [0 - @)+ )1 - w) - qud|

2 _
tan”p = — : (5.2.57)
gives (here b= cot & and w = 2%)
S 2(1 = VI~ w?
c=1: orh - - = ~21/2—1-(1p.
VT=w? — (1= + 8 = [\/ (= )1+ )1 w?) — qui] )
(5.2.58)

Substituting into (5.2.55) we find that the action variable associated to the periodic motion in ¢y is
nothing but J» given in (5.2.38), i.e.
I=J. (5.2.59)

Thus J; should be quantized, which is consistent with the near-BMN perturbation theory [74] where
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the dispersion relation is a limit of (5.2.52) with J» = 1, and with the bound-state analysis in section
5.4.

5.3 Giant magnon in the Landau-Lifshitz limit

Let us now check (5.2.40),(5.2.52) by considering a particular large angular momentum limit (when
both J; and Jy are large) in which the string action reduces to a Landau-Lifshitz (LL) model in which
there is a natural definition for the world-sheet momentum.

In the ¢ = 0 case the LL model admits a well-known “spin wave” soliton solution which, in fact,
may be interpreted as a limit of the giant magnon of the original string sigma model, and we shall
find its generalisation to ¢ # 0. In the LL model one can give a natural definition to the spatial 2-d
momentum of the soliton and as we shall see it is consistent with (5.2.40),(5.2.45) and the resulting

energy-momentum relation agrees with large Jo expansion of (5.2.52).

5.3.1 Landau-Lifshitz model for ¢ # 0

To derive the LL model from the string action on R x S one introduces a collective coordinate to isolate
the “fast” string motion associated to the large total angular momentum and obtains the effective action

describing the remaining “slow” degrees of freedom [196, 197|. Let us parametrise S? as

Z1 = X1 +iXy =sinf e = Upe'™ U; =sinf e’ |
Zy = X5+ iX4 = cos0e'?? = Upe™ , U = cosf e ,
1 1
a:§(¢1+¢2) ; 5=§(¢1—¢2) ; UL+ |Uz)* =1 . (5.3.1)

The angle a and the CP! coordinates Uy, Us correspond to the S' Hopf fibration of S®. The conformal-
gauge string Lagrangian is £ = —%8#& o_t+ %Es where the S? part in (5.1.21), written in the above

coordinates, takes the form

Ls = 0,00 0+ 0.00_a+0,80_8
— (1+¢)0+aC_ — (1 — q)0_aCy — qc(9+a0-B — 04 B0—_a) ,
Cy =cos2004+0 . (5.3.2)

With ¢ = k7 the Virasoro constraints are
(8i01)2 —201aCy + (8i9)2 + (aiﬁ)2 = k2. (5.3.3)
Introducing n; = Uto;U or explicitly

il = (sin 26 cos 2f3, sin 26 sin 23, cos 26) , =1, (5.3.4)

1 1
8+Cf - 870+ = —§5ijknia+njafnk s Z&hﬁ S0_M = 8+98,9 + ('%WB('“LB - C+Cf s (535)
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we may rewrite the Lagrangian in (5.1.21) and the Virasoro constraints as

Lg= i&rn -0_n+ (0ya—Cy)(0—a—C_) —q(04aC_ — 0_aCy)

—qc(0+a0_p — 04+B0_«a) (5.3.6)
(0+n)?
Ora—Cr =kry\/1— PR (5.3.7)

Let us now take the large total angular momentum limit directly in the action (as in [197]) using the
Virasoro constraints to eliminate a. We take the limit directly in the action rather than the equations
of motion in order to determine the contribution to the LL action from the total derivative in the WZ
term. Introducing u = o —t and expanding in large x (which corresponds to large angular momentum
limit with both J; and Jy being large!!) we find, after solving for u using the Virasoro constraints
Oru=Cy +O(k™1),12

1
Lg= Z&rn - 0_n — 26Cr + 2qkCy + 2qckds B+ O(K71) . (5.3.8)

Finally, using the equation of motion d,n; = qd,n; + O(xk~!) we arrive at the following ¢ # 0 general-

isation of the Landau-Lifshitz action

S = —h/dtda: [Ct —qCy + é(l — ) (0,m4)* — qc@xﬁ} , (5.3.9)

where t = k7, x = ko and C, = cos 20 J,0.

In this procedure we use the Virasoro constraints in the action which in general may not necessarily
lead to a correct result but in the present case indeed gives the same expression for the LL action as
the systematic procedure based on uniform gauge fixing and large s expansion developed in [197]|. The
same conclusion is also easily reached for ¢ # 0 by taking the same limit directly at the level of string

equations of motion:
O1ni(0—a — C_) 4+ 0-ni(dra — C) — €ijkn;04.0-ny, + q(01.a0-_n; — 0—adyn;) + O(k™1) =0 .
Using the expansion of the Virasoro constraints (5.3.7) to eliminate a gives
2(0r — q05)ni + €ijun; (07 — 0F)ny, + q(Cy0-n; — C_94ny) + O(k~") = 0.
For ¢ # 0 the time derivatives of n; are not suppressed but go as 0,n; = ¢0,n; + O(x~!). Eliminating

them recursively from the above equation gives (0 —qd,)n; = —5=(1—q?)esjkm;02nk +O(k~2) which
follows from the action (5.3.9).

The LL model action (5.3.9) is invariant under translations of (¢, z) and SO(3) rotations of n;. The

former give two conserved charges — 2-d energy and 2-d momentum of the “slow” variables (which are

"'This one can see from the large x expansion of Jo = 2(J1 + J2) =k + [ 92 g[c + cos(20)]8 + O(s1).
12We dropped the total derivative term 2x0,u and the constant term x? which do not depend on gq.
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no longer fixed by the Virasoro constraints)

E, :h/dx( — q(cos 20 + ¢)3, 8 + = (1 — ¢%)[(0:0)% + sin® 20 (@5)2]) , (5.3.10)
__h OLs 5 5_ _
P, = 5 /dx a(atﬁ)axﬁ— h/dx cos 20 0,3 . (5.3.11)
Then
E, +qP, = h/dx ( — qed, B+ = (1 — ¢%)[(0:0)% + sin® 20 (axﬂ)Q]) . (5.3.12)

Before discussing the LL model counterpart of the giant magnon solution let us consider the corre-
sponding LL limit of the rigid circular string solution of section 5.1.3. The solution in (5.1.47),(5.1.48)

may be written as

cosf =

a=/k2—(1-¢?) B=m(oc+qr). (5.3.13)

Lo am
\/5\/ V2= (1= m?

Taking the large « limit we get, to leading order,

M}r , B=m(o+qr), (5.3.14)

cosf = — a:[/f— 91

\/5 )
which solve the LL equations of motion. The corresponding conserved charges (5.3.10),(5.3.11) are

2
B, = 2rh[—qem + = (1 —q )”; ], P,.=0, (5.3.15)

which is consistent with a large angular momentum expansion of the full string energy (5.1.52) (here
E , = FE—J;and J; = 27hk).

5.3.2 Landau-Lifshitz limit of the dyonic giant magnon solution

When taking the Landau-Lifshitz or large x limit we required that the derivative 0,n; stays finite.
However, since the giant magnon solution is itself a large  solution depending only on (¢,x) = (KT, ko),
in this case dyn; ~ O(k). Therefore we also need to take an appropriate limit of the parameters in
(5.2.27)—(5.2.29) to obtain the corresponding solution of the LL model. We have from (5.2.30),(5.2.31)

kcosp 1—qu tanh(cosp(X +qT))

05 cosf = — V1 + b2 V1 — 02 cosh(cos p(X +¢T)) ’
0,8 = K cos p~\1/10082(am:§s(£ (Clotsa;(i[cis ; ;))()Jr ) g(q — sin p%) . (5.3.16)
so that to take the LL limit we need to assume that in the large x limit
sinp ~1+0(k™?) v~ O . (5.3.17)
In this limit we have (cf. (5.2.2),(5.2.29))
tanp~r > 1, b= 2P _ fixed ) b=b+O(k™). (5.3.18)
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Under this assumption the conserved charges (5.2.34),(5.2.35) of the ¢ # 0 dyonic giant magnon take
the form (c = 1)

_ 2hk 0 _ 2hk 0 _ 1 1
E J1_1+b2+0(/<5), J2_1+b2+0(/£), A¢py = 2arctanb ~ +O(k™ ),
E— 1+ b2 !
N A arctanb™ ) (5.3.19)

Jo

Thus in the Landau-Lifshitz limit £ — J; and Jo diverge with their ratio staying finite. Eliminating b

and x from the above expressions we reproduce the large J expansion of (5.2.52)
E—Ji1=Jy—ghA¢1 +O(Jy ) . (5.3.20)

To construct the corresponding LL solution let us first consider the ¢ = 0 case. Expanding the

q = 0 giant magnon (5.2.1) at large x we get!?

2

200 = —bo + 2KT +

b
T + arctan [b_l tanh(o — ;7‘)] ,

b
T + arctan [bil tanh(o — —7')] ,
K

(5.3.21)

These 8 and 6 indeed solve the ¢ = 0 LL equations: they describe the known “pulse” or “spin wave”

LL soliton found in [198, 199].14 The corresponding conserved charges are

h 2 c 2 2 h
E, = 2/d:c (0" +sin® 20 8”) = — (5.3.22)
P, = h/da: (1+ cos20)pB’ = 2harctanb™ (5.3.23)
4h
Js = h/dm (14 cos 20) = ﬁ; , (5.3.24)

where we have subtracted the values for the ground state solution 0 = 7/2, ¢1 = KT, ¢2 = 0 to obtain
finite expressions. Here Jg is the angular momentum corresponding to translations in (.

Comparing with (5.3.19) we see that in the Landau-Lifshitz limit we have
P, =hA¢y , Js=2J5 . (5.3.25)

This then supports the identification of A¢; with the spatial momentum p and leads to the following

familiar dispersion relation for the LL soliton

E, = "—sin® = p=h"'P_ (5.3.26)

which is also the leading term in the large J; expansion of the dyonic giant magnon energy in (5.2.8),
E—-J — Jy+ ELL.15

13Note also that the Virasoro constraints take the expected form dra — Cy = K — isech2 (0 — %7‘).

14This soliton is non-topological (i.e. it can be continuously deformed into the vacuum 6 = 7). Upon semiclassical
quantization [203, 199] its U(1) charge J» is quantized and the quantum soliton J> = 1 state may be identified with the
elementary magnon state.

15Tn the AdSs x S° case the leading term of the expansion is protected and thus it also agrees with the small h expansion
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The generalisation of the relevant large x expansion of the giant magnon solution to g #£ 0 is

L—g*) (b -1
2a:—b(a+q7’)+2m’—|—( q2)(b )
K

— A (b =
26 = b(o + g7) — qz)g) D

sech [cr +q7 — %(1 — q2)7']

V1402

These 5 and 6 satisfy the g # 0 LL equations of motion for (5.3.9) while a solves the Virasoro constrains

T 4+ arctan {b_l tanh(o + g7 — 9(1 _ q2)7_)] ’
K

b
T + arctan [b_l tanh(o + g7 — E(l - q2)7)} )

cosf =

(5.3.27)

1 b
Ora—Cy =K — 2—(1 — ¢°) sech? lo+qr—=(1- qQ)T] . (5.3.28)
K K

Note that one can also obtain the ¢ # 0 solution for 8 and 6 by applying the world-sheet coordinate
transformation 7 =7, 0 = 6 = 0 — q7, Oy = Oy, 0> = O, — g, after which the LL equations following
from (5.3.9) take the standard form d,n; = =(1— q2)€ijkn]~5§nk.

The corresponding energy (5.3.10) that generalises (5.3.22) to the ¢ # 0 case is found to be (taking
c=1)

E = h/dx { —q(1 +cos20)3" + %(1 — ¢?)(#” +sin? 26 5’2)}

h
= —2hgarctanb ' + (1 — ¢*)— , (5.3.29)
K
while the expressions for P, and Jg remain the same as in (5.3.23) and (5.3.24). As a result, eq.
(5.3.25) is unchanged while we find the following generalisation of the LL soliton dispersion relation

(5.3.26)

E, =—¢hp+ ——Fsin

2h2(1 _qz) . 2P
Ja 2’

p=h"'P . (5.3.30)

This agrees with the large Jy expansion of the giant magnon energy (5.2.52) found in section 5.2 thus

supporting the identification of the magnon momentum (5.2.40) made there.

5.4 Symmetry algebra of light-cone gauge S-matrix and exact

dispersion relation

As in the pure R-R case (¢ = 0) the world-sheet light-cone gauge S-matrix of the mixed-flux theory
is determined, up to overall dressing phases, by the centrally extended off-shell symmetry algebra. In
[74, 75] this was used to show that the massive sector S-matrix takes the same form as in the pure
R-R case when written in terms of Zhukovsky variables xi [60]. The form of Zhukovsky variables
depends on the exact dispersion relation, which, by the symmetry algebra, is only fixed up to an
identification of the “central charge” My in terms of the string tension and world-sheet momentum.
In [75] a conjecture for My was given based on the assumption of an underlying spin-chain picture for
the world-sheet theory. In this section we modify this conjecture such that in the strong coupling limit

the bound-state dispersion relation reproduces the semiclassical dispersion relation (5.2.52).

of the dyonic giant magnon energy, matching the expression following from the coherent state expectation value of the
one-loop ferromagnetic spin chain Hamiltonian.
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5.4.1 Symmetry algebra

Let us first review the symmetry algebra of the light-cone gauge world-sheet S-matrix following |75].
The mixed flux AdS; x S? x T% background is described by the same supercoset as in the pure R-R
case [204]

PSU(1, 1]2) x PSU(1, 1]2)
SU(1,1) x SU(2)

(5.4.1)

As such the superisometries of the mixed flux AdS3 x S® backgrounds do not depend on ¢, which only
enters as a parameter in front of the Wess-Zumino term in the action [68]. In light-cone gauge the world-
sheet S-matrix for the scattering of excitations above the BMN vacuum has a residual symmetry. This
symmetry corresponds to a centrally extended subalgebra of the coset superisometries which leaves the
BMN geodesic invariant. Therefore it should not depend on ¢ and instead g enters the representation
of this algebra on states.

Explicitly the symmetry algebra is given by two copies of the centrally extended algebra
[u(1) € psu(1]1)?] x u(1) x R? , (5.4.2)

with their central extensions (xu(1) x R3) identified. Thus the full symmetry algebra of the S-matrix
is given by
[u(1) € psu(1]1)%? x u(1) x R? . (5.4.3)

The generators for a single copy of the algebra (5.4.2) are:
(i) two U(1) generators R and £,

(ii) four supercharges Q4+ and &4+, where the subscript &+ denotes the charges under the U(1) x
U(1) bosonic subalgebra;

(iii) three generators €, P and K for the central extension.

Defining . .
Emzi(?ﬁ—kﬁ) , %25(%—2) , (5.4.4)

they satisfy the following non-vanishing (anti-)commutation relations

[%, Q:l:q:] - :l:,LQ:I::F 5 [%, Gﬂ::F] == ZEZG:E:F 5
{Qi1, Q;i} =P, {Gi;, 6;1} =R, {Q:th, GJFi} =M+ C. (5.4.5)

Additionally the generators satisfy the reality conditions
Bf=-5, ol =6, wm=-m, =g, c=c. (5.4.6)

The dispersion relation arises from the closure or shortening condition for the algebra with the central
charges identified as functions of the string tension, world-sheet momentum and energy. The central
extension generators are €, B, & for psu(1|1)% and M for u(1). Their action on one-particle states |¥)

for a representation consisting of a complex boson ¢ and a complex fermion v is given by

{ma Qamvﬁ}’q):t> = {i%Mi7Ci7P:taK;t}|q>i> ) (I):t € {gbivwi}v (547)
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where ¢ = ¢, ¢— = ¢*, ¢4 = ¢ and Y_ = ¢*. Here {¢4,¥+} and {¢_,1_} form two irreducible
representations which are related by charge conjugation and with the subscript + denoting left- and
right movers. Once the representation parameters C', , M 3:, P, and K, are determined as real functions
of the energy and momentum the dispersion relation follows from the closure condition of the algebra
M2
+
C? = - TR (5.4.8)
In [74] the tree-level light-cone gauge S-matrix for excitations around the BMN solution was com-

puted and in [75] this was used to obtain the representation parameters at leading order in the near-
BMN limit

h — oo, p= % = fixed , (5.4.9)

where p is the momentum of a near-BMN excitation and p denotes the usual magnon momentum used

in sections 5.2 and 5.3. The representation parameters take the form
€y 1 3 { 3
M, =1x¢qp, Ci:77 Pi:_i 1—¢?p, Ki:§ 1—¢?p, (5.4.10)

and substituting these expressions into the closure condition (5.4.8) gives the near-BMN dispersion

relation

e, =V tgp?+ (1 - =V1-+(p*q)?. (5.4.11)

In [75] also exact expressions for the representation parameters were conjectured based on the analogy

with the pure R-R ¢ = 0 case and based on various algebraic requirements giving

C,=2%, P =b/1-g1-e?), K, =b/1-g(1-e). (5.4.12)

Substituting these expressions into (5.4.8) gives the form of the dispersion relation up to an undeter-

mined central charge My

£, = \/Mz + 4h2(1 — q2)sin2§ : (5.4.13)

Here M4 was assumed to be a smooth periodic function in the momentum, as one would expect if

there was an underlying spin-chain picture, and it was conjectured to take the form
M, =1+ 2ghsin >
L= ghsin R (5.4.14)
However, this is not consistent with our semiclassical result (5.2.52). Instead we propose
M, =1xq¢hp, (5.4.15)

which is consistent with both the near-BMN and our semiclassical result. As we shall see in the next

section this expression also leads to a more natural construction of magnon bound-states.

5.4.2 Bound states

Bound states are characterised by poles in the S-matrix. Therefore we first need to review the effect

of the above choice (5.4.15) on the S-matrix. In the pure R-R case the S-matrix can be written as
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a function of the Zhukovsky variables z*, which are defined in terms of the energy and momentum.
Imposing invariance of the S-matrix under the four supercharges then fixes its form up to overall
dressing phases. This S-matrix also satisfies the Yang-Baxter equation, QFT unitarity and braiding
unitarity if the dressing phases satisfy certain crossing equations. The dispersion relation then enters
the S-matrix only through the map from the Zhukovsky variables to the energy and momentum. In
[75] the world-sheet S-matrix in the massive sector of the mixed flux case was found to take the same
form as in the pure R-R case when written as a function of the new Zhukovsky variables a:i Here the
=+ subscript distinguishes the left and right moving sectors. For an arbitrary ML the Zhukovsky map

between xi and the energy and momentum is given by 6

+ 2
» T hy/1 — 1 1
elp:%7 Eiziq(xi_j_xl—i_i_)v
- ? - e (5.4.16)
xi:rieﬂg r+ = e+ + My = 2h 1_q2 Sing . N
7 2hy/1—¢%sin ¥ exr — My
In these variables the dispersion relation (5.4.13) takes the form
1 1 2iM 4
+ —
T+ === —. 5.4.17
+ ‘TI + T L /71 — q2 ( )
The choice (5.4.15) for My then gives
T
. +
My =1+¢ghp=1Fighln—= . (5.4.18)
Ty

Substituting this expression into (5.4.17) one finds

[M(l’i + ;Jr) F 2q lnmﬂ - [\/ 1—¢? (1:; + xl_) F 2qlnx;} = % . (5.4.19)

+ +

We can use this to define a ¢g-modified Zhukovsky map, which solves this dispersion relation
1 .
ut(zy) =1 —¢? (xi + —) F2¢lnzy , i =2y (u + %) : (5.4.20)
Tt

However, in contrast to the ¢ = 0 pure R-R and ¢ = 1 pure NS-NS cases the inverse of this map, i.e.

x4 (u), cannot be given in closed form.

Let us now determine the bound-state dispersion relation. The bound states are characterised by
poles in the S-matrix, which requires the knowledge of the dressing factors. However, bound states that
preserve some supersymmetry should transform in a short representation, which in our case consists
of the boson ¢ and the fermion . In particular the residues of the S-matrix at the poles give the

bound-state S-matrix and should therefore project onto a short representation. For the S-matrix given

1Here the definitions of xi have a natural periodic extension of the region p € (0,7) to the whole line, which
is consistent with the semiclassical identification of p with the angular separation of the dyonic giant magnon string
end-points.
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in |75] this leads to the same possible poles as in the ¢ = 0 case

(): af=al,

/+

(5.4.21)
(i) : g =2t

where 2z and 2’ denote the spectral parameters for the two constituents. The case (i) corresponds to
a bound state in the su(2) sector associated with the boson and thus S* whereas the case (ii) would
give an s[(2) bound state. In the pure R-R case the bound state forms in the su(2) sector [61]. This
can be seen by looking at the bound state wave function and imposing that the outgoing wave should
decay. The wave function for a scattering state in a region where the excitations are well separated

can be written as a sum of an incoming and outgoing wave

1

(ot o) | i +p'o) o ) 5.4.22
S(p,p") ( )

U(o,0") ~

The bound state wave function can be obtained from (5.4.22) by analytically continuing the momenta

to complex values

P P
p=— +iv, p == —iv. (5.4.23)
2 2
This gives
/ 1 v(o’'—0) —v(c’—0o) /
V(o,0') ~ e +e cLo. (5.4.24)

S(p, ) ’
For a decaying outgoing wave the momentum p should have a positive imaginary part. From (5.4.16)
one finds that the imaginary part is positive in the case (i), but negative in the case (ii). Therefore
also in the mixed flux case the bound-state pole is given by the condition (i) in (5.4.21).

The bound-state energy Ef ) and momentum p@ are given by the sum of the constituents

EP =ei +¢,, p® =p+p. (5.4.25)
Using (5.4.16) one finds
. hy/1 — ¢2 1 1
I 7@(@ - -t 7_) , (5.4.26)
o 23 Ty Ty

From this we can identify the bound-state spectral parameters as

x(fH =2, :U(f)_ =5 . (5.4.27)
Defining x4 = 21 = 2/[ the dispersion relations of the constituents take the form
1 - 1 2iM. 1 1 2i M,
Xy 4+ — —2P7 - o = £ ARANE Xp—— = —E (5428

X+ ' hy/1—¢2’ @_ Xt hy1-—¢2
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Their sum gives the bound-state dispersion relation

o r(2)
(2)+ 1 (2)— 1 1My
T+ A — = , (5.4.29)
mg)Jr xf) hy/1— ¢2
where
MP = M+ M (5.4.30)
Therefore the central charge M is additive when acting with the central generator 9t on multi-particle
states 17

For the bound state the value of My is found from (5.4.18)

L2+
M =2+ qhp® =2 F ighln 55— . (5.4.31)
Ty

This simple bound-state picture with the x* dropping out follows directly from the linearity of My as

a function of p. Iterating the above procedure gives general N bound states with

o

M®™ = N £ ghp®™ = N Fighln ?EN)? . (5.4.32)
Ty
Their dispersion relation takes the form
) ™)) 2 2 2y o2 PV
EY =4/ (N £ ¢hp®™)~ + 4h%(1 — ¢?)sin E (5.4.33)

which agrees with the semiclassical dispersion relation (5.2.52) with a quantized angular momentum
Ja = N.

It is worth noting that this agreement requires the bound-state momentum to satisfy the bound
Ip™| < 7 (at least in the semiclassical h — oo limit). This is implied by the identification of this
momentum with that of the semiclassical dyonic giant magnon, which in turn is given by the separation
angle of the string end-points. This suggests that any momentum p should be understood as defined
modulo 27 (and thus may be taken to lie in the range |p| < 7). Then the momentum conservation
should also be considered modulo 27.'® The consequences of this rather unusual dispersion relation

and its interpretation are important topics for further study.

5.5 Relation to soliton of the Pohlmeyer reduced theory

Let us briefly describe the relation between the ¢ # 0 generalisation of the giant magnon solution, found
in section 5.2.2, and the corresponding soliton of the Pohlmeyer reduction of R x S? string theory with
q # 0, which is the complex sine-Gordon model with the mass parameter rescaled by /1 — ¢ [74].

This generalises the relation between the soliton of the complex sine-Gordon model and the ¢ = 0

" This also follows from the fact that its coproduct is the standard one [75, 60, 74, 58] (i.e. it is just given by the usual
Leibniz action).

¥Note that in the ¢ — 1 limit the sin® 5 term drops out of the dispersion relation and it might appear somewhat
unnatural to take this definition. However, in this limit the classical string solution remains well-defined. Furthermore,
e? still appears in the definition of mi and thus the S-matrix. These both suggest that the momentum should continue
to be defined modulo 27.
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dyonic giant magnon used in [23].
The Lagrangian density of the Pohlmeyer reduced theory and the relation of the string embedding

coordinates X, to the reduced variables are given by |74]

1
L = 0,00_¢p + tan® ¢ 0, xO_x + 5/4;2(1 —¢*) cos2¢p

1
k¥cos20 =0, X -0_X , k3 sin? p Orx = :Fiemnlem&rX"a_Xk@in . (5.5.1)
These can be written in terms of the SU(2) current J in (5.1.7) as follows:

1. . : Lo o ~
K% cos 2p = —itr(d+‘j_) , K% sin? p 0y x = iétr([‘j+,‘j_]8i‘ji) . (5.5.2)

Substituting the expressions (5.2.27)—(5.2.31) for the ¢ # 0 giant magnon solution into J4 the corre-

sponding reduced theory solution is found to be

cos p
cosh [cos p(X + ¢T)] ’

X = 2sinp(T + ¢X) , (5.5.3)

siny =

where 7 and X were defined in (5.2.3). Then

cos p exp [isinp (T + ¢X)]
cosh [cos p (X + ¢T)]

Y= singpe%X = (5.5.4)

is recognised as the familiar complex sine-Gordon soliton solution.

5.6 Summary

In this chapter we have supplemented the information provided by the perturbative near-BMN expan-
sion [74] and the light-cone symmetry algebra [75] with the construction of the semiclassical dyonic
giant magnon solution in AdSz x S? x T* string theory with mixed flux to propose the exact form of
the corresponding dispersion relation. We have seen that the presence of the WZ term representing the
NS-NS flux in the bosonic string action leads to subtleties associated to the proper choice of bound-
ary terms and the definition of angular momenta, which become important for non-trivial open-string
solutions like the giant magnon.

We reviewed the symmetry algebra for the string light-cone gauge S-matrix and introduced a new
set of Zhukovsky variables corresponding to the proposed dispersion relation. Analyzing the resulting
bound-state dispersion relation, we found that it has a simple structure (5.4.33) and agrees with the
giant magnon dispersion relation (5.2.52).

Another check of (5.0.1),(5.0.3), that we perform in the next chapter, is to confirm that the first
semiclassical (one-loop) correction to the giant magnon energy (5.2.52) vanishes'? as was shown in the
case of the AdSs x S° giant magnon in [193, 205, 25]. This should indeed be the case since (i) the
one-loop corrections in the string and the corresponding Pohlmeyer reduced theory should match [83]
(since the classical equations and thus the leading fluctuations near a classical solution are directly
related) and (ii) the solution of the reduced theory corresponding to the giant magnon is essentially
the same as in the ¢ = 0 case up to a simple rescaling of the mass scale by /1 — ¢? (see [75] and the

section 5.5).

9Tn semiclassical limit Jo ~ hJ> and J> and p are fixed while one expands in large h.



Chapter 6
Folded strings

In AdS5/CFTy the spectral problem has also been studied in the s[(2) sector of N' = 4 SYM. Operators
in this sector are constructed from a single scalar field, Z, and a covariant derivative D. A general

single trace operator takes the form
O =tr[D°ZE) + ..., L=A-S8, (6.0.1)

where the dots indicates all possible ways to distribute the covariant derivative on the scalar field Z,
L is the length or twist of the operator and S is the Lorentz spin. Such operators are also of particular
interest since they appear in QCD [206]. In the context of integrability the anomalous dimension of

large-spin twist operators has lead to a proposal for the dressing phase in the S-matrix [207, 32].

For twist -two operators the dispersion relation takes the form

A—(S+2) =f(\)InS+ o(é) (6.0.2)

The interpolating function f(\) can be found perturbatively at weak coupling
FA) ~ A, A< L (6.0.3)

The function f(A) also appears in the expectation value of a straight Wilson loop with a cusp and is
therefore often referred to as the cusp anomalous dimension. On the string side the twist-two operators
are dual to a folded spinning string on the AdSs subspace of AdSs [208, 209]. Its energy in the large
spin S = S/+/X limit is given by

VA, S S
E=S+Y2m_ 4., A>1 S=->1, 6.0.4
I A (604
which gives the strong coupling behaviour of f(\)
A
fA) ~ \7(, A> 1 (6.0.5)

The folded string is a special case of a spinning spiky string, which is related to twist operators with

118
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derivatives on several fields. The corresponding dispersion relation is [210]

nvA 4T S
E—S+§7ln<;ﬁ>+..., A1,

where n is the number of spikes. For n = 2 this reduces to (6.0.4).

S
— > 1, 6.0.6
I (6.0.6)

In the case of AdS3 x S backgrounds with mixed flux the folded spinning string has been recently
studied as a perturbative series around the pure R-R case ¢ = 0 in [211]. This has lead to the following
proposal for a perturbative generalisation of (6.0.4) (in q)

VA S VA, 5 S
n2 =

E=84—Inh———¢°1
T VA or 1 o\

where ¢In S <« 1 and with the leading term in In S given at each order in q.

T (6.0.7)

In order to check this relation we use the same procedure as in the case of the mixed flux dyonic
giant magnon to construct the g # 0 generalisation of the folded spinning string solution on AdSs x S?.
The new solution is a string with spikes and carries an angular momentum J = J/ VA on S in
additional to the angular momentum S on AdSs. For small J its energy, as a large S expansion, is

given by

VA S S
E=S+--"vV/1-¢Ihnh—+ .., A>1, S=—>1, < S. 6.0.8
—Vi-q ns 7 J (6.0.8)

In contrast to (6.0.7) we find the usual In S behaviour at leading order, as in the pure R-R case ¢ = 0,
but with the string tension rescaled by /1 — ¢2.

This chapter is structured as follows. In sections 6.1-6.2 we review the folded string solution on
R x S3, its relation to dyonic giant magnons and its AdS3 x S! equivalent. In section 6.3 we then solve
for its g # 0 counterpart. The resulting string solution is closed once we generalise the periodicity
condition to ¢ # 0 and impose quantization conditions on the angular momenta. In section 6.4 we
then construct its AdSs x S! equivalent by performing a Wick rotation. For this AdS solution we
additionally require that the AdS time coordinate is single valued. As we shall see, this constraint can
be satisfied by performing a world-sheet Lorentz transformation on the solution. Finally we compute
the relation between the energy and angular momenta of the string for large S in the two cases of small

and large J.

6.1 Folded string and the dyonic giant magnon

In conformal gauge the spinning folded string on R x S has the form [212, 213, 193]

Zy = sinf e, Zy = cos f 27 (6.1.1)

t =k, 0 =06(o), o1 = w1, P2 = waT. (6.1.2)
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This ansatz satisfies the equations of motion for ¢ and ¢9. Taking w; > wy the remaining equation

for 0 and the Virasoro constraint can be written as
62 = w%l (cos.2 0 — cos? Omin ) c0S Omin = v, (6.1.3)

where —0pin < 0(0) < Oppin and?

cos § = dn(way0,v), wo1 = y\/w? — w3, wi > wo,

K2 — w3
sinf = /v sn(wa 0, v), V= 2722, 0<v<I1. (6.1.4)
Wi w3

For a closed string solution we also have the periodicity condition

27r—/27rd0—2n/6mm 40 w —QK(Z/) (6.1.5)
0 0 wo1Vcos2h — 12’ S ' o

This string solution folds along an arc through the north pole as shown in figure 6.1. The energy and

Figure 6.1: A folded spinning string with wo = 0 rotating at an angular velocity wy. The right figure
shows a diagrammatic representation of the string profile from the top.

the two angular momenta are given by

V[P . 9 E(v)
E =V )k, J = Wi ; dosin? 6 = Vw; {1 — K(l/)} (6.1.6)
21 E
Jo = wgﬂ do cos? 0 = Vws (v) (6.1.7)

21 Jo K(v)

For v — 1, i.e. when the string profile teaches § = 7/2, this solution is related to the dyonic giant
magnon. From (6.1.4) we see that w; = k. The periodicity condition (6.1.5) then implies k — oo

(since w; = Kk > wa). Therefore in decompactified world-sheet coordinates the folded string reduces to

7y = tanh(v/1 — w2z)e™, Zy = sech(v/1 — w2x)e™?, (6.1.8)

'Here dn, sn and cn are the usual Jacobi elliptic functions defined as sn(u, m) = sin ¢, cn(u, m) = cos ¢, dn(u, m) =

) _ . . U . _ _re de
V1 —msin® ¢ where ¢ = am(u, m) is the inverse of the elliptic integral of the first kind u = F(¢,m) = [; omaTe
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which is a dyonic giant magnon with the momentum p = £7 and J%DGM =D _w For the folded

27 1-w?’
string the energy and angular momenta reduce to
n K(v) n 1
E:\Ffiéoo, J = VA————(K(v) — E(v — 00, v—1 6.1.9
S ION L= VAL (K ()~ () (6.19)
n w
Jo = VA— E(v), 6.1.10
= VAL ) 0110
where we used Kk = %\/% Eliminating w one finds [35]
JZ A A
E—.J :n\/n?2+7r2 :n\/(J%)GM)2+7T2, v— 1. (6.1.11)

Therefore in the v — 1 limit the string with n/2 folds consists of pairs of dyonic giant magnons of

opposite momenta p = £+ with each carrying Jo/n units of angular momentum in the ¢o direction.

6.2 Folded string on AdS; x S!

A string solution on R x S? can be Wick rotated to give a solution on AdSs x S'. Starting with the

metric on R x 3
ds? = —dt* 4 d6? + sin? d¢? + cos® Od¢s (6.2.1)
we perform the Wick rotation
t— o, 0 — ip, b1 — @, Py — t. (6.2.2)
This gives, up to an overall sign, the AdS3 x S' metric in global coordinates
ds? = —(dg? + dp? — cosh? pdt? + sinh? pd¢?), (6.2.3)
and the bosonic string action takes the form

h
5=1 / @0 [0up0" p + sinh? p2u62" 6 — cosh? p0,0°t + DD )] (6.2.4)
where 1 = diag(—1,1). Hence given a solution on R x S? we can analytically continue it to AdS3 x S?
using (6.2.2). However, for a physical solution we also require that p should be real. For the folded

string this can be achieved by changing the range of the v parameter to

v <0. (6.2.5)
The string profile is now given by
p* = w (cosh? prax — cosh? p), cosh? pax =1 —v > 1, coshp = dn(wyy0,v), (6.2.6)

with p moving between p = 0 and p = ppax.



CHAPTER 6. FOLDED STRINGS 122

6.2.1 Dispersion relation in the large spin limit

The energy and the angular momenta of the AdS folded string are given by

E =V = WQ;/X do cosh? p = VAws (<V;, (6.2.7)
T Jo v
S=VAS = wl\;j 0% do sinh? p = ﬁwl%zjf){()’ (6.2.8)

J=VAT = V. (6.2.9)

Since we are considering the semiclassical limit A > 1 the charges of the quantum theory become large.
Therefore we use instead the semiclassical equivalents £, S and J, which are assumed to remain finite

as A — oo.

The large spin limit S > 1 corresponds to a long string, i.e. pmax — 00 [209]. It is convenient to

introduce the parameter 7

1
n=-=,  coth® pmax =141, (6.2.10)
14

such that the long string limit corresponds to 7 — 0. The periodicity condition and the defining

relation for n

1 n w? — w?
2 _,2__ - " _* 2
ws — K2 = \/ﬁﬂ_K(V), 77_7@%—;@ (6.2.11)
can be used to express w; and we in terms of the angular momentum 7 and 7
1\ n? 1y2 1n? 1y2
w%:m2+(1+7>n—2K<—f) , w§:ﬁ2+fn—2K(—f> . (6.2.12)
n/sm n nm n
For small 1 = 167 these give
w? :n2+”2(1+8ﬁ)1n21+(9(mn1), (6.2.13)
472 7 7
w2:/£2+n2(1—8ﬁ)1n21+(’)<ﬁln1> (6.2.14)
2 47.[_2 ﬁ 77 . . .
The angular momentum S goes as
1 1
S~w [fﬁ + 0(1)], (6.2.15)
8 nln ﬁ

and therefore, in the long string limit, we have that S > 1 for any value of J ~ k. Further expanding

£, S in J one finds two cases

1. In the case k> In 5 , which corresponds to large S and large J with ln < J < S, one finds

2
S
— In? 7t (6.2.16)

£ = S—i—j—i—

On the gauge side this predicts that operators of large spin and R-charge have a contribution of

A 128 -
2m2J
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2. In the opposite case k < In %, which corresponds to large § and small J (i.e. J < S), one has

2
LI (6.2.17)

n

For J — 0 and n = 2 this is simply (6.0.4). Thus on the gauge side operators of large R-charge

but small angular momentum have a contribution of % In % in their anomalous dimension.

6.3 ¢ # 0 solution on R x S°

In this section we derive the ¢ # 0 generalisation of the folded string by following the same approach
as for the mixed flux dyonic giant magnon. Let us rewrite equation (5.1.12) in terms of the coordinates
&t =1(7F+5) = (1 £ q)o* giving

0=0571+ A0:7Z1 + BZ, ,

_ 32— 33_1 +q(3* + 331) _ w_en(w210,v) + iqwy dn(w216, V) sn(wei 7, v)

T3P (M -3 quoen(w216,v) + iwg dn(ws1 5, v) sn(wa1 5, v)
R S G  liw- en(wp1d,v)(w? — w? 4 2vw? sn®(wp15,v))

32+ 33_1 +q(3%* - 331) T2 qu_ cn(wo16,v) + iw4 dn(wa1 6, v) sn(wa 7, v)

)

B =

: (6.3.1)

where J = J((1 + q)o™, (1 —q)o~) =3J(67,67) and wy = /w; £ wa. It is also convenient to further

rescale & to the new coordinate y = ws16 and reparametrise the constants wy = /wo1/m, w_ =

1 w1 —w2

\ ool ) giving

/warm (which corresponds to w; = %wgl(m_l +m), wy = %wgl(m_ —m),ie. m=

0= 6yZl + A0:Z1 + BZy
_ men(yv 1/) + lqdn(y7 1/) Sn(ya V) B = licn(gﬁ V)(m2 -1+ QVSHQ(ya V))

= . 3.2
Gor qrren(y, v) + idn(y, v)sn(y, ) 2 gmen(y,v) T idn( ) () <00
Equation (6.3.2) becomes the ODE %sz + BZ; = 0 along the characteristic curves
d7 -
e =Ay) = 7(y) =Co+ [ dy A(y) . (6.3.3)
The full solution is then given by
2= s(Culr e [ - [ayBl)] . (6:3.4)
The integral in the above expression can be evaluated to give
, im _
L) = [dyB)=imgy+ 503 hEnGE an.p).v)
z€{z4,2_}
1
= 5 In [ =v)m*g® = (1 +m?¢*) dn’(y, v) + dn’(y, v)]
2 1 2.2 2
+(1_q2)m71n [v—i- +m2q 2dn2(y,y)} ’
dv v—1—m?¢>+2dn"(y,v)
2 2.2 2 — 2_1 2_2 22_1
v =/4m2¢%v + (1 — m2¢?)? , li(z) = (2m7q” +2v —m Jz+m e (6.3.5)

2(2vz +m2q¢? — 1) ’
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where z are the roots of 22 + L el ﬁ = 0 and II is the incomplete elliptic integral of the third
kind
¢ de
II(n, ¢,m) = / : (6.3.6)
0 (1—mnsin?6)y/1—msin?6

Evaluating the integral in (6.3.3) gives

By) = wn [dyAly) =ay+ ot YD ()G an().0)
z€{z4,2_}
1 2,2 _ 9 qp2
—i(l—q2)ﬁln [U_'_ +m*q dn2(y’y)} :
v—1-—m?¢?+2dn*(y,v)

)] — »
lo(z) = Z((;VZ i gng _)1) . (6.3.7)

Substituting the solution

7y = f<% ~ ilg(y)>e*h<y> (6.3.8)

w21

into the second order differential equation for Z; (5.1.14) gives the differential equation for f

o T—m*+2m2(—1+2v +m?)¢?

Am2(1 — ¢2)2 flx)=0. (6.3.9)

F(x) 4+ imwar f'(z) + w3y
Its solutions are

— lrz — g _m v
f(z) =are*® | ly = zw21( 5 + Sm(l = q2)) , (6.3.10)

where a4 are integration constants. Taking the limit ¢ — 0 only the choice f = a4 exp(l;x) recovers
the ¢ = 0 folded string solution (6.1.4).

Thus the full solution becomes
v—1—m2q*+2dn%(y,v)
v+ 14+ m2¢2 — 2dn?(y,v)

xexp{ —%i[(m—l— (1 )y+m Z <ll(z) + (1 _vq2 —mQ)lg(z))H(z_l,am(y, 1/),1/)}} .

z€{z4,2_}

(1 +m?q*) dn®(y, v) — dn'(y,v) — (1 - v)m*¢’)

7 — alel”[ }1/4

We can immediately write down the Zs solution by noticing that the equations for Z; and Z, are
related via complex conjugation. Therefore taking the complex conjugate of the general Z; solution,

but now choosing f = a_ exp(l_x), such that we recover the ¢ = 0 solution, we obtain

v+ 1+ m?¢> —2dn?(y,v) 1/4

v—l—mq + 2dn?(y, v)

xexp{%[(m (1 ))y+m Z (ll(,z)—(l_vq2 Q)ZQ(Z))H(Z—17am(y,1/),1/)]}.

z€{z4,2-}

Zy = age!~T ~[ (1 +m?¢*) dn?(y,v) — dn*(y,v) — (1 — V)m2q2)]
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From the normalisation condition |Z;|? + |Z2|?> = 1 we then find
a1 =ay=v 2. (6.3.11)

After some algebra this solution can be further simplified to

7y, = sin fe'1 Zy = cos 0?2, cos’ ) = 1}121}(‘127712 + %an(wgl(a +q7),v), (6.3.12)
b1 = me b gmwn o — 1T %2:11: +v (1 - qi’:ﬂ —wn(o+ qT)), (6.3.13)
b0 = 1)_(12+7nq2)memT — qmw210 + 1+ q;?:;l: — UW<1 — q227l7/12 n U,wgl(a + q7)>, (6.3.14)
v = /4Am2¢%v + (1 — m2¢?)2, m(z,y) = (z,am(y,v),v). (6.3.15)
The winding numbers for ¢; and ¢2 are given by
hgy =wn (- am+ 1+‘122$:_”H(1‘§ij)+”’y)), (6.3.16)
hg, = w1 (qm _ L q;:; v H(lifi)v’ V)> (6.3.17)

For a closed string solution these must be integer-valued, which gives two “quantization” conditions for
K, w1 and wo. This solution corresponds to a string with spikes rotating in the ¢; and ¢o directions as

shown in figure 6.2.

In order to avoid these quantization conditions it should also be possible to start with a more general
ansatz with winding, which is essentially a spiky string [210, 214]. For the resulting g # 0 string solution
the original winding parameters then become auxiliary parameters and should be eliminated in favour
of the physical windings of the ¢ # 0 solution, on which the closed string conditions are imposed. This
is similar to the dyonic giant magnon case where we expressed the ¢ = 0 and ¢ # 0 solutions in terms
of their respective separation angles between the endpoints since these play the role of the physical

momentum. We leave this more general case to a future study.

In the ¢ — 0 limit the coordinates # and ¢o reduce to those of the folded string as expected.

However, for ¢, the limit is subtle: the o derivative

v—1+2v+ ¢*m? )

Os1 = mqu (1 -
291 o v+ 1+ ¢2m? — 2dn?(way (0 + ¢7), V)

(6.3.18)
is not well defined at the points we; (04 ¢7) = 2K (v)n,n € Z when ¢ = 0. Taking ¢ — 0 the derivative
Os¢1 approaches a set of Dirac d-functions centred at these points such that ¢; reduces to a step

function in o and hg, approaches

T Wl
2K(v)

h¢1 — — (6.3.19)

Thus ¢1 jumps by a value

Apr = hg, Ao = —, (6.3.20)
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which is consistent with a folded string as shown in figure 6.1.

(a) (0,¢1) (b) (0, é2)

Figure 6.2: The g # 0 generalisation of the folded string shown as a parametric plot from the top of the
sphere for the values wy = 0.3,¢q = 0.836152,w1 = 2.69191,xk = 2.28482,hy, = —1,hy, = —1,n = 4.
The string rotates in the ¢; and ¢9 directions as indicated by the arrows.

6.3.1 Relation to the dyonic giant magnon

Taking the v — 1 limit in (6.3.12)-(6.3.15) gives

h
cos = W) ATt ) (6.3.21)
/1 + q2m2
1
¢1 =t — arctan (qim tanh(y)), 2 = w(t + qx) — gz, (6.3.22)

where we changed to the decompactified world-sheet coordinates (¢,x) = (k7, ko), kK — o0o. The spikes

of the string now reach § = 7/2 with each segment corresponding to a dyonic giant magnon with

1 1-—
tang = :l:q—m, v =0, sinp = w, m = 1—1—72’ (6.3.23)
1 1
JPM = h[2qarctan (— ) + —|. (6.3.24)
am m
Here w is fixed by the closed string condition
2
p==+". (6.3.25)
n
For the energy and angular momenta of the ¢ # 0 solution this gives
E — J; = n(EPGM _ JDGM) 5, _ pp JDGM _ iqh(27r + ntan z). (6.3.26)
n
_ J2 2 2 2y gin2 P
E—Ji=ny/(——qhp) +4h%(1 —¢?)sin 3 (6.3.27)
n

Therefore in the limit v — 1 the ¢ # 0 solution consists of n/2 pairs of dyonic giant magnons of

opposite momenta p = j:%”.
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6.3.2 Relation to soliton of the Pohlmeyer reduced theory

The soliton for the ¢ # 0 solution can be found from the expressions (5.5.2), which give

2_ .2
sin p = % cn(wai (o + q7),v), X = 912 (T +qo). (6.3.28)
The CsG soliton soliton 1 = sin (peéx then takes the form
K2 — UJ% im(’r—&- o)
= +——=cn(wai (0 +q7),v)e' = 1), (6.3.29)
K

As in the case of the mixed flux dyonic giant magnon, this is the ¢ = 0 soliton with the coordinates

replaced by
o — o+ qrT, T = T+ qo, (6.3.30)

which is a Lorentz boost once we rescale k, wy and ws by /1 — ¢2.

6.4 ¢+ 0 solution on AdS; x S!

Let us now construct the ¢ # 0 folded string solution in AdSz x S'. In global AdS coordinates the
metric and NS-NS flux take the form

ds? = — cosh? pdt? + dp? + sinh? pd¢? + dy?, By = gsinh? p, (6.4.1)
where ¢ is the angle on S!. The bosonic string action is given by
h 2 a o2 a 2 a a
S = —5 d“o [6ap8 p + sinh® pd,$I*¢p — cosh” pd,td*t + 0y
—q(2cosh? p+ ¢ —1)(f — t(é)] : (6.4.2)

We can obtain a real solution to the equations of motion and Virasoro constraints by Wick rotating
the R x S® coordinates (, 6, ¢1, ¢2) of the solution (6.3.12)-(6.3.15) to

t— P 0 — va ¢1 — ¢7 (;52 —t (643)
and changing the range of v to
v <0. (6.4.4)

We still need to ensure that the new global time coordinate ¢, which originates from ¢, is single valued.

We shall do this by performing the world-sheet transformation
T — T —wo, o—0—wT (6.4.5)

and fixing w to ensure that the winding of the new ¢ coordinate vanishes. This is possible since the
map between the ¢ = 0 and ¢ # 0 equations of motion, which we used to obtain the ¢ # 0 solution,

is invariant under such world-sheet Lorentz transformations and coordinate rescalings. However, for
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solutions on R x S® this symmetry is broken by requiring that t = &7 is preserved for g # 0.

Imposing that the winding for ¢ vanishes we obtain

v — (14 ¢*)m? 1+ ¢*>m? — o (r qm2+vaV)
1442 m _UH(1,q22;:L2+U7V) —2qm*K (v) (6.4.7)
T+ m? = ) (=, v) + (v = (1 + ¢)m?) K (1) B

This solution is characterised by the variables x, w; and we subject to the periodicity condition

Pmawx
o = 2n/ dp (6.4.8)
Pmin 8Up
Writing the derivative 0,p as

2 sinh® p+4 T I )

(Oyp)* = vm(smh Pmaz — sinh” p)(sinh® p — sinh® prin ), (6.4.9)
_ 1 — v — a2m2 1— v — a2m2 1 2, 2

sinh? prnas = - + H7 sinh? prnin = Hj N = M7 (6.4.10)

v 2v 2v 2v

we see that along the p direction the string stretches between p = ppin and p = ppax. Using this the

periodicity condition (6.4.8) evaluates to
w1 (1 — qw) =nK(v), neN*, (6.4.11)

where n is the number of spikes. Thus, apart from the Lorentz transformation associated with w, the

periodicity condition does not acquire any g-dependence.

The Noether charges are given by

E = h/da [cosh2 pt+ 3(2 cosh? p + ¢ — 1)¢)] (6.4.12)
S = h/da [Sinh2 pé+ %(2 cosh? p + ¢ — 1)75)] (6.4.13)
J = h/da P. (6.4.14)
For a closed string solution these evaluate to (choosing ¢ = —1)
J = 27hk (6.4.15)
8mhqzv 4dmwey { 1—-¢H1—¢*mbH -1+ q2)v2]
+2¢%n m?(1 - ¢?) + ]E(y) n(l = g2 +v)(1+m? — 0)K(v) | (6.4.16)

E=-

S (47rw21 [(1- A1 —¢*mhH -1+ q2)v2]

mq?v
—|—2q2n[m2(1 - - v|E(v) —n(l — ¢ —v)(1+m*¢ + v)K(u)) (6.4.17)
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For ¢ = 0 it is useful to note that from (6.4.12),(6.4.13) the energy E and spin S satisfy the relation

E
E_5_4 (6.4.18)

w2 w1
Similarly we can write the equivalent relation for ¢ # 0 as
2v
v—m?2(1—q?) 4 2m?r

— 2m(1
mag?(v —m2(1 — ¢?) + 2m?r) [ m(l+m)r

+HPA(m2A(m? +2)(¢* — 1) —4s) + 1) + 0% — 1]r

E— 1}5

+2(m?(¢? — 1)(m?¢? — 4s) —v* — 1) —v* + 1] (6.4.19)
K E
r= L(V)’ s = L(V) (6.4.20)
TWa1 W21

6.4.1 Long string limit

Having established the g # 0 string solution we can now find the dispersion relation in the long string

limit pq: — 00. Defining the variable n as

1 w?—w?
n=——= 7w12 — F;? (6.4.21)
2
this limit corresponds to n — 0 as can be seen from (6.4.10),
2 K 2
coth? prmas ~ 1+ 41 — q2(1 - 72)‘ n+O0(n?). (6.4.22)

In this limit w? — w3 — 0 and we can determine their asymptotic behaviour for small 5 from the

periodicity relation (6.4.11) by solving (6.4.21) for w;

wy = \/w%(l +n) — nK? (6.4.23)
and expanding
9 9 n 1\12
= —K(——]| . 4.24
wp s Lr(l —qw)\/n ( nﬂ (6 )

For (6.4.24) there are two different cases in k to consider:

1. For k < ln% (as we shall see this corresponds to J < S) we first expand in small k. Then we
notice that wy — oo as n — 0. This can be seen by expanding the RHS of (6.4.24) in small ws.

However, the resulting expression for we becomes large for small  and we should instead expand
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(6.4.24) in large wo. This gives the recursive relation

1 2n2 gArcSing q2 1
2 2 Vice? (1 2

n
4n? 4ArcSing q ArcSin g 1
e (1 Sog )1y o)
+7T2e a +2(1—q2) nln — + n

)} + O(rY), (6.4.25)

g ArcSing

where we rescaled n — 16e vi-<* 7). Tterating this relation we find

1 2 2 gArcSing 2
2> — o via (1+q7>171n —+(’)(771n ~)}

[4#2 i V1-4¢? 77 Ui

412 1+0 i + O(x4). (6.4.26)
n3

w3 A

Alternatively (6.4.26) can also be obtained by solving (6.4.25) for w5 and expanding in small &
and 7. It is worth noting that for ¢ = 0 the coefficient in front of x? in (6.4.25) and (6.4.26) is

identically one.

From (6.4.21) we then have

2 1 2 2 qArcqu 2
20 [l _ i (—1+q7)nln —+O(nln~)}

w
Pl g V1-¢ 7 7
+2[1+ O( F)] + o6, (6.4.27)
g
and from (6.4.16), (6.4.19) we find for the conserved charges
q ArcSin g 1 1 52 1 1
Sl i - VI 1 o)+ 20( —1) (6.4.28)
8 n 2 n In 7
~ 20 (T 1
£~ [1 +O®@) + K O(ln2f)> + Ok )]s
+nx/1—q21ni+(9(1)+m2[ ”221 : +O(1 ;1)] +O(rY). (6.4.29)
n ny/1—¢g“ln 5 n® -
We can now give the energy as an expansion in large spin
n 1
ExS+-VT- @IS +0(1) + I ——— 0( )| +ow 6.4.30
3 V178 W+ 7| s T Olas)| O ea)
In deriving the conserved charges we made a choice of the total derivative by setting ¢ = —1.
Explicitly expanding the contribution from this total derivative term in £ we find
V1 —¢?+ ArcSi
AE g + O() + i [2r21 i d ‘;) : S o@)] + o). (6.4.31)
n(l—g¢*)n”

Hence to leading order the result (6.4.30) is independent of the choice for the total derivative
term in the action and the effect of ¢ is a rescaling of the string tension by /1 — ¢2 with the
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same In S behaviour as in the pure R-R case. Also an interesting feature is that the limits ¢ — 1

and J — 0 do not commute.

2. For x> ln% we need to determine the asymptotic behaviour of wy as kK — 0o. Assuming that
wo is small and expanding in large xk we find again that in contradiction wy ~ k is large. Hence

first expanding in large wy and then small 1 at each order we find the recursion relation

2 1 92n2 4ArcSing 2 1 1 1
WAk s In? S - T Vi <1+q7>ﬁln27+0(ﬁln:> +0(7). (6.4.32)
472 n o w VA n n w3

Thus we have

2

2 ArcSi 2
N 9 2n q ArcSin g q
wy &K+

2
LT v vere ol G A ) 21 ( l) 1 (i)
477211177 ¢ 1—q 1—q2+1 nlnﬁ+(’) 7711177 +E2+(’) 1)

wirk?4+ —In?= - e Vi

n2 1 2”2 qArcSir;q ( q2
A2 w2

— - 1)ﬁln2717+(9<f]1n717> +i+(9<i).

(6.4.34)
This gives the expansion for the angular momentum
1 __gArcSing
S~ [fe Vit - +(9(1)]/@—|—O(/<_1). (6.4.35)
4 nln 7
Thus asymptotically we have ln% ~ In % and S > J = k. Hencefor § > 7 > In % we obtain

the energy from (6.4.19)

_ q ArcSin ¢ .
E~[1+0(k2)S + 27k [1 + (9(77)}
—_2nl
vV1—gq ln77
2
P 2t 1 -3
o [(1 @)l =+ Ofln ﬁ)] + Ok, (6.4.36)

The contribution coming from the total derivative in this expression is

q ArcSin ¢

AE ~ 2775[ + O(ﬁ)} + nmq + %O(ln ;) + O(k73). (6.4.37)

1—q21n%

Eliminating « and 7 in favour of 7 and § we find

£~ {1+O<;)}S+J[l+ qlAquS;ani (:3111?)}
+8:22j [(1 P m? ; + (’)(ln i)} + O(jlg) (6.4.38)

Again the total derivative only contributes at subleading order in this expression and at leading
order the effect of ¢ is the rescaling of the string tension by /1 — ¢? with the same %1112 %

behaviour as in the pure R-R case.
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6.5 Summary

In this chapter we have constructed the mixed flux generalisation of the folded string on the R x S3
subspace of AdSs x S3 x T*. We have seen that the winding numbers of the mixed flux solution depend
on ¢. In other words when the flux is switched on the string opens up. Imposing closed string boundary
conditions, i.e. that the ¢ # 0 winding numbers are integer-valued, we have found that the two angular
momenta S and J become quantized. We have also seen that in the limit of the spikes reaching the
great circle of S? this solution reduces to a set of pairs of dyonic giant magnons, which supports the
interpretation of the ¢ # 0 solution as a generalisation of the folded string.

Further, we analytically continued this ¢ # 0 solution to AdSs x S' and used a Lorentz transfor-
mation to ensure that the global time coordinate is single valued. Considering the long string limit
we found its energy at leading order in large S for small and large 7. In both cases the leading order
terms are given by the pure R-R terms with the string tension rescaled by ﬂ We have also
seen that this is independent of the choice of the total derivative contribution in the local form of the

Wess-Zumino term in the action.



Chapter 7

Semiclassical and 1-loop phase in the

S-matrix

In this chapter, based on 3|, we consider the dressing phases in the massive sector world-sheet S-matrix
for string theory on AdSz x S* x T* with mixed flux. As we have seen in chapter 5, the mixed flux
theory admits dyonic giant magnon soliton solutions moving on the R x S? subspace with the dispersion

relation

e=FE—J = \/(Jith)2+4h2d251n2§, qg=+1-¢2, E,J, — oo, (7.0.1)

where ¢ € (0,1) is the coefficient of the NS-NS flux, (Ji, J) are two angular momenta and the world-
sheet momentum p is related to the effective kink-charge corresponding to the opening angle between

the end-points of the string along a circle of S3.

The parameter h denotes the string tension in the semiclassical limit, i.e. the 't Hooft coupling A

is large with h given by

2
no YA_ R (7.0.2)
27 2mra!

where R is the curvature radius of AdSz and S3. This relation could receive corrections in 1/v/A as in
the case of AdSy x CP3 [215, 46, 54]. In the action h appears in the coefficient hq/2 of the WZ term
for the NS-NS flux and as such the combination

27hg = VA (7.0.3)

is the quantized WZ level.

In the quantum theory soliton solutions are associated to asymptotic states. Their dispersion

relation and S-matrix S(p1, p2) = exp(i©(p1, p2)) have the semiclassical expansion, i.e. h > 1,

B(p) = hBa(p) + AE(p) + 01 ), (7.0.4)
O(p1,p2) = hOa(p1,p2) + AO(p1,p2) + O(%) (7.0.5)

133
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For classical scattering, integrability implies that such soliton solutions experience only an overall time-
delay, AT, relative to free propagation. This time-delay is related to the leading order S-matrix by the
WKB approximation [89]

1 [E@)
Oaprpe) = [ B AT(By. Bas 1. ), (7.0.6)
th

where Ei, = Eqlp,=o. For dyonic giant magnon solitons the semiclassical limit corresponds to

h — oo, % fixed, p fixed, (7.0.7)

with associated bound states in the quantum theory such that their dispersion relation has the same

form (7.0.1) as the classical solution

1 J 2
Fy=—c— \/(h + qp> + 442 sin? g. (7.0.8)

Further the 1-loop corrections were obtained for an integrable field theory in [25]

N

1 96 (k;
AB(p) = 5 (—1)F1/ dk Ia(kp)w(k) (7.0.9)
I=1 -0
Npr
1 96 (k;
AO(p1,p2) = 5 (—1)fr / dk f(akpl)al(k; pa). (7.0.10)
I=1 -0

where the d7(k;p) are the phase shifts for plane waves of momentum k scattering off classical soliton
solutions of momentum p. These plane waves have the dispersion relation w(k) and they represent
small fluctuations around the soliton solution labelled by the index I = 1,.., Np, with (=1)f7 =1 for

Fr — _1 for fermionic fields.

bosnonic and (—1)

For an integrable theory the resulting bound-state S-matrix corresponds to the fusion of S-matrices
for the scattering of elementary constituents [30]. This will allow us to obtain the elementary semi-
classical and 1-loop phases from the above dyonic giant magnon bound-state picture. To evaluate
the above expressions we first need to find the time-delay for dyonic giant magnon scattering and the
phase shifts for plane wave scattering off dyonic giant magnons. Both can be obtained by constructing

multi-soliton scattering solutions using the dressing method [90, 91].

In section 7.1 we extend this method to the case of mixed flux and as a consitency check we
reproduce the mixed-flux dyonic giant magnon by dressing the BMN solution. Applying the dressing
method again we find the scattering solution for two dyonic giant magnons from which we extract the
time-delay. In general such classical solutions on R x S? are related to soliton solutions of the Complex
sine-Gordon (CsG) model via the Pohlmeyer reduction [76] (for ¢ # 0 also see [74]). Scattering solutions
in the CsG model can then be obtained using Béacklund transformations and for ¢ = 0 the soliton for
the scattering of two dyonic giant magnons is known explicitly. In section 7.4 we generalise this soliton

to ¢ # 0 and we find the time-delay from the CsG picture as an independent check for our result.

In section 7.2 we determine the bound-state S-matrix using the WKB formula (7.0.6). The bound-
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state S-matrix includes contributions from the fusion of the elementary dressing (AFS) phase as well
as the BDS factors and its equivalent for mixed excitation scattering. Eliminating the latter and using
arguments relating to the functional form of the resulting AFS contribution we arrive at the dressing

phase for elementary excitations.

In section 7.3 we turn our attention to the 1-loop corrections (7.0.9) and (7.0.10). Using the
generalised dressing method we determine the bosonic phase shifts experienced by small fluctuations
when scattering off dyonic giant magnons on AdSz x S*. We do not consider directions along T* as we

are interested in the massive sector only.

We then establish the fermionic phase shifts as well as the explicit form of the dyonic giant magnon
as a finite-gap solution by considering the connection between bosonic phase shifts and finite-gap
equations. This also serves as an additional check for the finite-gap picture obtained in [95]. Finally in
section 7.3.3 we use this scattering data to evaluate the 1-loop correction to the bound-state S-matrix.
Following similar arguments as in the leading order case we find the 1-loop elementary dressing phases,
which agree with [95, 96, 97] in the semiclssical limit (h — oo, hp = fixed). We also find that the 1-loop
energy shift (7.0.9) vanishes.

7.1 Dressing method for solutions on R x S? with NS-NS flux

In this section we extend the dressing method [109, 216] for solutions on R x S to the ¢ # 0 case
and applying this method to the BMN solution we reproduce the mixed-flux dyonic giant magnon.
In our analysis we closely follow [90, 91]. We then apply the dressing method to the dyonic giant
magnon to find the explicit scattering solution for two dyonic giant magnons from which we read off

the time-delay.

In conformal gauge the string action is equivalent to a principal chiral model with a Wess-Zumino

term with a coefficient ¢ € (0,1)

h ~ o~ abey (~ o~ A~ ~ —
S = —5 |:/d20' %tl‘(J_Hj_) — Q/d30' %5 b tr(Jan\jc)] ) Ja =9 laag ) (711)

where h = ‘2/—75 is the string tension, g € SU(2) and 0* = (7 £ 0), 01 = 0: £ 9,. The equations of

motion

~

[31,3-1=0, Jr=(1%q)3 (7.1.2)

N |

can be rephrased as the compatibility condition of the Lax pair equations
01V (0T, 073 )) = \Il(a+,07;)\)A§;\) (7.1.3)

where ) is the spectral parameter and

wn_ 1z
AL =Tt =

14+¢
+A

- (7.1.4)

[a—
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We shall also impose unitarity
AT = 1. (7.1.5)

Given a solution W(\) to the linear system (7.1.3) we can obtain a solution to the equations of motion
(7.1.2) by taking g = ¥(q). Conversely given a solution g to the equations of motion we can solve the
linear system for ¥(A) such that U(q) = g.

Starting with a given solution ¥ we can perform a A-dependent gauge transformation to obtain a

new solution

U U =Ty (7.1.6)
Ay - A = TAx + x tosx. (7.1.7)

Here we need to choose x(A) such that the transformed SU(2) current

1+ A
~ —1~ -1
— o 7.1.8
Ve =XTax X 0kx (7.1.8)
is independent of A. This can be done by requiring that x is a meromorphic function with x — 1 as

A — o0. The simplest choice is then a single pole at A = A;. The unitarity condition (7.1.5) then

requires
) =1 (7.1.9)
which fixes x to be of the form
A=\
=1 P 1.1
X =1+ (7.1.10)

where P is an idempotent hermitian operator, i.e. P = P? = P. Finally it remains to choose P
such that J'y has no poles at A = A\;. This is achieved by choosing P such that its image is spanned
by {U~1(A1)er, U1 (A1)es, ...} where e; are arbitrary constant vectors. For our purposes P shall have

rank 1 and is explicitly given by

\I!_l()\l)eeT\I/(jq)

= — . 7.1.11
GT\IJ()Q)\IJ_l()\l)e ( )

The resulting dressing factor x has the determinant

-\
det x = 7.1.12
X = 3T ( )
and the dressed solution is given by
Ay —
YJdressed = Xl q\I’(Q)X(Q) (7113)
1—4q

where the normalisation factor ensures that ggressed € SU(2).
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7.1.1 Scattering solution and time-delay

Using this method let us now derive the ¢ # 0 dyonic giant magnon solution by dressing up the BMN

solution
Zi=¢t Zy=0. (7.1.14)

Parametrising SU(2) in terms of the embedding coordinates as

Z1 22 2 2
= , Zi|°+ | Zof =1 7.1.15
g <_z; ZT) %2+ |2 (7.1.15)
we have for the BMN solution
i(oct+o7) 0 iZ(\) 0
e e
g= ( 0 JE ) , P\ = < 0 iz () ) , (7.1.16)
1 1-—

Z0) = 4ot 1T (7.1.17)

D) 1—)

Since the projection operator P does not depend on the scale of e we can parametrise e as
e=(c1/c), ceC". (7.1.18)

Furthermore c only enters P in

iZ(M)
—1 o ce
T (Ap)e = ( 1 iz) ) (7.1.19)

allowing us to absorb ¢ by shifting Z(\1) — Z (A1) + i Inc which corresponds to a shift in (¢7,07).

Therefore we can set ¢ = 1 without loss of generality. The projector P is then given by

1 1 e—QiZ(le)
P =T Gizon zon) | @2iz0n)  2iz00-2() (7.1.20)
and the dressed solution takes the form

et 5\1€2iz(>‘1) + /:\162iZ(5‘1) e 2(5\1 — 5\1)

71 = —= - Jog = — —.
1 Na|  e2iZOn) 4 e2iZ(n) 2 1| €2Z00) 4 e2iZ()

(7.1.21)

where A = A — g, 5\1 = A1 — ¢. This is the ¢ # 0 dyonic giant magnon solution which we can see by

parametrising A; as
A = q +re®/? (7.1.22)

and introducing the world-sheet coordinates

u=1(Z(\)—Z(M\)), v="t+qr—(Z(\)+ Z(\1)). (7.1.23)
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Equivalently we can parametrise these coordinates in terms of a rapidity € and a parameter p as

u=cosp(X +qT), v =sinp(T + ¢X), (7.1.24)
X = xcoshf — tsinh 0, T =tcoshf — xsinh6. (7.1.25)

These dyonic giant magnon soliton parameters # and p are related to ¢, r and p as

tanhf — 2 q+rcost _— 2rsin & (7.1.26)
Ay = 1+72+4¢%+2qrcost’ COp_r2—1+q2—|—2qrcos% o
P cos p
tan = = 7.1.27
) sinh 6 — ¢ cosh 0 + gsin p ( )
and we can solve these relations explicitly for r giving
2 cosh 8 + sin p — 2¢sinh 0 ) (7.1.28)

coshf —sinp
In terms of the energy F, angular momentum J and the world-sheet momentum p this becomes

_ E+Ms

r=—_=
2hsin§’

My =J*qhp (7.1.29)

where the sign distinguishes left and right movers. The solution (7.1.21) then takes the standard g # 0

dyonic giant magnon form

p

7y = e (cos g + isin 3 tanh u), Zy = sin gei(”_qx) sech u. (7.1.30)

Applying the dressing method a second time gives the scattering solution of two magnons

eit R+ |5\1|2)\11)\226_i(v1_v2) + |5\2|2)\11)\2§ei(v1—v2)
Zy= (7.1.31)
2|1 || 2| A12A1g cosh(ug + u2) + AjaAqg cosh(ur — ug) + A3 Agg cos(vy — v2)
Zy = e A e™ (ApAiaAee™ + Mizdiphoe"?) + Agpe™ (AgrAgrhie™ + Aot g die ™) (7.1.32)
2|1 || Az A1aA12 cosh(ug + u2) + AfaA3 cosh(ug — ug2) + A A5y cos(vy — v2)
R = )\12)\12(5\15\261“—&-112 + 5\15\2€—u1—u2) + )\12)\@(;\15\261“_”2 + 5\15\26_u1+u2) (7.1.33)
where
Nij =N — Aj, A= A (7.1.34)
In terms of the familiar coordinates (7.1.24) this solution takes the form
7 _ it [cos(v1 — vg) cosh 8 + isin(v; — vp) sinh f] sin & sin £ sech u sechup + R + i1 (7.1.35)
1= i B sin 22 [cos(v1 — v2) sech uy sech up + tanh uy tanh ug] + cos &t cos & — cosh o
i i+ Vs
Zog = e 4" 7.1.36
2=¢ sin & sin &2 [cos(vy — v2) sech uy sech ug + tanh u; tanh up] + cos B cos &2 — cosh 3 ( )



CHAPTER 7. SEMICLASSICAL AND 1-LOOP PHASE IN THE S-MATRIX 139

R = cos® 2 L 4 cos? 1)22 cosh 3 cos % cos ]%2 -1 (7.1.37)
I = tanh u; sin % ( cos % — cosh f cos 5) + tanh us sin % ( cos ]%2 — cosh 3 cos %) (7.1.38)
Vi = ™l sin % sech ug [z ( cosh /3 cos % — cos ?) + sinh S sin ? 2 tanh U2i| (7.1.39)
Vo = ™2 sin % sech ug [z ( cosh /3 cos % — Cos %) — ginh S sin % tanh ul} (7.1.40)
B=1In"2. (7.1.41)

™

We can extract the time delay by comparing the scattering solution to a freely propagating giant

magnon as t — +o00. The velocity of a single free propagating giant magnon is given by

1dE v— inh 6 — h
vy = d v—q _sin 0 QC(.)S 9. (7.1.42)
hdp 1—qv coshf — gsinhf

Taking x = vst and t — 400 the freely propagating soliton phase shifted by d¢, has the asymptotic

form

Zfl) = it=0ty) (cos 5 + ¢sin P tanh [cos p1(sinh 01 — g cosh 01)(5t+]) Z§2) = l(t=0ty+p2/2)

2

(7.1.43)

Zél) = ¢Hv1=avat) gip % sech [ cos py (sinh 6y — g cosh 61)6t], Z§2) =0 (7.1.44)

whereas the scattering solution asymptotes to
i P2 h 2 p1 4 p1 2 p2
Z{s) _ it € (cos & - — cos B cosh 3) — sin® & Ny s)‘Q Y S sin® & cos” & .
cos & cos &2 — cosh 8 2 (coshf —cos& cos22)

(7.1.45)

In the COM frame (3 cosp;(sinh6; — gcosh6;) = 0) both solitons experience the same time delay

giving in total

1 cosh(0; — 63) — cos(p1 — p2)

AT = 26t = .
+ (sinh 67 — g cosh ;) cos py . cosh(0; — 63) + cos(p1 + p2)

(7.1.46)

For ¢ = 0 this reduces to the standard expression for the time-delay due to the collison of two solitons
in the CsG model [217].

7.2 Semiclassical bound-state S-matrix

In order to evaluate the semiclassical bound-state S-matrix
dF
9(?17172) = dpl dp (P1) AT(Pl p2) <7~2~1)
0

let us rewrite the above time-delay expression (7.1.46) in terms of the momentum p;, angular momentum

J; and energy E; of the associated individual dyonic giant magnons. In terms of the soliton parameters
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0; and p; these charges are given by (see chapter 5)

\/M2 + 4h2(1 — ¢2) sin? E, M; = J +qlhp, M; = —2lhsing(tanpsing — qcosg) (7.2.2)
- m+ qgvm?2 + o gm +vVm?+1 1 (cosp ) ) (7.2.3)
sin :—, cosh = ————— m= — gsin 2.
1—¢? V1-¢? V1—¢? \tan§ g

cosh(6; — 03) = \/m% + 1\/m% +1—mimg (7.2.4)

where [ = 41 represents left and right movers which are related by sending J — —J. The time delay

becomes

4h? gin* BL 4+ (M — ghly sin py)?
2sin? 2L (2h2q cos & sin &L 4 ghi; M)
E1Ey — h?¢? sin py sin pa — 4h?§? sin? & sin® 22 — 141, M, My

Ly, = |In 2
hl2 E1 Ey — h2§2 sin py sin pa + 4h2§2 sin? p21 sin? &2 lilo MMy I

ATy, =Cy Ly, Gy = (7.2.5)

(7.2.6)

We can further simplify (7.2.1) by transforming the integral over energy into a contour integral over

the dyonic spectral parameters

XEp) = - B+ M@, = I (7.2.7)
2hqsin 2 ’ -

+

which for J = 1 reduce to the usual spectral parameters = corresponding to fundamental magnon

excitations and which satisfy

1 % Xt
X (v ) =gt e (7.2.8)
1 1 2
+ _ - _ _ - —
Xt - — (X X_) =P (7.2.9)

In terms of these variables the time delay can be written as

(I+ XX - (Xt +X7) —lhg(l - XTX7))?

o , 7.2.10
b T X T X) —hg(l — XFX)) (7:2.10)
In =Y XV iy =1
L, —— (17 1 ,)(17 a ) 7.2.11
btz In >~ XYy = —1. ( )
1——L 1——1
(1t ) (1-525=)
Noting the identity
£ 11— (XF)242,ix+
@Cll _dX hg ( )i 5 L (7.2.12)
dp1 dpy (X*)

we can split the integral in (7.2.1) into two separate integrals over Xt and X~ respectively giving

—q@(X Y)=I( X" Y - I( Xt Y )+ I(X, Y )-I(X",Y") (7.2.13)

X*p1) 1-2242% 5 [ “In(z—Y), lily=1
1(x*,Y) :/ B PO Mt J; i |7l =Y), hiz (7.2.14)
X(0) z (1= %), hle=-1
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where for [1ls = 1 the integral evaluates to

1 1 1 ¢ X
I(X,Y) ==X+ InX - [Y +5- (X + Y) +2hgin ?] In(X —Y) (7.2.15)
q.. X
—on i, (1-2) -1 7.2.16
13 12( Y) p1=0 (7.2.16)
and for {1l = —1 we have
_ 1 InY InX 1 1 1
(X YV)=— 22 0 Iy (X ) m(1- — 2.1
(X,Y) =% Y+Y+[+Y ( +X>}n( XY) (7.2.17)
q.. 1
o i, (=) —1] . 2.1
20 12(XY) p1=0 (7.2.18)

The last term I]y,—o in these integrals corresponds to an infinite contribution from the integral at
p1 = 0. These infinite contributions arise from the way we chose to split the integral and they cancel
in the sum I[(XT,Y) - I(X~,Y).

We can therefore write the bound-state scattering matrix for l1lo = 1 as

O(X,Y) = hj [K(X+, Y+ K(X~,Y7) - K(X*,Y™) - K(X™, Y*)} tp1(By— o) (7.2.19)

1 1 X X
K(X,Y) = —[Y+ - (X+ }> +211gln? In(X —Y) - 211%L12(1 - ?) +11%1nX1nY

(7.2.20)

and for l{1lo = —1 as

O(X,Y) = h¢ [K(X+, YW+ KX, Y") - KX+ Y") - K(X™, Yﬂ} Fpi(Bs—Jo)  (T.2.21)

R(X,Y) = [Y + x4 l)} In (1 - i) + 21 L Ly <i> X my. (7.2.22)
Y X XY q XY q

Here the terms proportional to p; are gauge terms originating from the choice of conformal gauge (for

details see [22]). The remaining part of the S-matrix contains another such contribution from the terms

of In XInY. However, the gauge term is uniquely fixed by imposing that the S-matrix without the

gauge term is antisymmetric under the exchange X <+ Y and [y < ls as required by unitarity.

7.2.1 Dressing phases for elementary excitations

In order to obtain the elementary dressing phases we need to eliminate the bound-state contributions
in the S-matrix coming from the BDS factor for same-type excitations and the equivalent factor for

mixed-type excitations [218]

ot —y 1= = 1— == 1— —
spps(@,y) = —— = Smi(,y) = K v (7.2.23)
x y*T1— =5F 1-— e 1-— o

Integrability allows us to fuse together these elementary factors into their bound-state contributions

J1 Ja
_ + gt o=
S = H H s(a:jl,le,yj2,yj2) (7.2.24)

J1=1j2=1
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where x;,, y;, are the spectral parameters of the constituents satisfying the shortening conditions

1 q _ 1 q _ 21 .
4= oy *—(. = dy .>:7 Ix = +1 =1, J—1 (7225
1.]1 + .I‘;E XqA nle le + {L’J_l XqA 1’1.%']1 hqAa X ) J1 g ooy J1 ( )
4 1 q n _ 1 q _ 21 .
vt e =2y sy - (yj2 +— - 2ly5lnyj2> = b=FL p=L.oh-1 (71220)
yJQ y]2

and the pole conditions for the formation of the J; and Jy bound states

v =af =101 (7.2.27)

y]; :y_;;-‘rl’ j2 = 15"7J2_]—- (7228)
The bound-state spectral parameters are then identified as

Xt = a:f, X" =uy, Yt = yf, Y™ =y,. (7.2.29)

2

Let us first compute the semiclassical bound-state contribution for the BDS factor. Splitting off the
j1=1,j2=1, 71 = J; and jo = Jy terms in the product (7.2.24) we get

Spps =exp(iOppgs) (7.2.30)
- Jo—1 + -1- 1 = J1 + gy Q— —
Xt—-Yy 1- +1, 2 XT —y. Xty I —-Y T Y
iOpps =In X 4 ¥ 22 24y I 2 A
X Y+ XY+t =1 X Yja 1 X*y;; j=2 T YTl w YV

(7.2.31)

Taking the semiclassical dyonic giant magnon limit h — oo, J ~ h the sums transform into integrals
giving
1 1
X+__'1_f Jl/h +'_Y_1—%,
y ()" X% +h/ d4j I 2 ) OV o).
0

Ja/h
i@BDS —h/ dj In — N 1 — . 1
0 X —y+(J)1—W $(3>—Y+1—W

In the semiclassical limit the shortening condition of the constituents and the pole condition combined

give
iy 1 — 1 q 20
x (j)+ — =2 -z (=XT4+——-24-InXT - = 7.2.32
)+ =5~ 20 ma() 7= 2 q (123)
. 1 q . 1 q L 20
Y () +——=—2lb-Iny (j) =Y+ — —2-InY " — 7.2.33
() + =7 ~ 2y () 7 — 2 q (7.2.33)

where j ~ h has been rescaled by h. This allows us to rewrite the BDS contribution in terms of contour

integrals over the spectral parameters as

Y~ + _ 1
q 1 ql Xt —2z1—+%
Opps = = dz<1—;—2127;>1nX7_21_ 2 (7.2.34)
Y+ q X~z
hi (X 1 ql Y 1— <=
4 d (1—7—21 j7>1 = o(1). 7.2.35
2 Jx+ ‘ 22 Y9z nz—YJrl—ZYL+ (L) ( )



CHAPTER 7. SEMICLASSICAL AND 1-LOOP PHASE IN THE S-MATRIX 143

Performing these integrals we obtain the bound-state BDS contribution

Opps = hG[k(X™,Y7) —k(XT,Y7) = k(X~,Y") + k(XY D] + 0(1) (7.2.36)
FX,Y) = [X + % - (Y + %)} In [(X - Y)(l - %)] (7.2.37)
- 21% In ; In(X - V) - 11% (2 Lis (1 - ;) - lnXlnY). (7.2.38)

For ¢ = 0 this agrees with the BDS contribution in the case of AdS5 x S° given in [24] (see equation
(34)). Performing this fusion procedure on the factor (7.2.23) for mixed-type magnon scattering one

finds that the integrals cancel at the linear order in h, i.e.
Onix ~ O(1). (7.2.39)

Subtracting these contributions from the bound-state S-matrix (7.2.22) we are left with

Ours(X,Y) =hj [X(Xt YH) - (X, Y7) = y(X 7, V) + x(X, Y—)} (7.2.40)
O(X,Y) = hj [;z(Xﬂ YH) - (X, YT) = w(X V) + (X, Y*)} (7.2.41)
x(@,y) = (y + ; —z— %) In (1 - ;y) (7.2.42)
X(z,y) = (y + ; -z — %) In (1 - ;y) + l1\/1q_7(12 <2Lig (;y) —Inzln y) (7.2.43)

where O 4rs is the contribution for same-type magnons (X, Y with [x = ly’) and © is the contribution

for mixed-type magnons (X, Y with Ix = —ly).

These bound-state AFS and mixed scattering contributions are related to the tree-level elementary
dressing phases by the fusion procedure. However, since both the elementary dressing phases and the
associated bound-state contributions are of the same leading order in h, the fusion procedure results
in the same functional form for the bound-state result as for the elementary phases (see figure 7.1).
Therefore we can deduce that the elementary dressing phase must have the functional form of the

associated bound-state contribution (7.2.40)-(7.2.43) in agreement with the prediction in [95].

7.3 One-loop corrections

In this part of the paper we will determine the 1-loop corrections to the dispersion relation and the
soliton S-matrix (7.0.9)-(7.0.10). The involved phase shifts vanish for fluctuations on the AdS3 and T4
parts since we are only considering the dyonic giant magnon which moves in the R x S® subspace of

AdSs x S? x T%. In order to find the phase shifts for fluctuations on S* we will use the dressing method

!This is because any sum of elementary factors contributes an order of O(h). However, all such contributions must
cancel for the bound-state and elementary phase to be of the same leading order O(h). For ¢ = 0 this is apparent from
the particular form of the elementary dressing phase

0(1:7 y) = f(il’+, y+) - f(x_‘—vy_) - f(l’_, y+) + f(x_v y_)7 (7244)
which fused into the bound-state contribution © has the same functional form

OX,Y)=fXt, vy — Xt Y ) —f(X,YH+f(X7,Y7). (7.2.45)
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© = ©Ops + Oars © = Omx + S}
~ O(h) ~ O(h) ~ O(1) ~ O(h)
1 fusion l fusion fusion | fusion
0 = Ogps +  Oars 0 = Omx + 0
~0(1) ~ O(h) ~ O(1) ~ O(h)
(a) same type excitations (I;ly = 1) (b) mixed type excitations (I1lo = —1)

Figure 7.1: Fusion of the AFS and BDS contributions: 6 denotes elementary S-matrix contributions
and O denotes bound-state contributions.

which allows us to obtain multi-soliton scattering solutions. Identifying the limit in which one of these
dyonic giant magnon solitons reduces to a plane wave we obtain a solution for a plane wave scattering
off multiple dyonic giant magnons. From the asymptotic behaviour of this solution at x — 400 we

then find the associated bosonic phase shifts.

The dressing method only covers bosonic phase shifts, however in the formulation of classical
solutions in terms of the finite-gap picture fermionic and bosonic fluctuations are closely related.
Exploiting this relation we will see in section 7.3.2 how the information coming from the bosonic phase
shifts is already sufficient to determine the fermionic phase shifts as well as the exact form of the dyonic
giant magnon solution in the finite-gap picture. In section 7.3.3 we use this semiclassical scattering data
to evaluate the 1-loop bound-state corrections (7.0.9)-(7.0.10) and we deduce the 1-loop corrections

for the scattering of elementary excitations.

7.3.1 Phase shifts for bosonic fluctuations

Let us first relate the plane wave solutions to the dyonic giant magnon. In order to obtain a plane

wave solution to the linearised equations of motion we take the semiclassical limit
h — oo, k = hp fixed, J fixed. (7.3.1)

In this plane wave limit the spectral parameters have the expansion

1 r 1
* — = — = —
X w—{—O(h), w 7 r k[J—i—qlk:—i—s(k:)] (7.3.2)
with the dispersion relation
e(k) = /(k + qlJ)2 + G2J2. (7.3.3)

In the large momentum limit the spectral parameter reduces to

1
wl—>sil, k — 400, s = ta

(7.3.4)

,_
|
B
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Expanding the dyonic giant magnon solution in the limit (7.3.1) we obtain a plane wave

62, =2y — ZBMN L0 (7.3.5)

e(k)t — k:x)

— _ 7BMN _ p i(v—qx) _ o p (_
07y =Zoy— 7 sin Se sin 5 exp i 7 (7.3.6)

Since we are interested in the phase shifts for an elementary plane wave we take from now on J = 1.

Let us further parametrise its frequency w and momentum % in terms of the spectral parameter w as

_ 1—q¢*+1r? G(1 +w?)
w= V) = T T i) (s D — &) (7.3.7)
2 2
k= 4 - il (7.3.8)

(r+1=lg)(r—(1+1q) qw+s ) (w —s")

This dispersion relation corresponds to two separate plane waves with [ = +1 representing left or right
movers. In the following derivation of the phase shifts we will only consider [ = —1 plane waves and
dyonic giant magnons for simplicity. In order to generalise these to arbitrary combinations of left and
right moving plane waves and dyonic giant magnons we can simply send J — —J. In terms of the

dyonic giant magnon spectral parameters X li this corresponds to the transformation

1
Xt — (7.3.9)
X7
For plane waves we have 27 ~ 2= ~ w and this transformation reduces to
1
w_ — —. (7.3.10)
w4

Using the dressing method we can now calculate the phase shift of a plane wave scattering off an
N-soliton solution. For this we construct the asymptotic form of the N-soliton solution and take the

plane wave limit in the N + 1 dressing step. The recursive dressing relation is

N = ;g — Z\I'N_l(Q)<1 + mP). (7.3.11)
Identifying
AN = g+ ryeN/?, AN = q+rye PN/2, Un(q) =gn (7.3.12)
we obtain
gn = g1 (e™/2 = 2isin DL Py ). (7.3.13)
Expanding this expression in the plane wave limit (in small n = 27 — 2~ = 2irsin £) gives the phase
shifts

09 = gN+1 — gN = gN (eip/Q — 2¢sin gPN — 1) ~ isin%(gN(l — 2PN+1)’n:0,m—>ioo>. (7.3.14)
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We now need to determine the N-soliton solution gx and the projector Py in the plane wave limit

using the dressing transformation

Tn(N) =Ty (Axv(d), xwA) =1+ HVPN. (7.3.15)

First let us show that the asymptotic form of the projector (without taking the plane wave limit) is

0 0 1 0

We can establish this by induction. Starting with the projector P; for the giant magnon

e*’u

1 e (v—t—qx)
P = isechu —ifo—t—qz) " (7.3.17)

we obtain the above asymptotic behaviour as © — +0o0. Assuming this also holds for all the projectors
up to Py we can construct the next projector Py11 by applying the dressing transformation using the

above asymptotic form. The dressing transformation (7.3.15) becomes

Uy =e"Pu [[xaed), P=)_m H (7.3.18)
k=1 k=1 k=1

1 0 ; e 0
Moo too = , Uy o too = €772 . , 7.3.19
Xk‘( )| —+ < 0 i i: ) N| —+ 0 G_ZZ()‘)A()\) ( )

A , 2N AN) 0
_ A—\p _ ip/2| €
Xk(A)|:c—>—oo ( 0 1 ) s \IIN|:c—>—oo e < 0 e*iz()‘) (7320)
and using
[n_1(An)]Teef U n_1(An)
_ v AS , e=(1,1 7.3.21
€T[\I/N_1()\N)}T\I/N_1()\N)€ ( ) ( )
we find the projector
1 e U ei(vftfqm)H )‘N+1
P T—=+00 = T 170 . — T—+00) =
N‘H‘ -+ e—u & eu’H’Q < e—i(v—t—a2)1] 6“|H’2 ) | -+ H )\N+1
(7.3.22)
1 6_u’H‘2 ei(v—t—qm)ﬁ

Protloss oy = —— , . 7.3.23
N""l‘ - 6_u’H‘2—l—€u < e~ iv—t—qz)TT el | - ( )

Taking u — 00 we arrive at the asymptotic behaviour (7.3.16) as required. However, in the plane
wave limit we have Ay 1 = Ay41 = ¢+7+O(1/h). Therefore by definition « = 0 and II = 1/II giving

the projector

1 1 ellv=t=an)q]
Prilastoo ~ 5 | _iicany , : (7.3.24)

1 1 ei(v—t=az)T]
Prniile—s—oo ~ 3 ( il —an) ] ) : (7.3.25)



CHAPTER 7. SEMICLASSICAL AND 1-LOOP PHASE IN THE S-MATRIX 147

Finally the N-soliton solution as obtained from (7.3.20) takes the form

oi(t+P/2) 0 et (t—=P/2) 0
gN‘x—H—oo = 0 eii(tJrP/Q) ’ gN‘x—>—oo = 0 —i(t—P/2) (7326)

e
giving
.p 0 et1P/2 gi(v—gqz) £l
89| z—+00 ~ —isin 3 ( P2 —i(v—z) [[F1 0 (7.3.27)
or in terms of the coordinates
71| gms o0 = 0, 5Zﬂ%fmo:-4an§eﬂpﬂé@*WHr“ (7.3.28)
021|500 =0, 52ﬂx%im::iﬁngéﬂpme%uhmwﬂ¥y (7.3.29)

Note that v — gx = wt — kx such that these are plane wave solutions of frequency w and momentum k
given by (7.3.8). For the conjugate fields we have w — —w and k — —k corresponding to w; — 1/w_;.
We read off the phase shifts

0z, =0 (7.3.30)
N +
. . . . w— — X—k
0z, =iIn62s)ps400 — 1002|300 = —P + 2ilnIll = —P — 2i Zln —_—F (7.3.31)
=1 Y- X2y,
dz, =0 (7.3.32)
N 1 X+k
67 =P—2ilnll=P+2» In——F 7.3.33
Zo ; i o X:k ( )

where we used (7.1.22) to write these expressions in terms of the spectral parameters Xjf x Wwith the
lower sign denoting left or right movers. Finally we can obtain phase shifts for any combination of left

and right moving plane waves and dyonic giant magnons using the transformations (7.3.9), (7.3.10).

7.3.2 Phase shifts for fermionic fluctuations

The fermionic phase shifts can be directly extracted from the fermionic solution of a single giant magnon
given in [219, 205]. However, instead we will follow here the same route as in [25] and consider the
dyonic giant magnon in terms of finite-gap solutions. Using the fact that the dyonic giant magnon only
lives on the sphere part of AdSs x S* will be sufficient to determine the fermionic phase shifts without
knowing the precise form of the finite-gap equations. The consistency of the resulting finite-gap picture

also serves as an additional check for the mixed-flux dyonic giant magnon results in [95].
The equations of motion for strings on AdSz x S? correspond to the flatness condition of a current
j with an associated monodromy matrix  ~ Pexp ( § j). Tts analytic properties give rise to the

finite-gap equations for classical solutions with periodic boundary conditions.

In our case the monodromy matrix is an element of the supergroup SU’(1,1]2) and its eigenvalues
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have the form
(1 (X) ¢ips (X)o7 (X) (i3 (X)) (X)) = —po(X) (7.3.34)

where the quasi-momenta p;(X) are complex functions of the spectral parameter X and the label A, S
distinguishes between the AdSs and S* matrix blocks. These quasi-momenta have poles and branch

cuts and thus can be written as
pi(X) = Gi(X) + fi(X) (7.3.35)

where f(X) contains the poles and the resolvent G(X) contains the branch cuts with the discontinuity

relation across each cut
pi(X +i€) + p;j (X —ie) = 2mny;, ni; € Z. (7.3.36)

The resolvents characterise the different classical solutions and since we are only interested in solutions

with non-trivial motion on the sphere the quasi-momenta take the form
pi(X) = —p3(X) = f(X),  pJ(X)=—p5(X) = f(X)+G(X) (7.3.37)

In this formalism the phase shifts are encoded by introducing a micoscopic probe cut corresponding to
small fluctuations. The associated discontinuity condition then becomes the quantization condition of

the associated plane wave momentum k for a string solution of finite length L
27mij = pZ(X(k) + ié) —i—pj(X(k) - iE) = —(S(k) — kL. (7338)

(543 p}S’A}) and their exact

Each fluctuation corresponds to a connection of two particular sheets (p, ,

relation was determined in [160].

In the plane wave limit the spectral parameter expands as X ~ w = % and thus we have for [ = —1
p (wo) = p® y(w_) = 2G_(w_) + 2f—(w_) = —dz,(w_) — k(w_)L (7.3.39)
pA (wo) = pA(wo) = 2f (w_) = —dy, (w_) — k(w_)L (7.3.40)

Since the phase shifts dy, vanish in the AdS part we can identify the form of f_(z) as

L 2x
f-(x) = —2—q Grs)@—sT1) (7.3.41)

Furthermore we can read off the resolvent for the dyonic giant magnon from the bosonic phase shifts

as

1 L ox—Xt
G_(2) = Gag(x) — §Gma9(0)’ Gmag(x) =iln P o

Ginag(0) = p. (7.3.42)
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where p is the magnon world-sheet momentum. For [ = 1 excitations we use (7.3.10) to get

() = plyw) = 264 (o) +2fe(ws) =~ (=) ~k(c-)L (7343)
() = o) = 2Fn(w2) = b (=) k()T (7.3.44)
and therefore
L 2 1 1
@) = ey G = Gmag(;) — 5Gmag(0). (7.3.45)

We see that the resolvent has the same form as in the ¢ = 0 case. Also these results for fi (z) and G4 ()

match (C.1) in [95] up to factors of Gpaq(0) which depend on the choice of boundary conditions for

the dyonic giant magnon. In our case we have Z; ~ e'*%#/2 a5 x — +00 corresponding to —%Gmag(O)

in both G4 (z) and G_(z).

Finally for the fermionic fluctuations we have for plane waves of [ = —1 type
pS (w-) = pAy(wo) = G (w) + 2f— (w_) = —d,(w_) — k(w_)L (7.3.46)
Py (w_) — pA (w) = G_(w_) + 2f_(w_) = —dg(w_) — k(w_)L. (7.3.47)

The equations for plane waves of type [ = 1 are then obtained using (7.3.10) and using the same

arguments for conjugate fields we find altogether

Su(k) = 89(K) = 202, (K), 0y(k) = 65(K) = 207, (k). (7.3.48)

7.3.3 Corrections to the dispersion relation and the dressing phase

We can now evaluate the 1-loop corrections (7.0.9) and (7.0.10) using the phase shifts d; for a plane

wave scattering off a single dyonic giant magnon explicitly given by

AdSs : by, =6y, =0 (7.3.49)
S0z, =067 =0, 0z.(kX)==2G(wi(k)™",X), 06z,,(kX)=2G(w_(k),X) (7.3.50)
fermionic : dg(k, X) = 6,,(k, X) = —G(wi (k) ™", X) (7.3.51)
1 85, (k, X) = 650(k, X) = G(w_(k), X) (7.3.52)

. 1. XT w—XT

where the lower label [ specifies whether the phase shift is for a left or right moving plane wave of
spectral parameter w;(k) given by (7.3.8) (for example 6z, _(k, X) = 2G(1 /w4 (k), X)). Here X is the
spectral parameter a dyonic giant magnon with [x = —1 and we obtain the phase shift for Ix = 1
using (7.3.9).

We immediately see that the 1-loop energy shift vanishes

1 [ )
AE= o /OO dkw(k)5p <[522 —0g = 0y] +[02, = 05 — 5ﬁ]) =0. (7.3.54)



CHAPTER 7. SEMICLASSICAL AND 1-LOOP PHASE IN THE S-MATRIX 150

For the 1-loop phase correction (7.0.10)
Np

1 95 (k;
AO(p1,p2) = %ZH)FI/ dk I(akpl)éj(k;pz) (7.3.55)
I=1 o

we have the choice of evaluating the integral for a left or right moving plane wave. Both choices are

equivalent since

/s dw, Wa(l;y) - /3_1 dw_ MG(w_;Y) (7.3.56)

-1 w4 w4 s ow_

This also implies that the integrals for conjugate and non-conjugate fields are in fact the same. Let us
also rewrite (7.0.10) in a manifestly antisymmetric form as we expect from unitarity. Dropping a total

derivative and noticing that under (7.3.9)
G(wl,X) — —G(l/wl,X) (7.3.57)

we can write the 1-loop phase correction for same-type excitations I = Iy = [ as

l

1 [° 0G(w, X)
AOu(p1,p2) = — /_Sl dw <TG(M,Y) (X Y)), (7.3.58)
0G(w, X) i i VAR
5 o XF w_x= 5= 0 (7.3.59)
We can further split this integral and perform the integration explicitly to give
A@ll(p17p2) = XZ(X+)Y+) - XZ(X+7 Yﬁ) - Xl(Xiu Y+) + Xl(Xi)Yi) (7360)
where
l
1 /[° du 1
WX, Y) == /_sl — ( —5Y +In(u— Y)) (X V), (7.3.61)
1
— L [(X,Y) — LY, X)] (7.3.62)
T
X — sl 1 X =l /X st
L(X,Y)=1In (X . s—l> [m(X -Y) -3 lnY] - L12(X _ Y) + L12< — ) (7.3.63)
For the case of mixed excitations, i.e. l; = —la = [, we can use (7.3.9) directly on the integral (7.3.63).

However, in order to make manifest its antisymmetry under X < Y, 1 <> I5 let us write the integral
(7.3.55) as

sl

l,y) (XY, Lo 12)) (7.3.64)

w

~ 1
AOy,(p1,p2) = —W/

—s—

N duw (T



CHAPTER 7. SEMICLASSICAL AND 1-LOOP PHASE IN THE S-MATRIX 151

giving
A@lllg(PLPZ) = )Zl(XJra Y+) - XZ(X+7Y—) - XZ(X_v Y+) + )Zl(X_a Y_) (7365)
1 _ _

(X, Y) = ——(L(X,Y) — (¥, X)) (7.3.66)

L(x Y)——ll Y1 LSZH (X —sHIn(Y —s71) = In(X + s In(Y + %)

(X, Y)=—2n nX—f—s—l n 5")In s n s7)In S

X - Y + st Yy — 57!
-2 &> <2 _ T -1 . ol

+In (s X—i—s—l) In(1 — XY) — Lip (S 1 —XY) —|—L12( ' —XY>' (7.3.67)

These 1-loop corrections to the bound-state S-matrix come directly from the elementary dressing
phases. This is because the bound-state S-matrix does not receive contributions from the BDS factor
(or its mixed excitation scattering equivalent) as was pointed out in [25]. In order to find the elementary
dressing phases we notice that we can use the same arguments as in the tree-level case in section 7.2.1
since the bound-state 1-loop corrections are of the form (7.2.44). Thus the elementary 1-loop dressing
phases are given by the above expressions but with the dyonic giant magnon spectral parameters X,

Y replaced by the elementary magnon spectral parameters x, y.
As a consistency check let us take the semiclassical near-BMN limit h — oo with hp fixed such
that the shortening conditions (7.2.8) are solved by

1 222
E)’ () = hq(x — st)(x + s71)’

my + \/le +6j2k2
) (7.3.69)

oF = & %al(xl) + O( (7.3.68)

my=1+4+qlk, z;=

qk
We obtain
L ] 1. -
AO :_al(a?)al(y) [} (x—l—y)(l—%)_% iy
i 2 (j(x—sl)(x+3—l)(y_Sl)(y+s_l)x_y
! -1
y—szc+s
7.3.71
t (el e
1 4ql
AOy, (1, p2) = -lZjoyy) [1 (z—y) 1+ ;) — = 14 ay
o o G (z—sh)(z+s7)(y+s7l2)(y—s)1—ay
2 y — Sl2 €T + 5—11 llilQ
‘l‘(l —:L'y)2 In (:U—Sll y+5*125 )]’ (7372)

which matches the 1-loop dressing phase predictions in |95, 96, 97].

7.4 Time-delay from the complex sine-Gordon model

As an additional check of our results let us also find the time-delay from the CsG model. The CsG

soliton anti-soliton scattering solution for ¢ = 0 can be obtained from the single soliton solution by
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applying Bécklund transformations and is given by (see e.g. [220])

€i’y(52’uf — (51’1);)((511“ — (52U2) — eii’y((SQUQ — (51@1)((51U2 — (52’[1,1)

s = 7.4.1
& 0% — (upt} + ujuy + vav} + v302)810, + 03 (741)
where
_ Ny cos pi explisin(p)Ta) o g
up = cosh(cos(pn) Xe) v = —e (cos(pk) tanh(cos(pg)X) + isin pk.) (7.4.2)
o = exp(—0;), Nj = e'F = const (7.4.3)
Xy, = cosh(0g)x — sinh(6)t, Ti. = cosh(6x)t — sinh(6y ). (7.4.4)

Note that « drops out of the full scattering solution 5. Considering the form of a single soliton

solution for g # 0 in 5 we can generalise 195 to ¢ # 0 by performing the replacement

X, — X = X + qTr, (7.4.5)
Tr = Te = Ti + qX. (7.4.6)

One can easily check that this new solution satisfies the ¢ # 0 CsG equation of motion

*&2 _1/;2

1— o2 +(1=¢*)y(1 = [¢*) = 0. (7.4.7)

) — "+

Even though the ¢ # 0 CsG model differs from the ¢ = 0 model only by a mass rescaling, the ¢ # 0
soliton solution, which corresponds to the giant magnon, is not obtained through the simple mass
rescaling (X, 7T) — /1 — ¢2(X,T) but rather through a mixing of X and 7.2

The energy of this soliton is

oo L2 1 (a2
E = /dz’H = /oo dz (W +(1—- q2)|1/)|2> = ;4(cosh0i — ¢sinh 6;) cos p; (7.4.8)

and we shall consider the COM frame where

Z Eivg = Z(sinh 6; — qcosh 0;) cos p; = 0. (7.4.9)

)

Taking the limit ¢ — oo with x = vt the free solitons shifted by ¢ — ¢ — §t4 become
up = et(vitoty sinpi(coshbr—gsinh1)) o p1 sech [5t+ cos p1(sinh #; — g cosh 01)] , ug = 0. (7.4.10)

whereas the scattering soliton solution asymptotes to

1 — cos(2p1) — cos(2p2) + cosh(2(0; — 03)) — 4 cosh(6y — 62) sin p; sin py

4.11
2(cosh(f — 62) — sin py sin p2)? ! !

[1has|* = cos? py

2A simple mass rescaling in the CsG soliton solution would lead to embedding coordinates with «, ¢ rescaled breaking
the Virasoro constraints.
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Comparing these expression we obtain the expected result for the time-delay

1 cosh(0; — 63) — cos(p1 — p2)

AT = )
(sinh §; — gcosh 6) cos p; . cosh(0; — 63) + cos(p1 + p2)

(7.4.12)

7.5 Summary

In summary we have presented a semiclassical derivation of the tree-level and 1-loop dressing phases
in the massive sector of string theory on AdSs x S x T% with R-R and NS-NS 3-form fluxes. In
both cases we have found agreement with the proposals from finite-gap equations and algebraic curve

quantization in [95] and unitarity cut methods in [96, 97].

For the 1-loop phase we have seen that the semiclassical scattering data for bosonic fluctuations,
given in terms of phase shifts experienced by plane waves scattering off dyonic giant magnons, is
sufficient to determine the fermionic scattering data and the resolvent for the mixed-flux dyonic giant

magnon which agrees with the suggested resolvent in [95].



Chapter 8

Conclusions and outlook

The problem of understanding the physics of strongly coupled quantum systems has motivated much
interest in gauge/gravity dualities, which relate the strong coupling regime of gauge theories to the
weak coupling regime of string theories. In particular this strong/weak nature provides a promising
setting to study strongly coupled gauge theories from the perspective of a weakly coupled theory.

In highly symmetric settings, such as in the case of the duality between N’ =4 SYM and type IIB
superstring theory in the maximally supersymmetric 10-dimensional AdSs x S® background, significant
progress has been made in understanding these dualities in the planar limit due to the presence of
integrability. This has motivated the search for new integrable string o-models in the hope of uncovering
dualities in less symmetric and more physical settings. The most promising starting point are o-models
which interpolate between known integrable or solvable limits. In this thesis we have investigated

integrability in two examples of such string o-models.

Classical integrability of string o-models

In part I we have looked at classical integrability of string motion on the following curved brane

backgrounds
(i) p-brane of 10-dimensional supergravity for p = 0, .., 6, which includes the D3-brane;
(ii) the equal-charge D5-D1 brane intersection;
(iii) the four equal-charge D3-brane intersection;
(iv) the NS 5-brane-fundamental string system.

The backgrounds (i)-(iii) interpolate between the integrable limits of flat space and their respective
near-horizon geometries, which are AdSs xS®, AdS3 xS x T4 and AdSy xS? x TS, The background (iv) is
supported by an NS-NS flux, to which the classical bosonic string couples. Therefore the corresponding
string o-model interpolates between the integrable flat and SU(2) or SL(2) x SU(2) WZW models. We
have shown that, while geodesic motion is integrable in these backgrounds, extended classical string

motion in general is not integrable.

This is not surprising in the light of previous non-integrability results for string motion on various

curved backgrounds [147, 146, 167, 148|. In particular integrability of string motion is a much stronger

154
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constraint on the o-model than integrability of geodesic motion. Nevertheless without a general clas-
sification of integrable 2d o-models it is not clear what other interesting, e.g. less symmetric and more
physical, integrable string o-models exist which cannot be obtained through classical equivalence, such

as T-dualities and coordinate transformations (cf. [130, 129]), from known integrable models.

Recently in [221] progress has been made in classifying D-brane backgrounds that admit integrable
geodesic motion, which is equivalent to the existence of variables in which the Hamilton-Jacobi equation
separates. In particular it was shown that for backgrounds associated with a single type of D-branes
the Hamilton-Jacobi equation separates only in the cases of SO(m) or SO(m) x SO(n) isometries in
terms of ellipsoidal coordinates. The former case of SO(m) corresponds to a single stack of Dp-branes.
In the latter case the branes were found to localise in certain configurations. However, classical string
motion on these backgrounds was shown not to be integrable except in the case of AdSs x S°.

Interestingly for more general supersymmetric D-brane intersections, such as the Dp-D(p+4) sys-
tem, the separation in ellipsoidal coordinates was found to only occur in cases with the usual pp-wave

or AdS, x S? asymptotics.

Similar non-integrability results for classical string motion have also been obtained in the dual
background of the marginal deformation of N' = 4 SYM [222] as well as in certain classes of non-
relativistic theories [223]. It should also be possible to further extend these studies to other highly
symmetric backgrounds like the Pilch-Warner [224] and Klebanov-Tseytlin [225] geometries to identify

possible candidates for new integrable models.

More recently classically integrable deformations of the AdSs x S® coset o-model and its lower
dimensional equivalents, [226], have been constructed based on a generalisation of the bosonic Yang-
Baxter o-model [227, 121, 228, 117, 229] and based on a gauged WZW model which is related to the
non-abelian T-dual of the AdSs x S° o-model [230, 231, 141]. These deformed models are of interest
since they have significantly fewer manifest symmetries compared to the undeformed case. For example
the background of the first model has no spacetime supersymmetry and its isometries correspond to
SO(2)3 x SO(2)3, the Cartan subgroup of SO(4,2) x SO(6).

It would be interesting to extend the study of geodesic motion to these deformed models and
identify the coordinates in which the Hamilton-Jacobi equation separates. This might shed some light
on more general candidates for integrable string o-models beyond backgrounds with the usual pp-wave

or AdS, x S? asymptotics.

In general it would also be interesting to understand in more detail why moving away from the
near-horizon region of a brane, such as the AdSs x S° region of a D3 brane, by turning on the brane

charge breaks the hidden symmetries associated with string integrability.

String theory in AdS; x S* x T* with mixed flux

In part IT we have looked at superstring theory on AdSs x S? x T% with mixed R-R and NS-NS 3-
form fluxes, which interpolates between the Green-Schwarz coset g-model in the pure R-R case and a
supersymmetric extension of the SL(2) x SU(2) WZW model in the pure NS-NS case. The quantum

spectrum of the pure R-R and mixed flux cases is believed to be described by an integrability-based
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approach, as in the case of AdSs x S°, whereas in the pure NS-NS case the spectrum is found using
CFT methods [104, 55, 232].

The starting point for finding the quantum spectrum of the mixed flux theory is the dispersion
relation and S-matrix for elementary world-sheet excitations. While integrability and symmetry put
strong constraints on both they do not fully determine the dispersion relation and S-matrix. In this
thesis we have addressed this problem by supplementing the integrability and symmetry based results
with information coming from semiclassical string solutions. In particular we have considered bosonic
string motion on the R x S subspace of AdS3 x S® x T* in the presence of mixed flux, which is described
by a principal chiral model with an additional Wess-Zumino term, with coefficient ¢, for the NS-NS
flux. We have shown how to obtain classical solutions of the mixed flux theory (¢ # 0) from solutions
of the pure R-R theory (¢ = 0) by using the fact that the ¢ = 0 and ¢ # 0 equations of motion in

terms of the SU(2) currents are related by the world-sheet coordinate transformation
of = (1+q)o*. (8.0.1)

We used this method to construct the ¢ # 0 generalisations of rigid circular strings and the dyonic
giant magnon moving on R x S% and the folded string moving on AdSs x S!. We have seen that, since
a local 2d action in the presence of a Wess-Zumino is only defined up a total derivative, subtleties arise

in the definition of the angular momenta for solutions with non-trivial boundary conditions.

Dyonic giant magnon and dispersion relation

In chapter 5 we used the fact that the dyonic giant magnon solution describes bound states of elemen-
tary world-sheet string excitations above the BMN vacuum to determine their exact dispersion relation.
For this we found the relation between the energy, the finite angular momentum J, and a kink charge
corresponding to the separation angle between the endpoints of the dyonic giant magnon. As in the
q = 0 case we identified this angle with the world-sheet momentum. In support of this identification
we considered the large Jy limit, in which the theory reduces to the Landau-Lifshitz model. In this
model the dyonic giant magnon takes the form of a spin wave soliton and its momentum is well defined

and coincides with the separation angle.

The dispersion relation we obtained,

€= \/Mi +4(1 — ¢?)h? sin? g , My = Jy + ghp , (8.0.2)

contains a shift of Jo by a linear term in the world-sheet momentum p. This is a somewhat surpris-
ing feature since one would expect a smooth and periodic dispersion relation in p in the case of an
underlying spin-chain interpretation.

We further found evidence for this dispersion relation from the consistency of the associated bound
state picture and the quantisation condition for the angular momentum suggesting that this mixed flux
dyonic giant magnon indeed represents a bound state of elementary magnon excitations. In chapter 7
we also checked that the semiclassical 1-loop correction to the energy of the giant magnon vanishes as

in the case of AdSs x S° [24, 25].
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More recently the off-shell symmetry algebra has been used to determine the full all-loop S-matrix,
i.e. including the massless and mixed-mass sectors, of the mixed flux theory for both AdSz x S% x T4
and AdS3 x S% x 83 x S! [62, 63, 218, 233]. The ratios of the S-matrix elements take the same form
as in the pure R-R case but with g-modified Zhukovsky variables. In the AdSs x S* x T* case the
central charges were found from the Poisson brackets of the supercharges and the dispersion relation

for world-sheet excitations, including massless modes, has been suggested to take the form

€= \/(m + ghp)? 4 4(1 — ¢2)h2 sin? g, m=0,=£1. (8.0.3)

A direct check of the dispersion relation has been performed in [234] where the two-loop dispersion
relation was obtained in the near flat-space limit [235] (cf. AdS5 x S® case [236] and the AdSg x S? x T®
cases [237]) and more recently in [238] where the full BMN two-loop dispersion relation was computed
for the AdSs x S°, AdSs x S and AdSy x S? cases. For AdSs x S° and the massive modes in the
mixed flux AdSz x S? case the results match the BMN expansion, i.e. P = ph = fixed,h — 0o, P < 1,
of (8.0.3). However, for massless modes in the mixed flux AdS3 x S® case disagreement with (8.0.3)
was found. The disagreement arises from diagrams with one massless and two massive modes in the
loops and is speculated to be due to some unknown quantum corrections to the central charges or a

mismatch of the asymptotic states in the two calculations. This still remains to be resolved.

Another interesting question is the exact dispersion relation for strings on AdSs x S? backgrounds.
It seems that in this case the off-shell symmetry algebra is not sufficient to determine the form of
the dispersion relation [239]. Also there is no dyonic giant magnon in this case. However, the BMN
two-loop dispersion relation in this case was found to be the same as in the AdSs x S? case but with
the string tension replaced with h — 2h [240, 238].

Finally, in order to compute the string spectrum in the AdSz x S® case with mixed flux using the
dispersion relation and S-matrix one needs to further understand the analytic structure of the curve
(5.4.19) and if possible identify the uniformising variables, as was done in the case of AdSs x S° in
[31, 29].

In the AdSs x S° case the dyonic giant magnon solution can also be used to study finite-size effects
or wrapping interactions in the semiclassical, i.e. A > 1, limit. These effects arise when considering
a finite but large world-sheet cylinder instead of a plane in the decompactification limit and the
interaction range of the magnons becomes of the order of the size of the system. In this case it is
possible to obtain a finite-size dyonic giant magnon solution which has large but finite global charges
(E,J1). The energy then receives finite-size corrections, which are exponentially suppressed in the
large charges [202, 241].

Recently also in the AdSz x S? mixed flux case the finite-size corrections to the dispersion relation
have been obtained in [242| and they were further confirmed in [95] from the finite-gap construction
by using the same resolvent for the ¢ # 0 finite-size dyonic giant magnon as in the AdSs x S® case
[200, 243]. As in the AdS5 x S° case the finite-size corrections are exponentially suppressed in the large

charges.
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Folded strings

In chapter 6 we constructed the ¢ # 0 generalisation of a folded string on AdSz x S! with angular
momenta S and J on AdSs3 and S!. We found that the closed string boundary conditions can be
satisfied for the ¢ # 0 solution once we impose that the angular momenta are quantized. Considering
the long string limit we obtained the energy as an expansion in large S in the case of large and small

J. We found that at leading order the effect of ¢ amounts to a rescaling of the string tension

h— +/1—¢2h. (8.0.4)

This is somewhat surprising as it disagrees with the results in [211] where the energy of a spinning
folded string was given perturbatively in ¢ and a new leading order term of the form In? S was found
in addition to the standard In S behaviour. In order to resolve this problem it would be interesting to

better understand the relation between the solution ansatz in [211] and our g # 0 solution.

In particular our ¢ # 0 generalisation of the folded string resembles a spiky or helical string. This
suggests that one should in fact start with more general pure R-R solutions. For example, in order to
obtain a genuine g # 0 folded string one should start with a ¢ = 0 solution with enough parameters to
impose that the ¢ # 0 winding numbers vanish while the angular momenta stay unfixed (i.e. are not

restricted by quantisation conditions).

Recently the class of spinning string solutions in the mixed flux theory was shown to be described
by a modified Neumann-Rosochatius system [244, 245| in analogy to the AdSs X S® case [142, 143].
This class of solutions is essentially related to our ¢ # 0 generalisation of the folded string through
a Lorentz transformation. However, the Lorentz symmetry is fixed in both cases to ensure that the
global time coordinate is single valued. Therefore it would be interesting to further investigate the
relation between these two types of solutions and to see if our solution ansatz can be related to some

type of a Neumann-Rosochatius system.

Dressing phase

The two particle S-matrix for elementary world-sheet excitations is only fixed by the off-shell symmetry
algebra up to overall dressing phase factors. In the case of AdSz x S? x T* there are five such factors':
two for the scattering of massive excitations (massive-massive sector) and one for the massive-massless,
massless-massive and massless-massless sectors respectively.

In [95] proposals for the semiclassical and 1-loop phases in the massive sector of the mixed flux
theory have been obtained. For the semiclassical phases it was assumed that the phase for the scattering
of same-type excitations (i.e. scattering of left-left or right-right movers) should be given by the
AdSs x S° AFS expression with the Zhukovsky variables replaced by their ¢ # 0 counterparts. The
crossing equations were then solved for the remaining phase describing the scattering of mixed-type
(left-right or right-left) excitations. Using the resulting dressing phases in the all-loop Bethe equations
it was found that the finite-gap equations are recovered in the semiclassical limit as expected. Also the
1-loop phases were obtained by quantising the algebraic curve around a general solution and matching

results for the 1-loop phases were further found from unitarity cut techniques in [96, 97].

1Once the left <+ right symmetry is taken into account.
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In chapter 7 we have checked these proposals and, in particular, confirmed the assumption for the
semiclassical phase by independently deriving the semiclassical and 1-loop phases from the bound-state
S-matrix and its 1-loop correction, as was done in the case of AdSs x S° in [24, 25]. The bound-state
S-matrix describes the scattering of dyonic giant magnons and its 1-loop correction can be understood
as describing the scattering of plane waves off dyoinic giant magnons. Both are found from multi
soliton dyonic giant magnon solutions, which can be constructed by applying the dressing method to
the BMN solution.

By generalising the dressing method to the mixed flux case we were able to obtain multi soliton
dyonic giant magnon solutions allowing us to extract the bound-state S-matrix and its 1-loop correction.
Taking into account the normalisation factors for the dressing phases, given by the contributions of
the BDS factor and its equivalent for mixed-type excitation scattering, we reproduced the proposals
for the semiclassical and 1-loop phase. Additionally we determined the form of the mixed flux dyonic
giant magnon resolvent in the finite-gap picture from the plane wave scattering data. In terms of the
Zhukovsky variables the resolvent was found to be given by the same expression as in the pure R-R

case.

In general, already at the semiclassical and 1-loop level, the analytic structure of the dressing phases
is significantly more complicated than in the pure R-R case. In particular, in contrast to the S-matrix,
the pure R-R phases cannot be generalised to the mixed flux case by replacing the Zhukovsky variables

with their mixed flux equivalents.

With the recent progress in incorporating massless modes into the integrability-based framework
it would also be interesting to extend the semiclassical methods to the massless and mixed-mass
sectors if possible. One important question is whether one can provide a further check for the exact
massless dispersion relation, for which the near-BMN 2-loop check gives disagreement, by identifying
the analogue of the giant magnon for massless modes. In the pure R-R case of AdSz x S3 x S3 x S!
there has been some recent progress in identifying classical spinning string solutions for the massless

modes |246]. In the mixed flux case there are two approaches one can take:

() One should be able to choose an ansatz living on the appropriate subspace of AdS3 x S3 x T*
which gives the dispersion relation we expect. However, this might be the giant magnon itself
which does not move on T# where the massless modes arise. This leads to the question why the

giant magnon on R x S? cannot be interpreted as the giant magnon in the massless sector.

(ii) One might extend the mixed flux dressing method used in this thesis to include motion on T
In order to interpret the resulting solution as the giant magnon for massless modes we would
expect non-trivial motion on the torus. This would allow one to construct scattering solutions
and address the question of the semiclassical and 1-loop dressing phases in the massless and

mixed mass sectors.

Summary

In conclusion we have investigated integrability for strings on two types of backgrounds, which in-
terpolate between integrable limits: curved p-brane backgrounds and AdSs x S? x T* with mixed

flux.
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In the first case we found that already at the classical level string integrability can be ruled out by
considering an appropriate truncation of the 2d o-model to a mechanical system.

In the second case classical integrability is expected to extend to the quantum level and we have,
indeed, seen evidence in support of this at the semiclassical level from the dyonic giant magnons
and their scattering properties. While there are still many open questions the recent progress in the
mixed flux case could lead to the exciting possibility of relating the integrability-based approach to the
CFT methods in the pure NS-NS theory. For example, in the sine-Gordon model with an imaginary
potential, which is a massless theory, the infinite tower of conserved quantities can be related to the
Virasoro algebra [247].

In general it would also be interesting to extend the integrability-based methods to the various

classically integrable, but less symmetric, deformations of the AdSs x S° coset o-model.
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