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1. Introduction

In recent years we have received an impressive evidence that integrability might
provide a key concept to get more insight into the complicated dynamics of the large
N gauge and string theories, and, in particular, into the AdS/CFT duality conjecture
M. Indeed, the N/ =4 SYM in the large N limit is conjectured to be an integrable
model [B, B, at least in a certain asymptotic approximation. Integrability allows one
to formulate the corresponding Bethe ansatz whose solutions encode the spectrum
of the model. A nice and distinguished feature of this approach is that at many
instances the Bethe equations can be solved exactly or used indirectly to make a
comparison with the dual string theory. There has been a lot of discussion in the
recent literature concerning construction and applications of the Bethe ansatz to the
N =4 SYM theory, we refer the reader to the comprehensive reviews [H].

The sigma-model describing Type IIB superstrings propagating in the AdSs x S°
space-time [fJ] is also classically integrable [fi]. However, due to the large number of
dynamical variables and their involved interactions the quantization problem looks
highly non-trivial. An interesting insight into the quantum theory can be gained
by studying an expansion around the so-called plane-wave limit [[] where the string
theory simplifies dramatically but still allows for a non-trivial comparison to the dual
gauge theory [].

Perhaps one of the main outcomes of string integrability is that the string sigma-
model admits a rich variety of explicit soliton solutions [0, [(]. In fact the whole
classical (finite-gap) spectrum is encoded into a set of certain integral (Bethe type)
equations [[] supported on the corresponding algebraic curves [[J]. Finally, the
(quantum) gauge and (classical) string theories reveal a certain interesting similarity
between their integrable structures that can be manifested either through the study
of infinite towers of conserved charges [[3, [4, [J] or, equivalently, by comparing
the corresponding Bethe equations [[[]], [[§]. A complementary approach to quantum
string based on the knowledge of a quantum integrable sigma-model in the infinite
volume was suggested in [[L[7].

Recently, the knowledge of the classical string Bethe equations [[I]] together
with the asymptotic gauge theory Bethe ansatz [[[@] allowed us to conjecture a novel
Bethe ansatz [[§ which is supposed to capture the leading quantum dynamics of
strings in AdSs x S°. We will refer to the corresponding construction as the quantum
string Bethe ansatz. Conjectured originally for the so-called su(2) sector, it has been
generalized to other sectors [[J] and, finally, to the whole superstring sigma-model
[BQ]. Classical spinning strings, the 1/J corrections to energies of the plane-wave
states, the famous A/* strong coupling asymptotics, all these limiting cases can be
derived from the quantum string Bethe ansatz. As was shown very recently 1], 7
the ansatz seems to be capable to incorporate the 1/J corrections to classical spinning



strings. Quite intriguing, it also admits interpretation in terms of integrable long-
range spin chains [PJ] and naturally emerges in the study of the plane-wave matrix
models [24]. However, in spite of all these remarkable developments it remains unclear
how the quantum string Bethe ansatz could arise upon quantization of strings beyond
the semi-classical approximation®.

On the other hand, it is known that string theory admits consistent truncations
to smaller sectors which contain in particular string states dual to operators from
the corresponding closed sectors of gauge theory. In gauge theory a closed sector is
an invariant subspace of composite operators on which the action of the dilatation
operator closes. Studying the mixing problem within a closed sector provides certain
simplifications, e.g., in formulating the corresponding Bethe ansatz, etc. One can
try to apply a similar idea to string theory. Instead of dealing with the complicated
dynamics of the whole model one can consistently truncate the classical string equa-
tions to a smaller set of fields and further study their dynamical properties. One can
also try to construct the quantum theory of a truncated sector although it is not a
priori guaranteed that this theory will have a certain relation to the actual quantum
string: the procedures of truncation and quantization are not expected to commute.
Thus it is of interest to look at this problem: It might help to understand the origin
and the range of validity of the quantum string Bethe ansatz as well as interrelation
between truncation and quantization procedures.

From all varieties of the closed sectors [[] on the gauge theory side the so-called
su(1|1) sector seems particularly attractive. In the A/ = 1 language it contains
composite operators made of two Yang-Mills elementary fields, Z and ¥, where 7 is
the complex scalar from a scalar supermultiplet and ¥ is the Weyl fermion from the
gaugino supermultiplet. The su(1]|1) symmetry group transforms Z and ¥ into each
other. In this sector the dilatation operator [[] and the corresponding asymptotic
Bethe ansatz [[9] are known up to three-loop order of perturbation theory; at one
loop the dilatation operator just coincides with the Hamiltonian of the free lattice

fermion [26]. The coherent state description of the su(1|1) sector with its further
comparison to string theory was considered in [B7].

In our previous work [B§] we have found the consistent truncation of the classical
superstring theory to the su(1|1) sector. We have further removed all unphysical
degrees of freedom by fixing the so-called uniform gauge [RY, B(): The world-sheet
time 7 was identified with the global AdS time ¢, while the momentum of an angle
variable ¢ of S° was declared to be equal to the Noether charge J corresponding to
translations of ¢. The space-time energy E of the string coincides in this approach
with the world-sheet Hamiltonian H which is a function of the charge J:

E=H(J).
1 Possible sources of the corrections to the gauge/string Bethe ansiite have been recently discussed

in [p§.




The physical degrees of freedom are two complex fermions which can be organized
in a single world-sheet Dirac fermion. The resulting theory appears to be a new
non-trivial interacting theory of the 2-dim massive Dirac fermion. It is integrable
because the consistent reduction can be carried over for the Lax representation of the
original sigma-model. Finally, we used the corresponding Hamiltonian to derive the
1/J correction to the energies of the plane-wave states and found a perfect agreement
with the results by [B1], B9

To proceed with quantization one has to first identify the action and angle vari-
ables for the classical model. This is rather non-trivial in our present setting because
the Lagrangian of the reduced theory is apparently complicated and involves terms
up to six order in fermions and their derivatives.

In this paper we will solve and find the semi-classical spectrum F(J) of our
interacting theory in a way which bypasses direct diagonalization of the interacting
Hamiltonian. The basic idea is to fix reparametrization invariance by choosing a
gauge most suitable for computing the spectrum of E. Quite remarkably, there
exists a gauge choice which linearizes equations of motion! In the following we will
refer to this gauge as the uniform light-cone gauge. In the light-cone coordinates
Ty = %(qﬁ +1t) this gauge consists in fixing x, = 7 and p, = P, = const, where p, is
the momentum conjugate to x_. The world-sheet Hamiltonian H and the parameter
P, are now related to the global charges of the model F and J as

Since H itself is a certain function of P, we get an equation
E=J+HE+J),

which can be solved for the energy £ = E(J). It appears that the Hamiltonian
corresponding to this gauge choice is just the quadratic Hamiltonian for two complex
fermions! Thus, in the uniform light-cone gauge the theory becomes free and the
spectrum of H is trivially computed.

It is worth emphasizing that in this way we solved our reduced model exactly,
i.e., without assuming anything about the range of J. Taking J to be large we can
easily construct the 1/.J expansion of the energy. The leading order in this expansion
is the energy of a plane-wave state, while at the subleading order we again reproduce
the 1/J correction found in [BI, BZ]. Remarkably, to obtain this correction in our
approach we need only free fermions. The subleading 1/.J% correction turns out to
be an analytic function of ' = A\/J? while the recent studies P2, BJ] of the 1/J
correction to energies of classical spinning strings suggest the appearance at this
order of non-analytic terms. This possible mismatch can be attributed to the fact
that the su(1|1) sector is not closed in quantum string theory.



It is also easy to analyze the strong coupling expansion, A — oo, of our exact
result. Again we reproduce the leading asymptotic A'/4, and find a disagreement of
the subleading A~/ correction with the quantum string Bethe ansatz predictions.

The paper is organized as follows. In section 2 we explain the uniform gauge
approach which is then applied in section 3 to the su(1|1) sector. We show that the
gauge-fixed Hamiltonian is that for free massive fermions. In section 4 we compute
the spectrum of the model and analyze the near-plane wave and strong coupling
expansions. We also discuss generalization to the case of non-vanishing winding.
In section 5 we establish a relation between the energy spectrum we found and the
quantum string Bethe ansatz. In Conclusion we discuss the consequences of our
results and open problems. Finally, in the appendix A we compute the 1/J% and
1/ VA corrections by using the quantum string Bethe ansatz and in appendix B we
discuss the Lax pair which arises upon fixing the uniform light-cone gauge.

2. Uniform Light-Cone Gauge

In this section we introduce the uniform light-cone gauge for strings propagating on
a target manifold. This gauge generalizes the standard phase-space light-cone gauge
of BY] to a curved background [B]. It belongs to the class of gauges used to study
the dynamics of strings in AdS; x S® [29, BQ].

We denote the time coordinate of the manifold by ¢, and assume that the man-
ifold possesses a U(1) isometry realized by shifts of an angle variable ¢. To impose
the uniform light-cone gauge we also assume that the string sigma-model action is
invariant under shifts of the time coordinate ¢t and the angle variable ¢, with all the
other bosonic and fermionic fields being invariant under the shifts. This means that
the string action does not have an explicit dependence on ¢ and ¢ and depends only
on the derivatives of the fields. An example of such a string action is provided by
the Green-Schwarz superstring in AdSs x S where the metric can be written in the
form

ds® = fu(2)dt* + f(y)de® + gii(2)dz"d2’ + g (y)dy'dy’ .

Here t is the global time coordinate of AdSs, ¢ is an angle of S®, and 2% and y* are the
remaining coordinates of AdSs and S°, respectively. Strictly speaking, the original
Green-Schwarz action presented in [f] contains fermions which are charged under the
U(1) transformations generated by the shifts of ¢ and ¢. However, it is possible to
redefine the fermions and make them neutral in the same way as it was done in [2§
for fermions from the su(1|1) sector.



The invariance of the string action under the shifts leads to the existence of two
conserved currents, £ and J¢, and two conserved charges

E:/%d—aEO; J:/zwd—ajo.
0 2m 0 2m

It is clear that the charge F is the target space-time energy, and J is the total U(1)
charge of the string. It is well-known that the time components, E° and J°, of the
abelian charges are just equal to the momenta conjugate to the coordinates ¢ and ¢:

ptEEO p(z)Ee]O

To impose the uniform light-cone gauge we introduce the light-cone coordinates:

1 1
t=wp—a, d=aprtr, p=50++p-), ps=g5pr—p-) (21)
1

1
fv+=§(¢+t), x-=§(¢—t), P =Dop+Di, D—=Di—Dy.

In terms of the light-cone coordinates the kinetic term takes the form

— Pt + psd = —p_iy + pai_ (2.2)
Then we fix the uniform light-cone gauge by the conditions

m
x+:7'+50, py = P = FE+J is a constant . (2.3)
The integer number m is the winding number which appears because the co-
ordinate ¢ is an angle variable with the range 0 < ¢ < 27. It is clear from (£.3)
that in this gauge the 2-dim Hamiltonian is identified with the integral over ¢ of the
momenta p_:

27rdo_
H = —p_.=FE—-J. 2.4
| Fr—p-y (24)

In the AdS/CFT correspondence the space-time energy F of a string state is identified
with the conformal dimension A of the dual CFT operator: E = A. Since the
Hamiltonian H is a function of P, = E + J, the relation (B.4) gives us a nontrivial
equation on the energy E. Computing the spectrum of H and solving the equation
(B-2) would allow us to find conformal dimensions of dual CFT operators.

2We assume that the kinetic term in the Hamiltonian form of the string action has the form
—pet + Dp@ + - - -, with the negative sign in front of p;.



3. The su(1|1) sector

In this section we use the uniform light-cone gauge to analyze the string theory on
AdS; x S° reduced to the su(1|1) sector. It was shown in [2§] that the sector contains
the scalars t and ¢, and two complex fermions 93 and 5. The Lagrangian® of the
reduced model can be written in the form

L = Py (i = G+ 50+ )G — S+ ) (3.1)
+ Ry (VP = ¢+ 5+ )G — 4+ 9)A)
+ VO (it = 00! + 4+ D)o + 1+ 8) — 3+ D) + A + L
Here the Wess-Zumino term has a remarkably simple form (k = v/\/2)
Ly = EQ (1 + &) — 5Q(E+ ¢) (3.2)

and for various fermionic contributions we use the concise notations

Gr = 03" + 0"; Q, = U305 + I3 — P30® — 9393 A:mw,(&n

(o = 00" + 9, Q, = U305 + 9y — 9398 — 93973 '
It is important to mention that the periodicity condition for the fermions 93 and g
depends on the winding number m. If m is even the fermions are periodic, and if m is
odd they are anti-periodic. The dependence appears because one makes the original
periodic fermions neutral under the shifts of ¢ and ¢ by means of a field redefinition,
and this induces the change in the periodic condition, see [2§ for details.*

In B the action (B.]) was studied by imposing the phase-space uniform gauge
t =7, pp = J, where py is the canonical momentum conjugate to the angle variable
¢. It was shown that the gauge-fixed action arising in this way defines an integrable
model of a massive interacting Dirac fermion described by the following Lagrangian

2 = J[ 1 5 (W0 0u — i0uTp" ) + (3.4
— TG0 D05 — D D) + <DV 0up O]

where 1) is the fermion, and p® are 2-dim Dirac matrices. Here we will reanalyze
(B.3) by imposing the uniform light-cone gauge, and show that in this gauge the
gauge-fixed action is a free action for the fermions v3 and ¥g. This allows us to
solve the integrable system described by the Lagrangian (B.4) in the semi-classical

3We are using the notations from [2§]. The reader can consult [R§ for details of the reduction.
4An equivalent change of boundary conditions was also found in the analysis of the spectrum of
fluctuations around a multi-spin circular string @}



approximation. We do not know however if the change of gauge leads to quantum-
equivalent models because the reduction of the string theory to the su(1|1) sector
breaks the conformal invariance that is necessary for quantum equivalence of different
gauges. It would be interesting to quantize (B.4) directly, and compare its spectrum
with the spectrum we find from the light-cone gauge free fermion action.

Introducing the light-cone coordinates (B.I]) we rewrite (B.]]) in the Hamiltonian
form

L =—p_ds+pii-— EP+CT + k2!, Q;
1 1 K 1
_ mﬁ[ P+p-+ 4p+A — P+ + AT G — 20l al — Az A

+ % [ - ZerCJ +prxl —p_al + /mﬁrﬂa] : (3.5)

As is usual in string theory with two-dimensional reparametrization invariance,
the components of the world-sheet metric v** enter the phase-space Lagrangian in
the form of the Lagrangian multipliers. Imposing the uniform light-cone gauge (£.3)
and solving equations of motion for the components 4" and 4™ we find

1
p_ = KQy — §P+A, (3.6)
7 = i(CUJrimA) . (3.7)

Integrating (B.7) over o, we get the level-matching condition

T do i
y— / (G imh) = (3.8)

As usual the condition should be imposed on the physical states of the model. In
fact the field x_ is unphysical and varying the Lagrangian w.r.t. p, we find that it
evolves according to a first-order equation

i = %(CT + 2iA) . (3.9)

The components of the world-sheet metric can be found from the equations of motion
for p_ and z_ and they are given by

7'7'_1 \/X 2 P+ TO __ m\/x
y _§(P_+m _7A>’ yo= 22 (3.10)

P,
Since the unitarity of the model requires 777 < 0 we get that P, = E +.J > v/ A|m|.
The origin of this condition is easy to understand. If m # 0 the string winds around
a circle, and has the length equal to 27|m|. The energy of such a string must be



greater than the product of the string tension and its length, and this leads to the
condition. The condition shows that the energy of a long winding string always scales
as v\ [B0] as opposite to the usual A\'/* scaling of a short string with m = 0.

Finally, substituting the solutions of the Virasoro constraints to the Lagrangian
(B-H), we get the gauge-fixed Lagrangian for strings in the su(1|1) sector

: 1 1
L = —%ag + 5RmQ = KQ, + SPA. (3.11)

Recalling the definitions (B.J), we see that the action is a free action for two complex
fermions! If the winding number m = 0 then rescaling ¢ it can be cast to the form
of the action for a free massive Dirac fermion [P§].

4. Spectrum

In this section we discuss the spectrum of the model. We start with the simplest
case of the vanishing winding number m = 0. In this case the Lagrangian coincides
with the quadratic part of the Lagrangian obtained in [B§], and, therefore, we can
just use the results from [2§]. It was shown there that after a proper change of the
fermionic variables (see section 7 of [B§]) the action (BI1)) takes the form

L= i [—i (a:a; + bjlb;) —wy (@) ay + b:b,;)] : (4.1)

n=—oo

where w, = V1 + A2, and we define A by the formula

5 ax 4N
P2 (BE+J)2
In terms of the oscillators a*, b* the level matching condition has the usual form
V= 2 f: (nata, —nbfb,) =0 (4.2)
P+ = n-n n-n )

and therefore the sum of a-modes should be equal to the sum of b-modes. As was
discussed in [Rg], the SYM operators from the su(1|1) subsector are dual to states
obtained by acting by operators a;” on the vacuum. A general M-impurity state with
M = M, + M, obtained by acting by M, operators a,;” and M, operators b, is

|M,, M) = b;r1 bE al o laf ]0). (4.3)

Jmy, it i
It is obvious that the 2-dim energy of this state is equal to

M

H|Ma>Mb> = (anz> |MaaMb> . (44)

i=1



As was discussed in section 2, the 2-dim energy of a string state is related to the
space-time energy by the formula H = F — J. Taking into account ([4]), we get the
following equation for the space-time spectrum of string states

A \n?
E—J= 14+ —2 4.
=3 m

Since all fermions are neutral under the U(1) subgroup shifting the bosonic field ¢,
the state ([.J) carries the same J units of the corresponding charge for any number
of excitations M. That means that an M-impurity string state should be dual to the
field theory operator of the form

tr (UMM 7T =) (4.6)

where W are the two fermions from the gaugino multiplet of N’ = 4 SYM, carrying

the Lorentz charge % and —% under one of the su(2)’s from the Lorentz algebra
su(2,2). According to the AdS/CFT correspondence, the space-time energy FE of
a string state is equal to the conformal dimension of the dual CF'T operator, and,

therefore, solutions of eq.([.J) give us dimensions of the operators (£.4).

In what follows we restrict our attention to the states dual to the closed su(1]1)
subsector of gauge theory. For such states M, = 0, and the sum of the modes
vanishes.

4.1 Near-plane wave correction to the energy

It is very simple to use eq.(f.H) to compute the 1/J correction to the energy of the
plane-wave states from the su(1]1) sector. All one needs to do is to introduce the
effective coupling constant N = \/J?, and solve ([£F) in powers of 1/J keeping N
and M finite. After a simple algebra we find

E—J:;wi (1—%22—?)+0(1/ﬁ), (4.7)

where w; = /1 + Mn?. Taking into account the level-matching condition this formula
can be rewritten in the form

M2 2 2,2}/
n; +n5 + 2nin N — 2nnww,
> ! ; S (4.8)

Wi

M N
i=1 1#£]

This precisely reproduces the 1/J correction to the M-impurity plane-wave states
obtained in [B3, ] by using nontrivial interacting Hamiltonian for fermions. Here
we reproduced the spectrum by using free fermions!

— 10 —



It is clear that eq.(£H) can be used to compute the 1/J% and higher corrections.
For the 1/J? correction we find

X n2(3+2Vn) N2 o~ nin?
E, = g Z Wiw]'—wg + e Z Wk Wi ) (4'9)
i,5,k=1 i,5,k=1
where E—J = M, wi+E+L22 4. .. However, since the su(1|1) sector is not closed

in quantum string theory one should also take into account contributions from the
fields which were set to zero in the reduction to the sector. In particular, we do not
see the term \/2/.J? recently predicted from the analysis of the 1/J correction to
spinning strings [P2]. Moreover, as follows from the analysis in next section, eq.(f.9)
does not reproduce correctly even all terms analytic in \. The 1/J? corrections in
the su(2) sector were recently studied in [B7] by using a properly adjusted fast-string
action. Our results suggest that to derive the action one would have to take into
account the contribution of fields that are not from the su(2) sector.

4.2 Strong coupling limit

In our derivation of eq.(LJ) we never assumed that J, and therefore £ must be
of order v/X. That means that we can also consider the strong coupling limit when
A — oo and E ~ A% We need to consider the two cases: i) J ~ 1, ) J ~ E ~ \l/%,
To simplify the notations it is convenient to introduce the radius of S°: R = v/\.
Then, in the first case, J ~ 1, we find

_2x/_(1+—< *Dm%ﬁ?ﬁ*”)’ (4.10)

where n = L3 |n;| is the level of the string state. To understand the physical
meaning of the formula it is useful to find E?:

\/ﬁ 1
E?>=4nR+ J* +n — e (4.11)

Xl Vi
It is clear from the formula that the first two terms give the usual dispersion relation
for a string state of level n moving in the ¢-direction with the momenta J. The re-
maining terms are the leading 1/ V'R corrections. Let us also note that the expansion

goes in powers of 1/v/R = 1/\1/4.

i )) , (412)

In the second case, J ~ E ~ A4, the eq.(£3) gives
where j = J/ V'R is kept finite in the expansion. In this case the expansion goes in

1
E:\/4nR+J2<1+ﬁ<n+ (7 +V4n + 52 )Z
powers of 1/R = 1/v/X.

— 11 —



We do not expect that our formulas reproduce correctly the leading strong cou-
pling corrections because as we will discuss in the next section and in the appendix
A they do not match the predictions of the quantum string Bethe ansatz.

4.3 Non-vanishing winding number

Here we discuss the spectrum of the model for the case of non-vanishing winding
number m # 0. In this case one can show that there is a change of the fermions such
that the action (B.I1) takes the form

L = Z [—i (a;’a;—l—b:i);)—w:a:a;—wgbzbg ’ (4.13)

n=—oo

where

. Po/PT =+ D £ 2\mn
wr = .
n P? — Am?

(4.14)

Since the fermions are periodic if the winding number m is even and anti-periodic if
m is odd, the mode numbers n in ([L13)) are integer or half-integer, respectively.

The space-time energy of a generic string state (.3) can be again found from
the equation (B.4) that takes the form

M, My,
E—J=Y wh+Y w . (4.15)
i=1 i=1

The string states must satisfy the level matching condition (B-§). In terms of the
oscillators @™, b* it has a rather unusual form

o

V= Z (¢ afa, — ¢, bfby) =m, (4.16)
where

o bt my/P2 — Xm? + 4 n? . (4.17)

" P2 —xm?

Acting by the level-matching condition on a string state ([.J), we get the following
condition on the mode numbers

M, M,
ZC:L’Z_—ZC,; =m. (4.18)
i=1 i=1

It is not difficult to show by using (f.15) and ([.17) that the condition just says that
the sum of a-modes minus the sum of b-modes is equal to mJ:

Mg M,
=1 =1

- 12 —



For states from the su(1]|1) sector we have M, = 0. The simplest state is created
by acting by the operator a; ; on the vacuum. In this case eq.(f:I5]) can be solved
exactly and we get for the energy of the state 1 = a;" ;]0)

EmJ:J+v1+)\m2.

This formula demonstrates explicitly that the energy of a long string with non-
vanishing winding number scales as v/ contrary to the usual \'/* scaling of a short
string.

Eq.(f.15) cannot be solved exactly for other states but it can be readily used to
compute 1/v/A corrections to the energy of a long string. The form of the correction
depends on what scaling we assume for J, and mode numbers n;. To illustrate the J
and mode number dependence we present below a formula for the energy of a state
obtained by acting by M creation operators on the vacuum:

imyJ, ... maJ) = ay, g ---a |0)

where my + mg + -+ + my; = m. We assume that J is kept fixed in the large A
expansion. Note also that m; can be positive and/or negative, and are not required
to be integer. Then, by using ([.15) we find the energy of the state

- [ J? . || 2
By gomngg =mVA+ T Y + -y
i=1

m 2mv\ m

=1
T 1+§:|m"| i L,
4V — m ) Imyl

We see that for all these states the large A behavior is the same: mv/A. It is interesting

that if some of m; are negative the constant term in the expansion is not equal to J.
If all m; are positive the formula simplifies and takes the form

M
1 1

Enig..m :m\/X+J+—E — 4 m; >0 .
emard 2\/X =1 m;

5. Relation to quantum string Bethe ansatz

In this section we discuss the relation of the string spectrum (f.15) we obtained in
the previous section with the spectrum that can be derived by using the quantum
string Bethe ansatz for the su(1|1) sector.

We start by showing that eqs.([l.5) and (f.15) can be derived from the following
set of Bethe ansatz type equations

prmL+%§:@“@—1y4%—qnw>:1. (5.1)

j=1

— 13 —



Here p; are to be interpreted as the momenta of excitations of a spin chain of length
L =J+ M/2 with M excitations, and

i

k= 1+47T2

(5.2)

is the energy of an elementary excitation, and the spectrum is determined by the
equation

E—J=) e (5.3)

We have written eq.(p-3) in such a form to make obvious its similarity with eq.(fI13).
The sum over j in eq.(p.1) can be easily taken by using (b-3), and we get

exp (ipk <J+ %M) + % (e (E — J — M) — 2mm (e — 1))) 1, (5.4

where
M

is the winding number which we suppose to be an integer.
Collecting the terms with p, together, we get

exp (%pk (E+ J) —immey, + iﬁm) =1. (5.5)
Finally, taking the logarithm of both sides of the equation and recalling that P, =
E + J, we obtain
1

ikaJr — mmey = 2mny, | (5.6)
where the mode numbers ny are integer if the winding number m is even, and half-
integer if m is odd. Note that it is in complete agreement with our consideration in
the previous section. The mode numbers n;, cannot be arbitrary, they must satisfy
a consistency condition which should be equivalent to the level-matching condition.
To find the condition we take the sum over k of both sides of (p-f) and get

M
an =mJ . (5.7)
k=1

It is exactly the same relation we obtained in the previous section from the level-
matching condition.
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To derive eqs.(f5) and (F.15) let us first consider the simplest case of the van-
ishing winding number. Then we get from (f.q)

o 47mk
CE+J]

and substituting the formula into (5.) and (.3), we immediately obtain eq.({.3).
The consideration can be easily generalized to the case of the non-vanishing

winding number. Expressing now p;, as a function of e, and solving eq.(5.G) for
er, we get that the energy of an elementary excitation e; with the mode number ny
coincides with the frequency w;! (fT4), and therefore eq.(p-J) just takes the form of
eq. (T3

Thus, we have shown that the space-time energy spectrum of strings in the
su(1]1) sector and in the uniform light-cone gauge follows from the Bethe type equa-
tions (B.145.3). It is not difficult to see that the equations (B.1]) in fact coincide with
the Bethe ansatz equations for strings in the su(1|1) sector derived in [[J] by ana-
lyzing the near BMN spectrum.® The only difference is that in [IJ] the energy of an
elementary excitation was supposed to be

A
er =1/1+ —=sin®— . (5.9)
T

Comparing this formula with eq.(p.2)), we see that the set of egs.(b.IH5.3) is an approx-
imation of the quantum string Bethe ansatz [[J] valid in the regime of small momenta
pr. According to (p-§), this is also a high-energy regime where n;/(E+ J) < 1. It is
not difficult to see that in the large J limit the approximation is valid up to the 1/J
order (see appendix A for details) and in the strong coupling limit only up to the
leading A'/* order. At higher orders in 1/J and 1/A"* the sin® £ begins to give addi-
tional contributions to the space-time energy. That means that computing 1/J2 and
1/AY4 corrections should provide nontrivial tests of the dispersion relation (5.9). Let
us stress out that in [[I§ the choice of the dispersion relation (p.9) was motivated by
the asymptotic Bethe ansatz in gauge theory [[[§]. A priori there is no reason why it
should not be corrected at large A\. Recent tests of the quantum string Bethe ansatz
for the su(2) and sl(2) sectors performed in 21, B7 indicate, however, that 1/.J>
corrections are compatible with the dispersion relation. It would be very interesting
to compute the leading 1/A\/* corrections.

6. Conclusion

In this paper we have introduced the uniform light-cone gauge for superstrings in
AdS; x S5, and applied it to analyze the classically-consistent reduction of the Green-
Schwarz action to the su(1]1) sector.

SLet us note that in [@] the winding number m was set to zero. Our consideration here is a
generalization of [@] to the general m case.
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It appears that in this gauge the reduced model is described by a free action of
two complex fermions, and therefore the spectrum of the model can be easily found.
We have explained how the spectrum is related to the space-time energy spectrum of
strings that by the AdS/CFT correspondence coincides with the spectrum of scaling
dimensions of N/ = 4 SYM.

The space-time energy spectrum appeared to reproduce correctly the leading 1/.J
correction in the large J limit, and the leading A\'/* behavior in the strong coupling
limit. We have shown that the space-time energy equation ({.I5) can be reproduced
from the low-momentum approximation to the quantum string Bethe ansatz for the
su(1|1) sector.

We have noted however that the naive 1/J% and 1/v/A corrections found by
using the free fermion action differ from the predictions of the quantum string Bethe
ansatz, and computing them by using the whole string sigma-model would provide
nontrivial tests of the ansatz.

Calculating the 1/.J? corrections and even the leading 1/v/A corrections would
require using the second-order perturbation theory. The uniform light-cone gauge
and su(1|1) sector seem to be the most suitable ones for such a computation because
in this gauge the sector is described by a free theory, and therefore only the fields
that were set to zero in the reduction to the su(1]1) sector would contribute to the
corrections.

Our results also show explicitly that quantizing a classically-closed sector of su-
perstrings in AdSs; x S cannot lead to results correct for finite J and A. Moreover,
quantizing such a sector in different gauges might lead to contradictory results. The
reason for that is that the quantum gauge equivalence requires the conformal invari-
ance of the string theory that is broken when we reduce the theory to a classically-
closed sector. It would be interesting to study the gauge dependence of the su(1]1)
sector spectrum by quantizing the integrable model of a massive Dirac fermion [2§]
that describes strings in the su(1|1) sector in the uniform gauge py = J.

We conclude therefore that the results derived within a closed sector must be
taken with great care since the correct quantization of superstrings in AdSs x S°
would require taking into account all bosonic and fermionic fields of the superstring.
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A. Quantum String Bethe Ansatz in the su(1|1) sector

Here we outline the derivation of the 1/J? correction to the energy of a plane-wave
state by using the conjectured quantum string Bethe ansatz in the su(1|1) sector
M9, BQ]. We will also analyze the strong coupling expansion A — oo.

A.1 The 1/J expansion

To formulate the Bethe equations one introduces the function

22 N J?
x(u):%ujt%uwl—?, ¢’ = =

and the notation z* = x(u + %) The variable u is related to the momentum p of an

elementary excitation through the formula

)

z=(u)

ip = log (A.1)

The (logarithm of) Bethe equations are the set of M equations for the momenta py,
1

k=1,...,M. In the su(1]|1) sector they read [20]
- g’ g*
 Lp, = 2m E log |1 — —log |1 — A2
1 Lpy, Ting + ’ og [ 2x;x*} og [ sz:cf} (A.2)
J#k J J
2 2 2 2
- g g 9 9
Jlog [1 - log [1 — —log[1 - =] —log [1 - B
ot [ o8 Qz;x;r} +log | QzIij_} g | szx;r} o8 Qx,;xj_}

Here ny, are the excitation numbers, u,; = ur, — u; and L is the length which in our
present case is L = J + %M . As soon as momenta pj; are found the energy can be
computed by using the formula

BA ~2M 1 1 = A
E°* =g Z(F_F):Z[_H 1+psm %} (A.3)
_ k k



Assuming the following expansion for momentum py in the large J limit

(2) (3)
27m,.C Dy j
p P Tk A4
k= J J? J3 ( )

we determine the leading behavior of uy = wu(py) by using the formula (A]). We
find

Jwy, pl(f) (Bw? — 1)(—4r*niw? + 3(p (2))2) — 127mszpl(f’) N

U = -
2mnyg  Anlwin? 48m3niw?

The Bethe equations generate then the perturbative solution for py

2) M
pL:—Mnk—l—an(l—w]‘)—nj(l_wk> (A5>
T 7k
and
Nning N'njnyg
p;(f):——M Lz Zp] (wk_l_TJj) —p,(f) (wj_l_T]k> (A.6)

Jsﬁk

Now by using eq.(A.d) we obtain the first few leading terms in the large J expansion
of the energy

M EBA EBA
EBA:Z(%—lH%}Jr%jL...,
k=1
where
M nkp(z)
EBA _ Zk P AT
1 ; Wy 21 ( )
and
2
\ M 1 p(2) p(3)
BA _ . o [ Py 2.4 2
P g P (7 i U A R

Thus, we have computed the 1/J% correction F, to the energy of the plane-wave
M-impurity state. On the other hand, the theory of the free Dirac fermion leads to
the corrections (1) and ([9) which we repeat here for convenience

N oL n?
El = —5 wi—j 5 (A 9)
i1 Wi
N n2(342Xn2)  A? oL nin?
E = — . u _ ) . )
o Z Wiw; 3 + W, o, (A.10)
i,5,k=1 i,5,k=1
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Upon substituting in egs.([A.7),([A.§) the momenta ([A.F) and (A.g) one can show that
the first correction to the energy is the one and the same, while eq.([A-§) coincides
with eq.([A-I0) except for the term which explicitly depends on 72:

EBA = By,
)\/ M 4
EBA — EQ—HEZZ—Z. (A.11)
k=1

Thus, the formula for EP* disagrees with eq.(f9) which provides the 1/J? correction
from the theory of the free Dirac fermion. In fact, the additional term proportional
to 72 in the expression for the Bethe ansatz energy EP occurs due to the term p*

of sin? £ in the large J expansion of the elementary excitation charge ey in eq.(5.9).

A.2 The strong coupling expansion

Now we analyze the corrections to the strong coupling limit A — oo, L ~ 1. Our
discussion is very close to that of [[§. To investigate the strong coupling expansion
it is convenient to express the x4 as functions of the momentum p.

e:l:ig A P
ro(p) = 13 (1 L+ Ssin? S ) . (A.12)
The function u(p) is then
A op
u(p) = 5 cot(B)4/1+ = sin? 3 (A.13)

We assume that in the strong coupling regime the momentum p admits the following
expansion

o o
p=2_4+_ 4 (A.14)

VA VA

where the coefficients p( should be determined from the Bethe ansatz equations.
The roots py (generically complex) obey the conservation law Z,ﬁil pr = 0. We find
it convenient to group the leading momenta pl(:) into two sets: p; with Repl(:) > 0,

k=1,...,mand p; with Rep\"’ <0, k=m+1,..., M.

Expanding the Bethe equations in the limit A — oo we obtain at the first three
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leading orders the following equations

PR 27mk—— Z pkp] —I—ZX = (A.15)

] =m+1
1 -
. _ - (2)
7 Lpf = 7 > [W(plj —p;) + oY+ pipt ] Zxk] : (A.16)
j=m+1
1 @ N~ [T iy 1 sy L@ @
—=: Lp = [—(iJr—_) il ‘o 0% + 50 —p)) +
Lo, 1. .o
+2—p] D +%(pkpj +p]pk ] Zx . (A.17)
Here we presented equations for £ = 1,...,m only as they are enough for our further

discussion. The functions X;(jj) are rather complicated, e.g.,

1 1 i (ot +
Lt )
(1) p.+ p+ 4 \L7g
pj pg 47 p] pk)
2
1 1 1
1 1 L ova 4o (E+E> + 1 (0 — i)’
jLQ?T[ZF_IF_l&Tz(p’g RE )]log LN

k J <E + E) + B2 (pj + oy )?

Fortunately, the only property of X;(;j) we need, is that they are antisymmetric w.r.t.

the change i < j: Xz(;g) = —X§2~

Summing up the Bethe equations ([A.I7) over k and using the antisymmetry
property of XSj) we first find

> pi = Z Py =2m\/n,

k=1 k=m+

Sa an

Second, summing up egs.([A.16) and using the momentum conservation we obtain

M 1 [ <& M
2 2
L——2 = ——%(5 p,ﬁ’— E p§-)>- (A.20)
k=1

j=m+1

Third, summing up egs.([AI7) and using eqgs.(A19),(A20) we get the relation

4yn — 487y ot A8mp;

2
M m _ _
(L - 7) 2472 — pit + 24p; p(?’) B i 247 — p;* + 24p; p§3)
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Expanding the energy in the large A limit we get

BA NI v~ Vo150 v« .o
E Z—M—Fﬁ Zpk - Z Dy, +% Zpk - Z p; +
k=1

k=m+1 k=1 j=m+1

L i 1872 — proaptp® L e — prt 4 24p7p® .
A 1S iSmp;

k=1 j=m+1

Substituting here our findings we obtain

1 | | (e M>2 mop M
1 2 T
EBA:2(n2)\)4—<L+—M)+ 7+—<Z—— > —) +...
4 T —
2 \/X 4\/ﬁ 2 i1 Pk j=mt1 p;
It is rather remarkable that the subleading term in the strong coupling expansion
of the Bethe ansatz energy appears to coincide with the canonical dimension of the
gauge theory operator taken with the negative sign. Thus, at strong coupling the
total conformal dimension, A = J + M + EB2_ of the dual gauge theory operator
has an expansion

1

A=2(n2)7 + ——
(*X)* + o

Yo (A21)

EET e S o

+
-1 Dy, j=m+1+J

Thus, as in [I§], we found that the gauge theory operators are dual to string modes
with masses m? = 4nv/\, where the level n is determined by the mode numbers of
the roots with a positive real part n = ;" n,. We also see that the constant term
in the large A\ expansion cancels out. We were not able to write this formula for
general M in terms of the excitation numbers n;, because the individual momenta
Pk, which are solutions of the complicated equation ([A.T15)), are not explicitly known.

The formula (A.21]) can be confronted with eq.([.I0) describing the strong cou-
pling asymptotics of our reduced model. For the reader convenience we repeat this
equation here

1| JP Vn 1
E=2n*\)"4+ —= | -—=+
(n*3) N PR Zi:mil
The leading terms in eqs.([A.21]) and (A.29) coincide. In both equations the constant
(subleading) piece is absent. However, the terms of order 1/v/A are different. They

o (A.22)

coincide only for the special case of two impurities, M = 2.

The results about the subleading behavior of conformal dimensions should be

taken with caution. Indeed, in general the quantum string Bethe ansatz [[§ in-
volves an infinite number interpolating functions ¢, (\) with the property c.(\) — 1
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as A — oo. The results by B suggest that beyond the semiclassical limit these
functions become non-trivial. In our computation above we assumed that all ¢, = 1.
Taking into account the actual functions ¢, (yet to be determined) might change the
conclusion about the strong coupling expansion beyond the leading order.

B. Lax representation

Integrability of the classical superstring theory on AdS; x S® was demonstrated in [f
by means of constructing the Lax (zero-curvature) representation for the superstring
equations of motion. In [P§ we have shown that this connection admits a consistent
reduction to the fields describing excitations from the su(1|1) sector. Thus, the non-
trivial interacting Dirac Hamiltonian [2§] which governs the dynamics in this sector
is integrable, but its integrable properties are not transparent rather they are hidden
in the highly non-trivial Lax pair. This pair can be formulated in terms of two
4 x 4 matrices, .Z, and .%Z,, depending on a spectral parameter z and satisfying the
condition of zero curvature

0,2, — 0.2, — Ly, L] =0 (B.1)

as a consequence of the dynamical equations.

In opposite, in our present approach based on the uniform light-cone gauge inte-
grability of the reduced model is manifest as it is the theory of a free 2-dim massive
Dirac fermion. In fact the proper choice of the gauge resulted into linearization of
the dynamical equations! Non-triviality of the original theory is now hidden in the
new dispersion formula relating the energy F to the charges M and J.

In spite of the manifest integrability of the model it is still interesting to know
what is the reduction of the general Lax connection to the su(1|l) sector in the
uniform light-cone gauge. For the sake of clarity we restrict our further discussion
to the case of zero winding number®, m = 0, and fix kK = @ We also introduce the
concise notation for the original fermionic variables ¥ of 2§

Y1 =13, P=10°, =10, =1 (B.2)
as well as two even quantities
S = 1 Yy + Y1 Y — by Yy — by 9
0= (Y1 Y2 — U1 ¢2)/-

50f course, for m # 0 the reduced Lax connection also exists.

—~
- W
S~—
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One can further show that the minimal Lax connection for the su(1|1) sector in
the uniform light-cone gauge is given in terms of 2 x 2 matrices of the form

* *

iz 41 —Y) —izh
Vs 15 VI 2
£, = , (B.5)
—1 iz j 1
11_252 . ﬁl_zzz + 1S
. 2 . 5\ ~ 1;/_’_-1;/
SEm ey VA
Y = . (B.6)
Il . 2 A
SRS kg,
Here z is the spectral parameter and we recall the definition A= ;—é. One can

?
easily check that the Lax connection above has zero curvature (B.1]) by virtue of the
fermionic equations of motion followed from eq.(B.11])

Ur = ith — iV U, g = —ithy + iV (O (B.7)

Thus, the Lax connection for the whole superstring sigma-model [[] boils down under
the reduction to the su(1|1) sector in the uniform light-cone gauge to that of the free
massive Dirac fermion. In writing component .Z, we also used the evolution equations
(B1) to trade the 7-derivatives of fermions for their o-derivatives.

Some comments are in order. Upon choosing the minimal reduction to 2 x 2
matrices the corresponding Lax connection has the non-vanishing supertrace (its
usual trace is also non-zero). This is not problematic since the only requirement that
matters is the fulfillment of the equations of motion which is indeed the case. One can
also see that the off-diagonal part of £, contains the o-derivatives of the fermions
rather than the fermions themselves. This problem can be cured by means of a certain
gauge transformation which removes in .Z, the off-diagonal derivatives in favor of the
fields. Then the off-diagonal elements of eq.(B.1]) will directly generate the fermionic
equations (B.7) rather than their o-derivatives. This gauge transformation leads
however to a slightly more complicated form of the diagonal matrix elements in %,
and .Z, and, therefore, we have not attempted to discuss it here.

References

[1] J. M. Maldacena, “The large N limit of superconformal field theories and
supergravity,” Adv. Theor. Math. Phys. 2, 231 (1998) [Int. J. Theor. Phys. 38, 1113
(1999)], hep-th /9711200.

[2] J. A. Minahan and K. Zarembo, “The Bethe-ansatz for N = 4 super Yang-Mills,”
JHEP 0303 (2003) 013, hep-th/0212208.

— 923 —



[3] N. Beisert, C. Kristjansen and M. Staudacher, “The dilatation operator of N = 4
super Yang-Mills theory,” Nucl. Phys. B 664, 131 (2003), hep-th/0303060.
N. Beisert, “The su(2|3) dynamic spin chain,” Nucl. Phys. B 682, 487 (2004),
hep-th/0310252.
D. Serban and M. Staudacher, “Planar N = 4 gauge theory and the Inozemtsev long
range spin chain,” JHEP 0406 (2004) 001, hep-th/0401057.

[4] N. Beisert, “The dilatation operator of N = 4 super Yang-Mills theory and
integrability,” Phys. Rept. 405 (2005) 1, hep-th/0407277.
K. Zarembo, “Semiclassical Bethe ansatz and AdS/CFT,” Comptes Rendus
Physique 5, 1081 (2004), hep-th/0411191.

[5] R. R. Metsaev and A. A. Tseytlin, “Type IIB superstring action in AdSs x S°
background,” Nucl. Phys. B 533, 109 (1998), hep-th/9805028.

[6] I. Bena, J. Polchinski and R. Roiban, “Hidden symmetries of the AdSs x S°
superstring,” Phys. Rev. D 69 (2004) 046002, hep-th/0305116.

[7] R. R. Metsaev, “Type IIB Green-Schwarz superstring in plane wave
Ramond-Ramond background,” Nucl. Phys. B 625 (2002) 70, hep-th/0112044.

[8] D. Berenstein, J. M. Maldacena and H. Nastase, “Strings in flat space and pp waves
from N = 4 super Yang Mills,” JHEP 0204 (2002) 013, hep-th/0202021.

[9] S. Frolov and A.A. Tseytlin, “Multi-spin string solutions in AdS5 x S°” Nucl. Phys.
B668, 77 (2003), hep-th/0304255; “Rotating string solutions: AdS/CFT duality in
non-supersymmetric sectors,” Phys. Lett. B 570 (2003) 96 hep-th/0306143.

[10] G. Arutyunov, S. Frolov, J. Russo and A. A. Tseytlin, “Spinning strings in
AdSs5 x S° and integrable systems,” Nucl. Phys. B 671, 3 (2003), hep-th/0307191.
G. Arutyunov, J. Russo and A. A. Tseytlin, “Spinning strings in AdSs x S°: New
integrable system relations,” Phys. Rev. D 69, 086009 (2004), hep-th/0311004.

[11] V. A. Kazakov, A. Marshakov, J. A. Minahan and K. Zarembo, “Classical /
quantum integrability in AdS/CFT,” JHEP 0405 (2004) 024, hep-th/0402207.

[12] N. Beisert, V. A. Kazakov, K. Sakai and K. Zarembo, “The algebraic curve of
classical superstrings on AdSs x S°” hep-th/0502226.

[13] G. Arutyunov and M. Staudacher, “Matching higher conserved charges for strings
and spins,” JHEP 0403 (2004) 004, hep-th/0310182; “Two-loop commuting charges
and the string / gauge duality,” hep-th/0403077.

G. Arutyunov and M. Zamaklar, “Linking Backlund and monodromy charges for
strings on AdS; x S°,” JHEP 0507 (2005) 026, hep-th/0504144.

[14] A. Das, J. Maharana, A. Melikyan and M. Sato, “The algebra of transition matrices
for the AdS5 x S® superstring,” JHEP 0412 (2004) 055, hep-th/0411200.
A. Das, A. Melikyan and M. Sato, “The algebra of flat currents for the string on
AdSs5 x S° in the light-cone gauge,” hep-th/0508183.

— 24 —



[15]

[16]

[17]

[18]

[19]

[22]

[23]

[24]

[25]

[26]

L. F. Alday, G. Arutyunov and A. A. Tseytlin, “On integrability of classical
superstrings in AdSs x S°, JHEP 0507 (2005) 002, hep-th/0502240.

N. Beisert, V. Dippel and M. Staudacher, “A novel long range spin chain and planar
N = 4 super Yang-Mills,” JHEP 0407 (2004) 075, hep-th/0405001.

N. Mann and J. Polchinski, “Bethe ansatz for a quantum supercoset sigma model,”
Phys. Rev. D 72 (2005) 086002, hep-th/0508232.

G. Arutyunov, S. Frolov and M. Staudacher, “Bethe ansatz for quantum strings,”
JHEP 0410, 016 (2004), hep-th/0406256.

M. Staudacher, “The factorized S-matrix of CFT/AdS,” JHEP 0505 (2005) 054,
hep-th/0412188.

N. Beisert and M. Staudacher, “Long-range PSU(2,2|4) Bethe ansaetze for gauge
theory and strings,” hep-th/0504190.

S. Schafer-Nameki, M. Zamaklar and K. Zarembo, “Quantum corrections to spinning
strings in AdS; x S® and Bethe ansatz: A comparative study,” JHEP 0509 (2005)
051, hep-th/0507189.

N. Beisert and A. A. Tseytlin, “On quantum corrections to spinning strings and
Bethe equations,” hep-th/0509084.

N. Beisert, “Spin chain for quantum strings,” Fortsch. Phys. 53 (2005) 852,
hep-th/0409054.

T. Fischbacher, T. Klose and J. Plefka, “Planar plane-wave matrix theory at the
four loop order: Integrability without BMN scaling,” JHEP 0502 (2005) 039,
hep-th/0412331.

N. Beisert and T. Klose, “Long-Range GL(n) Integrable Spin Chains and
Plane-Wave Matrix Theory,” hep-th/0510124.

J. Ambjorn, R. A. Janik and C. Kristjansen, “Wrapping interactions and a new
source of corrections to the spin-chain/string duality,” hep-th/0510171.

C. G. . Callan, J. Heckman, T. McLoughlin and I. Swanson, “Lattice super
Yang-Mills: A virial approach to operator dimensions,” Nucl. Phys. B 701 (2004)
180, hep-th/0407096.

R. Hernandez and E. Lopez, “Spin chain sigma models with fermions,” JHEP 0411
(2004) 079, hep-th/0410022.

B. J. Stefanski and A. A. Tseytlin, “Super spin chain coherent state actions and
AdSs5 x S° superstring,” Nucl. Phys. B 718 (2005) 83, hep-th/0503185.

L. F. Alday, G. Arutyunov and S. Frolov, “New integrable system of 2dim fermions
from strings on AdSs x S°,” hep-th/0508140.

— 925 —



[29]

M. Kruczenski, A. V. Ryzhov and A. A. Tseytlin, “Large spin limit of AdSs x S°
string theory and low energy expansion of ferromagnetic spin chains,” Nucl. Phys. B
692 (2004) 3, hep-th/0403120.

M. Kruczenski and A. A. Tseytlin, “Semiclassical relativistic strings in S° and long
coherent operators in N = 4 SYM theory,” JHEP 0409, 038 (2004), hep-th/0406189.

G. Arutyunov and S. Frolov, “Integrable Hamiltonian for classical strings on
AdSs x S5 JHEP 0502 (2005) 059, hep-th/0411089.

C. G. . Callan, H. K. Lee, T. McLoughlin, J. H. Schwarz, I. Swanson and X. Wu,
“Quantizing string theory in AdSs x S°: Beyond the pp-wave,” Nucl. Phys. B 673
(2003) 3, hep-th/0307032. C. G. . Callan, T. McLoughlin and I. Swanson,
“Holography beyond the Penrose limit,” Nucl. Phys. B 694 (2004) 115,
hep-th/0404007; “Higher impurity AdS/CFT correspondence in the near-BMN
limit,” Nucl. Phys. B 700 (2004) 271, hep-th/0405153.

T. McLoughlin and I. Swanson, “N-impurity superstring spectra near the pp-wave
limit,” Nucl. Phys. B 702 (2004) 86, hep-th/0407240.

S. Schafer-Nameki and M. Zamaklar, “Stringy sums and corrections to the quantum
string Bethe ansatz,” hep-th/0509096.

S. Frolov and A. A. Tseytlin, “Quantizing three-spin string solution in AdSs x S°,”
JHEP 0307 (2003) 016, hep-th/0306130.

P. Goddard, J. Goldstone, C. Rebbi and C. B. Thorn, “Quantum Dynamics Of A
Massless Relativistic String,” Nucl. Phys. B 56 (1973) 109.

R. R. Metsaev, C. B. Thorn and A. A. Tseytlin, “Light-cone superstring in AdS
space-time,” Nucl. Phys. B 596 (2001) 151, hep-th/0009171.

J. A. Minahan, A. Tirziu and A. A. Tseytlin, “1/J? corrections to BMN energies
from the quantum long range Landau-Lifshitz model,” hep-th/0510080.

— 26 —



