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Abstract

We investigate the type IIA AdSs x S3 x M, superstring with My = S2 x S! or
My = T*. String theory in this background is interesting because of AdS3/CFT, and
its newly discovered integrable structures. We derive the kappa symmetry gauge-fixed
Green-Schwarz string action to quadratic order in fermions and quartic order in fields
utilizing a near BMN expansion. As a first consistency check of our results we show
that the two point functions are one-loop finite in dimensional regularization. We
then perform a Hamiltonian analysis where we compare the energy of string states
with the predictions of a set of conjectured Bethe equations. While we find perfect
agreement for single rank one sectors, we find that the product SU(2) x SU(2) sector
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does not match unless the Bethe equations decouple completely. We then calculate
2 — 2 bosonic tree-level scattering processes on the string worldsheet and show that

arXiv

the two-dimensional S-matrix is reflectionless. This might be important due to the
presence of massless worldsheet excitations which are generally not described by the
Bethe equations.
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1 Introduction

Gauge / string dualities offer a fundamentally new view on how to understand strongly coupled
systems [1-4]. The most well studied case is the original example of AdSs/CFTy [1,3] which
relates string theory on AdSs x S° to super Yang-Mills theory on the four dimensional boundary
of AdS5. Another more recent incarnation is AdSs/CFTs, this time relating (in a certain limit)
type ITA string theory on AdS, x CIP? to a three-dimensional Chern-Simons matter theory [5].
A rather remarkable fact is that most of the mathematical tools developed for AdSs/CFT,
turns out to apply almost identically in the more recent AdS,/CFTs5 duality. As is well known
by now, the underlying reason for this similarity of seemingly different theories is the existence
of integrable structures. Or in other words, the existence of an infinite set of conserved charges
which in principle allows for an exact solution of the spectral problem. The language of inte-
grability allows for a reformulation of the spectral problem in terms of an abstract spin chain.
The Hamiltonian acting on the spin chain can be diagonalized using Bethe Ansatz techniques
which allows for the spectrum to be written down in a closed form, see [6] for a recent review
on the subject. In the AdS; x CP? case there is one subtlety however which was not present
in the AdS; x S® case and which is related to the fact that AdS,; x CP? is not maximally
supersymmetric. The standard proof of integrability of the string worldsheet theory [7] relies on
a supercoset formulation. The supercoset sigma model [8,9] can be obtained from the complete
Green-Schwarz superstring [10] by (partial) gauge-fixing of the kappa-symmetry. It turns out
however, that for certain configurations of the string this gauge-fixing becomes inconsistent [8,10]
and the supercoset model is not capable of describing all physical fermionic d.o.f. of the string.
This is the case for example when the string moves only in the AdS,; subspace or forms an
instanton by wrapping CIP' ¢ CP? [11]. This suggests that a more general proof of integra-
bility should be sought which does not rely on the supercoset description. First steps in this



direction were taken in [12] where the classical integrability of the full Green-Schwarz string was
demonstrated to quadratic order in fermions (the integrability was also shown to higher order in
fermions in a truncated model), see also [13] (and for a slightly different approach see [14]). (A
similar problem appears in AdSs x 5% x T except there the supercoset model never describes
all the physical fermions due to the low amount of supersymmetry, nevertheless the integrability
of the Green-Schwarz action has been shown to hold to quadratic order in fermions [15,13].)

In [16] an analysis of the integrable structures of yet another duality, namely AdS3/CFTs,
was initiated. On the string side of the duality we have either AdS3x 53 xT* or AdSsx.S3x 53 x 8!
supported by RR-flux. For the first background the dual C'FT5 should be a two-dimensional
sigma model on a moduli space built out of Q; instantons in a U(Q5) gauge theory on T*. This
is somewhat natural since AdSs x S% x T* arises as the near horizon limit of Q1 /Q5 intersecting
D1 /Ds branes, [17-23]. On the other hand, the dual theory of AdS; x S3 x S x S! remains
largely unknown, mainly due to the fact that the supergravity approximation fails to be as
useful as in the other examples, see [24]. Nevertheless, it is possible to write down a supercoset
sigma model for this case whose classical equations of motion allows for a Lax representation
which ensures classical integrability [16]. By integrating the Lax connection around a closed loop
one gets the monodromy matrix which can be used to generate an infinite tower of conserved
charges. The finite gap method can then be used to reformulate the equations of motion in
terms of a set of integral equations [25,26]. These integral equations in turn can be seen as
the semiclassical limit of a set of conjectured quantum Bethe equations which diagonalizes the
exact S-matrix on the worldsheet [27,28]. While the AdS3 x S3 x My solutions of supergravity
allow for pure NSNS flux, and thus opens for a exact solution using the representations of chiral
algebras [17,29-31], the string appearing in the AdSs3/CFT; considered here is supported by
RR flux. This means that the proper description is the GS string which is more complicated.
What is more, the superisometries of AdS5/CFTy and AdS,/CFT; have 32 and 24 supercharges
respectively while the duality at hand only has 16, making it even less symmetric than the higher
dimensional examples of integrable gauge string dualities. In this paper we will work with the GS
string action up to quadratic order in the fermions. We will see that the subtleties that appear in
the AdS, x CP? case are also present here. In this case the kappa-symmetry gauge-fixing which
reduces the GS string to the supercoset model becomes inconsistent when the string moves only
in AdSs C AdSs x 83 x 83 x 8! orin AdSs x 83 C AdS3 x 83 x T*. However we expect that just
as in AdSy x CP? and AdS, x S2 x T it should be possible to prove the classical integrability
of the full GS string to quadratic order in fermions also in this case along the lines of [12,13],
although we will not address this question in the present paper.

The (super)isometries of AdS3 x S x S3 form two copies of D(2, 1; a) which is an exceptional
supergroup with a free parameter o € [0, 1] [32]'. The parameter o enters the invariant bilinear
form and can be related to the background geometry though the relation

1 1 1
BT R

where Ry are the S radii and R is the AdS3 radius. This allows for a trigonometric parame-
terization as

2 2

— = cos? ¢, g—Q =sin?¢. (1.2)

IThe S? factor is not described by the supergroup and it should be added by hand. One might be tempted to
take it as a completely decoupled term in the Lagrangian but this is, however, not the case in the supersymmetric
formulation since the fermions couple to all transverse directions through the vielbeins.



A few special cases are worth mentioning. If we take one of the S3 radii to infinity, we effectively
decompactify that part of the geometry. That is, starting from the AdSs; x S3 x §2 x S! string
and sending one of the R. with the S! radius (which is arbitrary) to infinity we should end
up with AdSs x S3 x T*. For this reason it should be possible to write down a sigma model

parameterized by ¢ (or, equivalently «) that can incorporate both backgrounds in one unified

1
DRl
T* and equal S® radii cases), the finite gap method was used to propose a set of quantum

description. Indeed, this was done in [16]. What is more, for o = 0, 5,1 (corresponding to the
Bethe equations [16]. These were subsequently generalized to general « in [33]. One motivation
for the present paper is to compare and augment the proposals of [16,33] with explicit string
calculations. While computations have been performed on the string side for the AdS3 x 3 x T4
case [34-39] very little has been explicitly computed for general a.?

In order to perform any worldsheet calculations, the string Lagrangian is needed and we will
use a near BMN expansion up to quartic order in the number of fields (but only quadratic order
in fermions). As an independent consistency check we show that the theory is finite at one-loop
order in dimensional regularization. As a first test of the conjectured Bethe equations we compare
their predictions with energies of string states. While this is only a tree-level computation, it
is nevertheless an important consistency check to verify that the spectrum agrees. As we will
describe in the paper, we find at least partial agreement. For the rank one sectors the agreement
is perfect for arbitrary number of string oscillators (or equivalently, Bethe roots). However,
looking at a product SU(2) x SU(2) sector we find that the string energies in the mixing sector
cancel between cubic and quartic contributions from the string Hamiltonian. This implies that
in order for the Bethe equations to reproduce the string calculation, the length parameter L of
the Bethe equations should not mix the two sectors. This does not necessarily conflict with the
results of [16] since these effects would be subleading in L. Thus they should not change the
semiclassical, L — oo, limit and the integral equations of [16] should still be reproduced.

We then set out to investigate some properties of the worldsheet S-matrix. In the string
sigma model there are heavy, light and massless modes. While the first two are incorporated by
the Bethe equations as fundamental and composite excitations, the massless modes are absent.
They do however appear as internal states (as intermediate lines in Feynman diagrams) but it is
not possible to assign explicit excitation numbers to them. Thus it might be desirable to extend
the Bethe equations in a way so that this is possible. We address this question by showing that
the reflection part of the worldsheet S-matrix is zero. This is a nice feature since it, in principle,
makes it rather straightforward to add the massless modes by hand as a direct sum. We also
collect all the remaining light to light bosonic scattering processes in the appendix.

Outline

We start out by writing down the Green-Schwarz superstring action to quadratic order in
fermions using geometric quantities such as the vielbeins, the spin connection and the RR flux
in section 2. We then discuss the kappa-symmetry gauge-fixing of the action and show that in
certain cases the kappa-symmetry fixing which would lead to the supercoset sigma model is not
admissible, implying that for certain string configurations the supercoset model is not able to
describe all the physical fermionic degrees of freedom on the worldsheet. We use the standard
light-cone type kappa-gauge which does not suffer from this problem.

In section 3 we turn to a perturbative analysis where we start out by fixing the bosonic light-
cone gauge [41,42]. We then expand in transverse bosonic and fermionic string coordinates and
we write down the theory up to quartic order in fields (but only quadratic order in fermions). As

2However, see the recent paper [40] where one-loop effects of spinning and folded string configurations are
studied.



a first consistency check we show that the theory is one-loop finite in dimensional regularization.

We then turn to an analysis of the Hamiltonian in section 4 by comparing the Bethe equations
of [33] with string energies. Since the string Hamiltonian has both cubic and quartic interaction
terms the actual computation boils down to second order perturbation theory. This, however,
can be reformulated in terms of an equivalent first order computation by utilizing a canonical,
or unitary, transformation of the Hamiltonian [42,43]. The classical® energies we compare with
the Bethe equations, comes from string states in an SU(2) and SU(2) x SU(2) subsector. While
we find complete agreement for the rank one sector, we find that there are some issues with the
product sector. In order for the Bethe equations to reproduce our findings the length parameter
L needs to be different for the two sectors. While we do not fully understand the implications
of this, one possible explanation is that we simply have two disconnected spin chains.

In section 5 we show that the reflection piece of the (bosonic) worldsheet S-matrix is zero.
We show this explicitly by computing 2 — 2 scatterings (of bosons) on the string worldsheet.
While we only present a tree-level computation here, we suspect this to be true in the quantum
case also. In the appendix we also compute the scattering and transmission part of the (bosonic)
S-matrix. However, since the exact S-matrix is not known we can not compare our findings with
anything.

We end the paper with a short summary and discussion about interesting future problems.

2 Green-Schwarz superstring in AdSs; x S% x §3 x S?!

In this section we write down the Green-Schwarz (GS) superstring action up to quadratic order
in fermions. For notational details, see appendix A.

2.1 GS superstring to quadratic order in fermions in general background

The action for the GS superstring in a type II supergravity background (with zero background
fermionic fields and NS-NS flux, and constant dilaton ¢p) takes the following form up to
quadratic order in fermions [46,47] 4

1 ray % kal A~
o= —g/ (2 xefleq +ix e OLLDO — it @FAFD@> , where T'= { ]11;1;3 Eﬁgg

(2.1)
The e?*(X) (A = 0,1,---,9) are worldsheet pullbacks of the vielbein one-forms of the purely
bosonic part of the background (* denotes the worldsheet Hodge-dual), and the generalized

covariant derivative acting on the fermions is given by
1 1
DO = (V — geA FT4) © where VO = (d— ZW‘BP,L,B)@, (2.2)

where Q4% is the spin connection of the background space-time. The coupling to the RR fields
comes through the matrix

—3A8T 1 Fap + 3T4P9P Fapen (IIA)
F = e¢0 (23)

iUQFAFA — %O’erBCFABC + ﬁo’QFABCDEFABCDE (IIB)

3Classical means that we ignore normal ordering effects which, together with terms arising from the unitary
transformation, should combine into finite size effects, see [44,45].

4The string coupling g should be related to the background geometry as g ~ VA ~ %?, where R is the AdS

curvature radius. How v/A should be defined in the dual CFT5 is not yet known. In most equations we will put
g = 1 for simplicity.



in the type IIA and type IIB cases, respectively.

The two Majorana-Weyl spinors in the ITA case are described as one 32-component Majorana
spinor O, and in the IIB case as two 32-component Majorana spinors projected onto one chirality
©f = 1(1+T4,)0! (I =1,2). The Pauli matrices ¢!, and ¢ act on the IIB SO(2)-indices
I, J = 1,2, which will be suppressed. The Majorana condition implies that the conjugate spinors
satisfy

0 =0T, =0 (2.4)

where C is the charge conjugation matrix (when needed we use the I'-matrix representation given
in appendix C of [16]). We now turn to the specific background of interest here, AdS3 x S3 x
83 x St

2.2 GS string in type IIA AdS; x S3 x §3 x St

There are two type II supergravity solutions of the form AdS3 x S2 x §3 x S' with RR flux.
One is in type IIB and has F3 flux while the other is in type ITA and has Fj flux. The type IIB
solution arises as the near-horizon geometry of intersecting D1 and D5-branes. Both solutions
preserve 16 supersymmetries and they are easily seen to be related by a T-duality along the S*
direction. Since the fermions in the type ITA case can be grouped into a single 32 component
Majorana spinor this case is slightly easier to work with and since both backgrounds describe
the same physics we will work with this case.

The AdS3 x 83 x S x S solution to type ITA supergravity is supported by RR four-form
flux of the form

1 . 1 .3 . . 1 sl )
Fy=2e % <3le°ebe“5abc + cos ¢ gecebeasdg)a + sin ¢ §ec e e ga/blcl) e, (2.5)

where ¢ is the (constant) dilaton and we use units where the AdS3 radius is one. The D = 10
index A = 0,...,9 splits up into four sets of indices - an AdS3 index a = 0,1, 2, the first and
second S? indices & = 3,4,5 and @’ = 6,7,8, and the S! index 9 and vielbein e = dy, where y
is the S coordinate.

Using the form of Fy in (2.3), we obtain

¥ =4~T°1-P), (2.6)
where v, = %I‘Cbasabc =192 ~2 =1 and P is a projection matrix given by
1
P = 5(1 + cos ¢ 1,3 4 sin ¢ 4, 1978) . (2.7)

This is in fact the projector which singles out the 16 supersymmetries preserved by the back-
ground. To see this one can look at the supersymmetry variation of the dilatino. It takes the
form

A =TAPT 4 = 87, T%(1 — P)e. (2.8)

For the 16 supersymmetry parameters which satisfy € = Pe we find 4\ = 0 which means that
these correspond to the supersymmetries preserved by the background. Correspondingly the
fermions © can be split into 16 + 16 as

¥ =PO and v=(1-P)O. (2.9)

The 16 ¢ correspond to the supersymmetries preserved by the background and the 16 v to



the broken supersymmetries. We refer to the former as coset fermions and the latter as non-
coset fermions since a supercoset formulation only describes the fermions which correspond to
unbroken supersymmetries.

Using the explicit form of J in the action (2.1) we find that the quadratic fermion Lagrangian
takes the form (from now on we drop the worldsheet form notation)

Lop = iy7e;A OT4V;0 —ice;AOT 4T, V,;0 — %'yijeiAejB@I‘Afomg(l —P)'0
T %eijeiAejB OT AT T (1 - P)T50 ,

where i,j are worldsheet indices and v = \/—gg" is the Weyl-invariant worldsheet metric
satisfying dety = —1.
2.3 Kappa-symmetry gauge fixing

The Green-Schwarz superstring action is invariant under local fermionic transformations of the
target space coordinates ZM = (XM ©") which take the form

1
0. ZMEMS = §(1+r)a5/<;/3(5), a,Bf=1---,32,
0. 2MEMA = 0, A=0,1,---.,9, (2.10)

where 7 (€) is an arbitrary 32-component spinor parameter, (£4,£) are the background su-
pervielbeins and (1 +I')*4 is a spinor projection matrix with

1 .
F:7€ljgiA5jBFABF11, F2:1 s (211)

2 A/ — det 9ij
gij = EiAEjBnAB being the induced metric on the worldsheet.
This kappa-symmetry can be used to gauge away 16 of the 32 fermions but exactly which

ones may be gauged away may depend on the motion of the string since I' depends on this
through the pull-back of the supervielbeins &4. Let us consider a gauge-fixing of the form

MO =0, (2.12)

where M is some 32x 32 matrix which imposes some n-dimensional projection of © to vanish (n <
16). By analyzing a (linearized) kappa-symmetry transformation of this gauge-fixing condition,
using the fact that £, = 0 + 0O(©?), one finds that for the gauge-fixing to be admissible
there are essentially two possibilities®: Either M coincides with the kappa-symmetry projector
%( 1+T) in an n-dimensional subspace of the space it projects on or M is independent of I but®

rank[M, ] > g (2.13)

(see also the discussion in section 3 of [48]). Let us now consider the implications of this fact for
the present case.

If we want to describe the string as a supercoset sigma model we should choose the kappa-
symmetry gauge-fixing which sets the 16 non-coset fermions to zero,

v=(1-P)O=0. (2.14)

5In principle intermediate cases could be considered but they will not be relevant here.
SThis is a necessary, but not always sufficient, condition (M%(l + T) still has to have rank n).



According to the above discussion and using the form of P in (2.7) we see that, for generic ¢,
this gauge choice is not possible if the string moves only in the AdSs subspace since in that case

[P.I]=0 =  rank[P,I]=0<38. (2.15)

For the special case ¢ = 0, i.e. AdS3 x S3 x T*, the situation is worse and the gauge fixing
is inconsistent if the string motion is in the AdS3 x S subspace. The same holds, of course,
for the opposite gauge-fixing which sets the coset fermions to zero, ¥ = PO = 0. We conclude
from this that for these configurations of the string, the physical fermions consist of eight coset
fermions related to supersymmetries and eight non-coset ones related to broken supersymmetries.
Therefore the supercoset sigma model will not describe all physical fermions for these string
configurations. This is essentially the same problem that occurs in the case of the AdS, x CP3
superstring [8,10].

For this reason we will avoid using the gauge that gives the supercoset model which was used
in [16]. We will be interested in the BMN-expansion around a string moving along an S! in the
first S3 factor and an S in the second S® such that they make some angle 3. The case = 0
corresponds to the string moving only along an S! in the first S® while 3 = 7/2 corresponds to
the (essentially equivalent) case of the string moving only in the second S3. The kappa-gauge
that we will impose is therefore the standard one involving the light-cone I'-matrices adapted
to the BMN geodesic,

rte =0, T*=- (%% (cosBI®+sinBT?)). (2.16)

DN | =

The matrix M used in the kappa gauge-fixing can be thought of as the projection matrix —4I'~T'"
and it is not hard to see that for this string configuration it coincides with the kappa-symmetry
projection matrix %(1 +7T) in the 16-dimensional subspace of positive chirality spinors. Since the
chirality projector (1 + I';;) commutes with the kappa-symmetry projector this gives only 8
instead of the 16 gauge-conditions needed. It therefore appears that this standard gauge-fixing
would be incomplete. The resolution of this puzzle is that when we fix also the bosonic light-
cone gauge, v+ ~ 7, x~ is fixed by the Virasoro conditions in terms of the other fields and this
turns out to remove any would be freedom to perform further kappa-symmetry transformations.
Therefore consistency with the Virasoro conditions guarantees that the gauge-fixing is complete

also in this case.

3 Light-cone BMN expansion of the action

We will study an expansion in transverse coordinates utilizing a BMN-type expansion [49]. First,
we consider the lowest order quadratic theory with 3, the angle the geodesic makes in the (5, 8)-
plane, arbitrary and then when going to higher order in perturbation theory we will consider
only the case 8 = ¢ for simplicity.

The first thing we should do is fix the residual (bosonic) worldsheet symmetries. The gauge
we will employ is a uniform light-cone gauge [41,42], where the light-cone coordinates adapted
to the BMN geodesic are chosen as

zt =

(t £ (cos B o5 + sin B pg)), v =sinff 5 — cos B s, (3.1)

+z, @5 = cos Bzt —27) +sinBo, g =sinp(zt —27) —cosBuv

+l\.’>\>~

t==x

with the @5 and g being the relevant angle coordinates of S x S3. The light-cone gauge means



that we align the worldsheet time coordinate with ™ through

=1 pT = constant (3.2)
where pT is the conjugate worldsheet momentum density of z~. In the near BMN limit the
gauge-fixed Lagrangian has an expansion in the number of transverse fields as

£:£2+L£3+1£4+... (3.3)
V9 g

where the subscript denote the number of transverse coordinate in each term. To leading orders in

perturbation theory this gauge is also consistent with the conformal gauge, i.e. a flat worldsheet

metric. However, at quartic order in the transverse field expansion this gauge fails to hold and

we need to add higher order corrections to the worldsheet metric.

3.1 Quadratic Lagrangian, 3 arbitrary

In the BMN limit parameterized by the angle 8 the bosonic terms in the Lagrangian (2.1) reduce,
at quadratic order in fields and using conformal gauge v = 0%, to (see Appendix A for the

parametrization)
1 . . . ,
CQB = -3 (6‘1-:::18%1 + 0;290'x9 — xf — :c% + 0;x30" w3 + O;140" x4 — cos? 153 cos? qﬁ(x% + xi)
+ Oy + Drard'ay — sin® B sin (a3 + a2) + 0yd'y + Owd'v) (3.4)

The spectrum consists of four pairs of bosons with masses
m = (1, cos B cos ¢, sin 3 sin ¢, 0) . (3.5)

We now turn to the fermionic terms. As can be seen from the Lagrangian (2.1), using (2.2) and
(2.6), to leading order the contributing pieces of the vielbein and J' are given by

e'Ta=de'Ty,  F =21+ cos Bcos ¢I'*** + sin Bsin gI'"'207) = AT+ N " ;i Py (3.6)
ij==

where T} is defined in (A.6) and

(1 + F1234) (1 + F1267), Myt = (1 =+ cos B cos ¢ =+ sin B sin (b) . (3.7)

| =
N

Py =

Since these projectors are products of two commuting projectors, which project onto 16-dimensional

subspaces, P11 project onto an 8-dimensional subspace. Fixing the kappa, light-cone and con-

formal gauge the lowest order Lagrangian for the fermions becomes”

ﬁg = i@F+80@ — i@F+F1181® +1 Z My j @F+F129131'j® . (38)
ij==+

Thus we see that for generic 8 and ¢, there are four two-component fermions ©44 = P10 of
mass My 4, M4—_,m—_4, and m__, respectively.

For the special case = ¢ we see that we have four pairs with masses

m = (1, cos? ¢, sin® ¢, 0) , (3.9)

Tte =0,2t =7,77 =9 = (+-) and % = 1.



which coincide with the bosonic mass spectrum of (3.5), and therefore the maximum amount
of worldsheet supersymmetry is preserved in this case. In order to simplify our analysis we will
only consider this case from now on.

3.2 Quadratic and cubic Lagrangian with 3 = ¢

In order to keep the expressions tractable, we will from now on focus on the case where 5 = ¢ [16].
We start out by introducing new variables so that (3.8) has a nice two-dimensional form. This
can be done using the explicit representation of © in appendix A, together with

1 1 1 1
= —(x1 —ix2), = —(3 —174), = —(zg —127), = —(v—1zx 3.10
Y1 \/5( 1 2), Y2 ﬁ( 3 1), Y3 \/§( 6 ), Ya \/5( 9) ( )
xf:coséﬁ%—i—sinéﬁi sz—cos?%i—i—sin?@ff,
2 2 2 2
Xgi:sin§9§t+cos§0f, Xf:singﬁf[—cosgﬁf

Rescaling the fermionic fields x4+ — ﬁ X+, and using d4 = (Jp £ 01), we get

i i i i 1 _ 1 _ — —i i —i i
Lo = iX30- Xy + X 04xE + 504yi0-T; + 50-4i047; — miyig; — ma(Xxl +Xoxh) (3.11)
where
my =1, my = cos? ¢ , ms = sin® ¢ , my=0. (3.12)

Thus, all in all, we have 8 5 + 8 that come in pairs of equal masses.
The conformal and light-cone gauges are also compatible at cubic order and expanding the
Lagrangian (2.1) we find (J is still effectively given by (3.6) at this order)

1 o s s 4
L3 = —=sin 2¢[ —cos” o (XX —XXE + XX - XX ) vz
2V2
—isin o(x> ¥t + x2XE + 3 xL + 3L s (3.13)
=20 %% + XA ) + 203X — X33 )i
+ (3G — XEX) W +ws) + (XD — xEXL) (95 — v5)
(X + XA (82 + ) + (XX + XX (2 — v)]

1 . . .
— —=sin2¢ (cos® ¢ |yal? — sin® & [yal?) gu + huc. |

V2

where the hermitian conjugate is defined in the standard way, (X,X +)T = X+X_. Time and
spatial derivatives are denoted by dots and primes, respectively. Also, note that for the ¢ = 0
and ¢ = 7/2 cases, the entire cubic Lagrangian vanishes, as expected from the AdS3 x S® coset
formulation.

There are three obvious U (1) charges: one U(1) 445 from the transverse AdSs and two U(1) 1
from $3 x $3. Demanding that the cubic Lagrangian be neutral, we can easily read off the charges
of the fields (see table (1)).

Before we end this section, let us point out one important property of the cubic Lagrangian.



vl s s | X |04 [ X4 | x4
Uls |01 ]0]0]1/2]1/2]1/2]1/2
Ul [0 01 0] 1/2]|-1/2]|-1/2]|1/2
UWaas | L0 00 [-1/2]-1/2]1/2 [1/2

Table 1: U(1) charges

It is clear that the only decay processes possible for the heavy modes y; and ng ) are

(2)

X+
Boson: = ------- ———————
1
3
9
Y2 Y3
o o
Fermion: - .
1 1
3 2
K X

so the heavy modes decay into two light ones. This property was observed also for the AdS, x CPP>
string which exhibits a composite heavy mode [50]. While the above observation of heavy to
light-light decay is certainly no proof of a composite heavy mode, it lends support to similar
claims made in [16,33]. We plan to investigate this question further in an upcoming paper.

3.3 Gauge-fixing the worldsheet metric

For technical reasons, it is easiest to fix the light-cone gauge by adding higher-order corrections
to the worldsheet metric. As we mentioned, the light-cone gauge

zt = T, p+ = constant
is compatible with the conformal gauge for the cubic Lagrangian. However, with the quartic
interactions included, the second condition fails to hold. In fact the problem comes only from the
purely bosonic part of the Lagrangian. The consistency of the gauge depends on the equation of

motion for 2~ (which we assume to be at least quadratic in the number of transverse coordinates)
and the fermionic contribution comes from

— 770" 050 (BLLFT_0 + OI_F1,6) + V0" ;0™ (B4 1 FT_© —BI 11 FT16),

which is obviously zero in the kappa-gauge ['T© = 0. Thus, the momentum conjugate to z~
contains no fermionic terms and therefore any modification of the conformal gauge will only
contain the bosonic fields.

If we assume that the worldsheet metric receives quadratic corrections as v = n + 4, where
4 is quadratic in fields, then we find that

5L ) . L
e —2490 _ 2|y1|2 + 2cos? qb\y2|2 + 2sin® ¢|yg|2 , —
T ox

— _2,_3/01
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Thus, if we pick®

7% =1~ |y|? + cos” dlyz|* +sin’ plys|* (3.14)
=1~y + cos® glya|* + sin’ oy,

v

and v°! = 0, we find p* constant as required.

Using this, we can immediately write down the full quartic £4 (except of course for the quartic
fermion terms), for arbitrary values of ¢. The full Lagrangian is, of course, rather complicated
and here we only present its purely bosonic part,

£5 = 5in? 26 (cos” ¢ lyal? — sin 6 s ?)? — £ sin?26 (33 + 37— 7~ 7) (12l + Iysl?)
— |94 (Jy1]? — cos 2¢(cos® Blya|* — sin® lys|*)) + [51] (cos® @lya|* + sin® plys|?)
— (92 + 193> + i) (Jya* — cos™ @lya|* — sin® ¢lys|?) — cos® @lg2|*[ya|* — sin® ¢|ys|*|ys|*
+ cos® g sin® @lyy [ (Jy2|* + lys|®) — 1 [*|y1]® + cos® dlys|?lyal|® + sin® @lys[*|ys|* .
(3.15)

In the limiting cases ¢ = 0 and ¢ = 7, the pure AdSs x 53 piece is a direct truncation of the
AdSs x S® result given in [42]. For the remaining terms relevant for the one-loop computation
in the next section, see appendix B.

3.4 One-loop finiteness

As a first probe of the quantum consistency of our action for the AdSs x 83 x §3 x S! string,
we will show that the model is finite in dimensional regularization. That is, if we consider one-
loop corrected two-point functions for the bosonic coordinates y;, we observe that all 1/e terms
cancel. For arbitrary ¢, we have both cubic and quartic interaction terms giving rise to bubble
and tadpoles diagrams®. The tadpoles built out of three-vertices are all zero, and the divergent
terms arising from the bubble and tadpole diagrams cancel between each other.

The various loop diagrams encountered are regularized using the standard integral represen-
tation

I3 (A) =/dd£[€2(€_2);]n
2 1y\n=o¢2T(n—5— §)T(s +5)
()

= i(—1)
SRR Ty 2T (n)

A

evaluated at d = 2—e. For the bubble diagrams, the divergent integrals are I3 (A), corresponding
to a logarithmic divergence in hard cutoff. For the tadpoles, on the other hand, we have both
IH(A) and I?(A) integrals giving logarithmic and quadratic divergences for a hard cutoff.

In order to evaluate the contributing diagrams, we sum all the terms arising from the cubic
and quartic vertices, where the relevant terms for the latter are collected in (B.1). Since these
constitute quite a large number of terms, the actual computation is rather involved, but after

8The second component ! is determined through the condition dety = —1.
9 Actually, there are also three vertex tadpoles. For the heavy and massless coordinates these are trivially
zero while for the light modes they are zero due to cancellations between boson and fermion loops.
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some effort we find!°

_ 11
Ay —>Q» = 2 sin 2% + O(c)
Yi €2

and

i 11 .
A = "’_Q_’“ :—E%sm22¢pf+0(eo)
Yi

where ¢ denotes the bosonic direction. Thus we see that the 1/e terms cancel between the
tadpoles and bubbles. In the limiting ¢ = 0 and ¢ = 7/2 cases, where there are no cubic terms,
we see that the two-point functions are manifestly finite.

Before ending this section, we should note that in order to determine the finite part of the
spectrum, dimensional regularization is not a suitable regulator for the loop integrals [51], see
also [52-58]. The reason is that in order to maintain unitarity, one should choose a cutoff such
that the decay processes, originating from the cubic Lagrangian, are energetically allowed [44]
(see also [59]). The divergent terms, on the other hand, are not sensitive to these issues, but in
order to determine the finite part unambiguously, one needs to regularize the theory properly!!.
We plan to return to this question in future work.

4 Hamiltonian analysis

In this section and the next, we will focus on the classical, or tree-level, sector of the string
theory. We will start out by calculating energy shifts for an arbitrary length bosonic excitation,
and compare this calculation with a conjectured set of Bethe equations. In [16] and [33] Bethe
equations for (2, 1; ) were proposed. These are conjectured to predict the energies of string
states for general values of ¢. As was the case in AdS;x CP?, the light modes are the fundamental
excitations in the exact solution and the heavier modes are described as composite states of two
light modes. How the massless modes enter is not completely clear. For certain simplifying values
of ¢, the equations seem to capture the full critical spectrum, but in general, the situation seems
to require further investigation [33].

4.1 Energy shifts

A very natural set of observables, from a worldsheet point of view, are energy corrections around
a BMN vacuum [49]. The way to calculate these for closed strings in various AdS / CFT back-
grounds is, by now, a rather well-established procedure [60-63,45,64,43,65]. The starting point is
the free quadratic BMN Lagrangian, which allows for an exact solution in terms of string oscilla-
tors. With the quadratic piece diagonalized, one then calculates the corresponding higher-order
corrections to the energy perturbatively.

In order to obtain the energy shifts, we need the string Hamiltonian. We will calculate energy

10These expressions are evaluated close to the bare pole, pg = ,/m? + p%.

I There still seems to be a bit of uncertainty in how to regulate the AdSy x CIP? string properly. In the recent
and interesting paper [59] the authors argue for using a regularization method yielding a different finite result
than the unitarity based method.
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corrections to bosonic modes, mainly focusing on the light modes y» and y3. This has the pleasant
advantage that we only need the purely bosonic Hamiltonian which we can immediately derive
from (3.11), (3.13) and (3.15) using the Legendre transformation,

1 . _ .
H =|pi|* + |y}|* + mi|ys|* + —= sin2¢ (ps + Py) (0052 ¢ |y2|* —sin® ¢ |Z/3|2) (4.1)

V2

. 1
A PIAP +os? o (s 0 (ol +cos' 0 1aP?) = 5 -+ cos20) 57 ) P

. . 1
+sin® ¢ <C082¢ (Ips|? + sin® ¢ |ys|*) — 3 (3 — cos 2¢) |y§|2> lys|®
—cos® ¢ y2f” (vs]* + Ipsl?) — sin® ¢ |ys|® (va]* + |p2l?) — 2cos* ¢ sin® ¢ [y2|*[ys]* + ...,

where the ellipses indicate flavor-mixing terms, which will not contribute to our calculation.
The oscillator expansion that diagonalizes the quadratic Hamiltonian is given by

1 / 1 —ip-o T ipo (1) 2
yi=— [ dp — (a(p)¢ e "7 +b(p); e” ) ) Wy’ = \/m
V2m 2w}(j) !

We will calculate the energy corrections to several string states. First, we will consider states
built out of one kind of string oscillator

A A A
L) = [Lawalo) . 24 =Tawbio) . 13a)=TLaoiio) . (42)

We shall also consider one more general state which takes values in both S spheres. This
subsector should constitute a closed SU(2) x SU(2) sector similar to that of the AdS, x CP?
string [66,63]

B

A
24,35) = [T [ T ala)b10) . (4.3)

K2

where all mode numbers are distinct for simplicity, and |0) is the BMN vacuum annihilated
by all lowering operators. Note that, for both the single flavor and product states, switching
oscillators a; and b; gives identical results. However, when the fermionic interaction terms are
included, some of these states should mix since they are degenerate. The states above will not
mix though, since it is not possible to construct other excitations with the same U(1) charges
and leading-order energy (see table 1).

Since, for arbitrary ¢, we have cubic interactions, we need to consider second-order per-
turbation theory, either by explicit calculation or by performing a unitary transformation such
that the physical information of the cubic piece is rewritten in terms of quartic interactions
(see [42,43]). Evidently, both methods are completely equivalent and importantly, they give rise
to terms that need to be regularized. Also, in the case of a nonvanishing cubic piece, the result-
ing quartic Hamiltonian is most probably not normal ordered. In principle, this gives quadratic
normal ordering terms subject to some regularization procedure. The cubic and quartic reg-
ularization terms combine into quantum and finite-size effects. In the near-BMN limit, where
the coupling is not strictly infinite, the finite-size effects correspond to the finite extension of
the string worldsheet. For the AdS; x CP? string, these combined into Liischer-like finite-size
corrections (see [45]). We suspect that the same type of exponentially suppressed terms will
appear also for the AdS3 x S% x §2 x S! string.

Since almost nothing is known about the quantum theory, we will only consider the classical
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contribution to the spectrum in this paper. That is, we will simply ignore the terms that need
to be regularized (see [63,43] for details'?). Nevertheless, the actual computation is still rather
involved. What is more, the unitary transformation we will utilize depends on the massless
coordinate, ps. That is, even though the massless terms are not incorporated in the Bethe
equations, they still appear as internal lines in Feynman diagrams. Or, as in this case, the
massless modes appear as intermediate states in the unitary transformation. Let us explain how
the procedure works. The unitary transformation acts on the Hamiltonian as

eV He "V = —Hs + induced quartic terms

and thus, by construction, removes the cubic Hamiltonian at the cost of additional quartic terms.
Here we should note a small technical complication. Schematically, the unitary transformation
is of the form

) H (k l m)+++ H (k l m)++,
B 12 3 rst 3 rst
_y Z/dk dl dm [ D) + @) +0®(m) T @O + @@ (0) — a®@(m) T

rst

where the r,s,t sums are over the four bosonic flavors, the & labels denote the number of
creation/annihilation operators, and the integral is over mode numbers (see [42,43] for details).
Thus, it is clear that for certain values of k, I, m, the denominator in the second term can be
zero. This is an IR effect and only happens when the mode number of the massless coordinate
becomes zero. In order to address this, one should introduce a small non-zero mass, my, and
only in the end send this to zero.

Using (4.1), together with the method described above, it is straightforward to derive the
energy shifts for the states in (4.2) and (4.3). A rather lengthy calculation gives (see [43] for
details)

A

L (pi +p;)?

AE(pA)lzzz ) (jl) )
° w: W

i#j

A |sin®2¢ (3 cos? ¢ + p? + pip; "‘Pg —|—w( w(Q))
AE(pa)2 = *Z

2,2
i | 16w; " w;

3
[ cos? ¢ (0082 3(pi +p;)? + pip;sin® ¢ — 3cos? psin® ¢ — sin® g (2))
40.)1(2)0.)](-2)

COS ¢Z erDJ

wfjij

12However, note that we expect the spectrum to be exact in the limiting ¢ = 0, /2 cases where the cubic
Hamiltonian vanishes.
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A |sin® 26 (3 sin' ¢+ p? + pip; +p? + ww §3>)
ABpa)s =~ Z 16w w3
i#j | W, w; ,

[ sin? 1) (sin2 d(pi +pj)? + pipjcos’ ¢ — 3 sin ¢ cos? ¢ — cos? qﬁcu )w(3)>
4Py
i Yy

. B
__sin® o<~ (i +p)°
- 2 LB
(]

cos® ¢ (q; + qg sin” ¢ (pi +pj
AE(qa,pB)2z = — Z (2) (2) - Z (3) ®3)
i#j Yi
1 AE —[COS ¢qj+2cos ¢sin ¢+sin4¢p?]3
—32.2 NENG
J L

[cos* ¢ 7 + 2 cos* psin’ ¢ + sin® ¢ p7]

Jr
O
i g

= AE(qa)2 + AE(pB)s , (4.4)

where the subscript of the square bracket denotes whether the contribution originates from the
cubic or quartic Hamiltonian. While both cubic and quartic contributions are rather involved, it
is gratifying to see that the sum of the two simplifies. For the SU(2) x SU(2) sector, we see that
the mixing sector exactly cancels out, and the total energy is just the sum of the two distinct
SU (2) sectors'. Note that for the y; coordinate, the energy is, up to an overall sign, the same
as the SU(2) sector of AdSs x S° [42]. Likewise, for ¢ = 0 and ¢ = Z, we see that, up to a sign,
the SL(2) result of [42] is reproduced.

4.2 Bethe equations

The Bethe equations should encode the spectra of both the light and massive coordinates.
However, since the heavy mode y; enters as a composite excitation in the exact solution, it can
be rather involved to obtain its solution from the Bethe equations. For this reason, we will only
try to reproduce the energies of the light excitations here.

The procedure is as follows: The starting point is the conjectured Bethe equations of [33].
These are expressed in terms of Zhukovsky variables * and the length L of the abstract spin-
chain. The ground state of the spin-chain is related to the BMN vacuum which is proportional to
VA >> 1. In order to reproduce the string spectrum one needs to expand the Bethe equations
at strong coupling and solve for the rapidity momentum pj; which parameterizes x*. Having
obtained the (perturbative) solutions for p; one can then plug this into the magnon dispersion
relation which in turn gives a prediction for the energy which we match against the string
calculation. For details of this procedure we refer the reader to [42,64,43].

13 As can be seen in (C.1), this also happens for S-matrix processes mixing fields from the two SU(2)’s.
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SU(2) sector

The energies (4.4) of the states (4.2) should be reproducible from the equations of [33] reduced
to a rank-one SU(2) sector given by

+ L o
€T T xT,; )z

k k 7 k 2
(T) = I I ——F X7 T X 0" (Tp,x5), (4.5)
Lk ik Tk T ool

where L denotes the length of the spin-chain. Since we are looking at BMN states, L ~ g ~ v/\.
While the structural forms of these equations are exactly the same as for the SU(2) spin
chain in AdSs x S°, the Zhukovsky map is slightly different

1 1 w
+ a
— = — =+ 4.6
* +:17i x+x 2h(N) ’ (4.6)
where
wy = 2cos? ¢, w3 = 2sin’ ¢, (4.7)

depending on the type of excitation. If we use the notation z* and y* to denote excitations
with mass cos? ¢ and sin® ¢ respectively, then a good parameterization solving (4.6) is [50]*

» )_cos ¢+\/COS4¢+4h( )2 sin” B £l pk+ Pi n
TPk) = 2h(\) sin B¢ ¢ ’ Pr 29 (29
(4.8)
E(pr) = sin ¢ + \fsin’ ¢ + 4h(2)? sin”® B S _ G,
Yo Pk} = 2h(\) sin B2 ’ = 29 (29)?

The function h(A) has a leading order strong-coupling expansion given by [16,33]

hO) =15 =5 Vg >> 1.

For large values of h(\), o(zk, x;) is a slightly modified AFS phase [67,33]

1 1 1 %<$Z+T1l7wkii)
1- zxl (1 o :L’+a:_> (1 - w_:zz+)
o(xr, k) = e S L : (4.9)
1-— e 1— 1 1— 1

Given a solution of (4.5), the corresponding energy and momentum are given by

A A .T+
E:z’h(A)Z(ﬂ—l) [[2=1. (4.10)

s T Ty

where the first equation shows that the magnons have a dispersion relation given by

€o = \/ + 4h()\)? sin? & (4.11)

14 A comment on notation: What we call xk correspond to xgzk or x?:j:k’ while yk correspond to xitk or a7,

n [33].
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where the masses are given in (4.7).

In order to solve (4.5) we need to express the length, L, of the spin chain in terms of
string theory variables such as the energy, angular momentum and excitation number (A). For
¢ = 0 and ¢ = 5 the Bethe equations collapse to the rank one equations of PSU(2,2[4) [33].
Furthermore, for these two values of ¢ the cubic Lagrangian vanishes and the relevant quartic
terms are identical to the AdSs x S° case [42,64]. Thus, following [64] it becomes clear that the
length L is expressed as

1 1
L:g+§A—§E, for ¢=0,7/2,

where E is now used to denote the leading-order piece of (4.10),

A 2
_ w w 2
E—Z<—2+\/4+mk> + .o
k

Focusing on the ¢ = 0 case, we find that the equations collapse to

+ g+2A A + -
T Ly — I, _
(E) = H ﬁ +0(97?), (4.12)
PR

and the solution to these equations nicely matches (4.4) [42]. In order to arrive at the above
equation, we made use of the following nice identity for the AFS phase [64]:

e = w*lz-f omi &
g (25) ] 1% x0%anyy) = 220 3 (=114 i) (—s0/2 + ) pu + Olg™) (413)
k J#k x xf j

which vanishes for 3 = 1/2 and ¢ = 0*°.
In order to reproduce the energies (4.4) for general ¢, the length of the spin chain has to
equal

1 1

We would like to stress that this relation is fixed uniquely, which is easy to see if one, for example,
expands in small mode numbers. With this L, (4.13) is zero and the Bethe equations become

pN9tEA A 4 +\9+t3B B 4+ -
(%) 2 _ka Jﬁj (yk> 2 _Hyk yj (4 15)
— - —_ + ) - — + b M
Tk r j ik Ik T Y5

and we have the constraints

The dispersion relation (4.11) expands as

(%) k>

BV = -2 10l +AEY . AE@) = T _pl (4.16)
2 8Twy,

where we slightly abused the notation and denote p; as the mode number of the oscillator

15The identity only holds when the momentum constraint (4.10) is satisfied.
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state and p,lC is the subleading piece of the magnon momentum which we solve for using (4.15).
Also note that w without any subscripts refers to the masses (4.7). The index i is either 2 or
3 depending on the excitation. Using the explicit solution of p} immediately reproduces the
energies of the rank-one sectors, AE(pa)s and AE(pa)s in (4.4).

SU(2) x SU(2) sector

Here we want to reproduce the AFs3-shift from the Bethe equations. The largest compact
subalgebra of 9(2, 1, a) is su(2) x su(2). At weak coupling, the spin chain is that of two decoupled
Heisenberg chains related only via the momentum constraint. At strong coupling, we expect the
situation to be similar to the AdS,; x CIP? string, which also contains a closed SU(2) x SU(2)

sector [66,63].
From [16,33], we deduce that the A Fs3-shift should be encoded in

N\ L A+ - 11—
(Ili) = H o Ii 1— kl . UQ(xkawj) ; (417)
k j#k Tk J R
L B .+ _ .
y yk y Yy Y;
( k_> I17—= T 0 (YY)
Yk itk Yk Y Y vy
augmented with
A B A B
1 1 1 1 oyt
E=ih (—_>+ <—_> , e =1 (4.18)
SG-a)-2G-0) .

The parameter L now relates the two equations and following AdS,/CFTj3 it should be given
by [64,43,63]

1 1 & R
L:g+2<A+B—a§¢§:E@ﬁ—ﬂﬁ¢§:E@ﬁ>. (4.19)
k k

If we impose that each subset of mode numbers are separately zero (and distinct),

A 1+ B 4
IES I
k Ty, k Yy
then (4.17) becomes
B +
(m:>9+;A _ (%ir)é(BJrshfztb 7 E(y; )) ﬁ xi o
- k £ L
Ly Ly ik Ty — q;j
(4.20)
ip 1(_a 1 AE + -
)
= k i -
Y. Yk s -
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Solving the above and using the solutions in (4.16) we find

AE = AE(qa)2 + AE(pp)3 (4.21)
A 2 B p2 A B w® (]2 4 L2, 2
. =03 (25)]” + =207 [ (ar)
MRS Bates et G
—~ W (qr) W pala w® (gr)w® (p;)

which does not reproduce (4.4) — the last line is not zero. Even in the limiting ¢ = 7/4 case, we
still do not find agreement. We do not know the origin of this mismatch. Perhaps this is a hint
that the Bethe equations of [16, 33] actually describe two spin chains, completely unrelated in
the SU(2) x SU(2) sector.

We can reconcile the above with the string theory calculation if we assume the parameter L
to be distinct in each SU(2). That is, taking

1 1 1 1
Ly=g+-A——FE, Ly=g+-B——FE;
2 w2 2 W3

for each sector would reproduce the results of (4.4) since the first terms in the RHS of (4.20)
vanish. We would like to stress that the expression for L written above is fairly unique. It is
very hard to implement a mixing between the two sectors (for example by adding B and A
excitations in Lg and Lj respectively) without contradicting (4.4) or the S-matrix processes in
(C.1). It would be very interesting to investigate this in more detail. For example, one could
calculate the full worldsheet S-matrix and from there construct the (string) Bethe equations.

5 Tree-level scattering

In order to understand how to properly include the massless modes in the exact solution, we
will study how they enter the S-matrix of worldsheet scattering processes. We will study some
simple 2 — 2 scattering amplitudes for the bosonic particles. Since the exact S-matrix is not
known, we are not able to explicitly compare the amplitudes but we do however show that the
S-matrix is completely reflectionless. If this is true for the all-loop case, this means the massless
modes enter diagonally in the Bethe Ansatz, making it easier to generalize them for the full
critical spectrum (see [6] and references therein).

Reflectionlessness of the S-matrix is a somewhat unusual property which was also observed
for the AdS,; / CFTj duality [68-70]. Under the natural assumption that the S-matrix is also
reflectionless at weak coupling, this could shed some light on the unknown CFTs dual of the
AdS3 x S3 x §3 x St string.

The worldsheet S-matrix can be separated into three parts:

Scattering 5 (yy — yy) ,
Transmission T: (v — y7) »
Reflection R: (yy — 7y) -
The S-matrix expands as
F=1+i5+.., T=1+iT+.., R=iR+..
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where the contributing diagrams for each part are given by

1l - = 3 1 e 3 1 3
S=1+-S+.. =1+ + >< + ><
9 ———— 4 2 —— 4 2 4
(t) (u) (c)
1 3
; 1l 3 1 3
’]]_“:IL+§T+...=1+ + >—< + ><
2 —=——=—4 2 4
(t) 2 (s) 4 (c)
1 4
; 1 -~ 4 1 4
R=-R+ = + >—< + ><
g 2 —~———3 2 3
(c)

Below, we will show that the IR piece is zero for all bosonic 2 — 2 scatterings. We provide the
light-to-light scattering and transmission components of $ and T in appendix C.

5.1 Light-to-light reflections

We start by considering light-to-light processes. In two dimensions, the particles can either
keep or exchange their momenta. Except at the special value ¢ = 7/4, the masses of yo and
ys are different which means reflections of these coordinates are trivially zero due to energy
conservation,

w3 (p1) + w® (p2) # w® (p2) +w® (p1) when oFm/d.
Thus, the processes we need to consider for general ¢ are y;J; — ¥,y; and the more general

YiY; — Yy case at the special point ¢ = /4.
Ignoring the external leg and overall momentum delta-functions, we find

_ _ . 1 .
]R[yg Ty — Yo yg] : [4 cos® ¢ sin? q’)} .73 sin? 2gz5[cos4 ¢ —p1ps —w? (pl)w@)(pg)} .

1
-3 sin? 2¢ {COS4 ¢+ p1pa + w (p)w?® (Pz)} =0,

. 1. .
]R[yg, Ys — Ys yg] : [4 cos? ¢ sin® q/)} .73 sin? 2gb[sm4 ¢ —p1p2 — w(3)(p1)w(3) (pg)} .
1 .
—3 sin? 20 [sm4 ¢+ pip2+ w® (pl)W(B)(pQ)} =0,
and for the special case of ¢ = 7/4 we have

[3(p1 +12)°], = [5(p1 +p2)?],
1—dpypo + 44/ L + 92, /1 +p3

where the subscripts s and ¢ denote the relevant three-vertex diagrams, and ¢ denotes the four-

vertex contact contribution. From the above, we thus see that the reflection part of the S-matrix
is indeed zero.

Rly27s = T3] = Rys¥s — Toys) :

:07
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5.2 Light-to-massless reflection

The presence of the massless modes is a new feature of the AdS3 / CFTy duality. While they
enter as normal excitations on the worldsheet, they are complicated to incorporate in the Bethe
Ansatz equations since the finite gap method fails to work.

In the limiting cases ¢ = 0 and ¢ = 7/2, new reflection processes are allowed energetically.
For example, at ¢ = 0, the y3y, — T, y3 process is not trivially zero. Of course, the same holds
for the other case ¢ = /2, this time the processes involve yo and y4. For these special values
of ¢, the cubic piece (3.13) vanishes and we only have the contact terms. An easy calculation
shows that

R[y3Ys = YsYsly—0 = 0, Ry2Us = Us¥2lyer/o =0,
R [y1 Y2 = Y2 ¥1]y—o = 0, Ry17s = Ys¥1]pen/p =0 -

With this we conclude that the S-matrix of the AdSs / CFT5 integrable system indeed seems
to be reflectionless, at least at tree-level. Of course, to check also the S-matrix for the fermions
one would need the action to quartic order in fermions, but supersymmetry suggests that this
property should also hold in the fermion sector.

6 Summary

We have performed a rather extensive study of the type IIA AdS3 x S2 x 83 x S' Green-
Schwarz superstring up to quadratic order in fermions and discussed issues with fixing its kappa-
symmetry. We derived the near BMN expansion of the Lagrangian with quadratic fermions up to
quartic order in fields. As a first consistency check, we demonstrated that the one-loop corrections
to the two-point functions, built out of the four complex coordinates y;, were finite in dimensional
regularization. Both the three- and four-vertex diagrams are separately divergent, but the sum
of the two is finite. We then performed a Hamiltonian analysis and compared SU(2) string states
with predictions from the conjectured Bethe equations of [33]. For the rank-one sectors, we found
perfect agreement, while we did not fully understand how to match the product, SU(2) x SU(2),
sector. As it turns out, the string energies arising from the mixing sector exactly cancel between
cubic and quartic interaction pieces. This means that, in order for the Bethe equations to
reproduce the string calculation, the rank-one equations should decouple completely. A natural
way to achieve this is if L has different subleading corrections, distinct for each sector. We are not
sure how to interpret this result, and further investigation is probably needed. Note, however,
that our result is not necessarily in conflict with [16,33] since the subleading effects in L would
not show up in the semiclassical limit, and hence the integral equations of [16,33] should remain
the same.

In the last section of the paper we investigated 2 — 2 scattering processes for bosons on
the worldsheet. We showed that, at least at tree-level, the two-body S-matrix is reflectionless;
this somewhat odd property was also observed in the AdSy/CFT; duality [68]. This might be
a useful finding if the Bethe equations have to be extended in order to incorporate the massless
modes as fundamental excitations.

A natural continuation of the present paper would be to perform a proper quantum com-
putation. While we verified that the theory is one-loop finite, it would definitely be interesting
to compute the subleading term in (4.11) from the string theory side. This was, for example,
done for the AdS, x CP? string in [51]. However, since the worldsheet fields come with different
masses, one has to be very careful with the regularization. We plan to return to this question
in the future. Another interesting line of research would be to calculate one-loop corrections to
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the energy along the lines of [71].

It would also be interesting to verify the integrability of the full GS string (up to quadratic
order in fermions) in this background as has been done for AdS, x CP? and AdS; x 82 x T©
[12,15,13] using similar techniques.
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Appendix
A Notation and parameterization

The metric on AdS3 x S3 x 2 x S is given by

ds*(S%) + %dsQ(S?’) + ds*(S") (A1)

ds® = ds®(AdS-
s s4( 3)+0032¢ %o

where the sin and cos factors are there to ensure the triangle identity between the curvature
radii (1.1) and the AdSs radius is set to one. We choose the following global coordinates [72]

1+ ja?\2 1 1— fa2\2 1
2 _ 17 2 2 2003y _ 1T 2
ds*(AdSs) = (1 ix?) U+ et a8 (1+§x?> A+ Ty

where @5, pg are the S® angles which we single out and {z1, 22}, {23, 74}, {26, 7}, 29 are the
transverse coordinates. In order to have a smooth interpolation between different values of ¢,
we will also scale the S3 coordinates as

(5,73, 24) — cos ¢(s, T3, T4), (s, w6, 27) — sin ¢(ws, 6, T7)

which allows for nice 7% limits when ¢ = 0 or ¢ = 7/2.
The vielbeins can be read off immediately from (A.1) and (A.2). The spin connection of the
background is also needed and can be computed from the vanishing of the torsion

de? +ePQpt =0. (A.3)
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One finds the non-zero components

dt dt 1
QOl = - e 1,27 QO2 = - - 1,27 Ql2 = _7(33261 - :L‘162), (A4)
1t i 2
d d 1
0% = — cos? %, O = — cos? %, 03 = cos? ¢ 5(58463 — x3e*),
+ 82 + 582
d d 1
Q88 = _gin2 p— 078 Q" = —sin® ¢71 fiinfz 5. QT =sin’¢ 5(58766 — zge’),
T T

sin2¢ 9o’
1+ =2

where x? is 2% + 23 in the first line, 23 + 2% in the second line and 22 + 22 in the third line.

i

When we work in light-cone coordinates we define

et = = (e £ (cos B e® +sin B e?)), e’ =sinfe’ —cosfBe’, (A.5)

N | =

where the angle § gives the direction in the (5, 8)-plane of the geodesic we are interested in.
We will use the I" matrix notation of [16] with the light-cone combinations defined as

9
I, =sinBT5 —cosBls, Ty =][Ti.(A6)

=0

I'y =Ty =+ (cosBF5+Sin5Fg),

They satisfy
{ry,T,} =0, TI?=1. (A7)

v

{Tp, T} =21 = -4,

The spinor O satisfying (2.4) and subject to the gauge fixing condition (2.16) can be decomposed
as

—isin 80] +icos B30T
isin 305 +icos B 0]
fsinﬁg; — cosﬁ?i_
—sinﬁgl+ + cosﬂ?@f

o
of
_fz
0y

—icos B60] —isinBOF
—icos B0 +isinBOF
cos /6'?; — sin 55:

2+ . ot
—cos30; —sinf O,
07
2
—i0s

St
191

23

05
0,
0,
—i63
isinf6; —icos 05

—isin B0, —icosBO,

—sinf60, —cosf0,
—sinB6; +cosB05

o
o
0y
—if,
icos 0] +isinfO5
icos B0, —isinfBOy
cos B0, —sinpBO,
—cosfB0; —sinB0s;




B Relevant piece of quartic Lagrangian

Here we collect the piece of the quartic Lagrangian that is needed for demonstrating one-loop

finiteness!®

(B.1)

-71)

. 4
7 L S
Lhr=7 (xixﬂr + (Xi)’xi) ]
=1
4
- fcos ‘¢ [Z XX+ (XL)'XL) —4i sin® ¢ (X5 — x?ixi)l lyo]?
=1
Z. 4
— Zsm 10 Z XX+ (L) X-) +4i cos® ¢ (XQ_Yi - x?ixi)] lys|®
i=1
1 .
§(X X4 + cos® ¢ X2 X7 +sin® ¢ X3 X)) Uyt
) _ _ _ _ _ -
-1 [OAEYE + 2% = 3% —xAx) — (A + 37 — 3 — ) v,
1 _ _ ) AN - 1 - . _
+3 (cos? ¢ XAXE + X3X2 +sin® ¢ xAXY) Yovh — 1 cos® o x_ X" 2 (Y, — cos® ¢75)
'L - 1 . _ . . -
-1 cos® ¢ X' X'y 2 (Ys — cos® ¢,) + 3 (sin® ox A X" + X2 X% + cos® x4 XL) Usyh
1 _ 3 s - ) _
-1 sin® ¢ (XL XL — x2%2 — 3X% +xAXL) ys(¥s — sin® ¢ 7h)
) _ _ _ . -
-4 sin 2o (AN — XAXE — AN +XAXE) vs(h — sin® ¢ 75)
1/ . _ _ .
+ 5(sm2 ¢ X2X2 + cos® ¢ XIXE + xfﬁ)ywﬁ;
+ h.c.+ ..,

where the ellipses denote parts not relevant for the computation.

16To keep the expression as compact as possible we here denote O+ with dot and 0— with prime.
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C Light to light scattering

Here we collect the $ and T pieces of the light to light S-matrix,

22— 22: (C.1)
I = % sin? 2(;5[ —cos* ¢+ pi1p2 + w<2)(p1)w(2)(p2)} . + % sin? 2¢ [p? + p%L

+cos” ¢ [2 cos® gsin® ¢ + 2 cos® ¢ (p} + p1 p2 + p3) + 2p1 p2 — 2sin® gw® (pl)W@)(pz)} .

= 2cos” ¢(p1 +p2)27

T = 1 sin® 2] — cost 6 — pipa — ()@ ()] _+ 3 sin? 2[p? + 73],

+cos? ¢ {2 cos* ¢ sin? ¢ + 2 cos? d)(p% —p1p2 + p%) — 2p1py + 25in? g @ (p1)w(2)(p2)} .

=2cos” ¢(p1 — p2)2,
33— 33:

1 1
$ = 3 sin? 2(;5[ —sin® ¢ + p1 po + w® (pl)w(g)(pg)} + 5 sin? 2¢ [p% + p%} )

u
+sin? ¢ [2 sin® ¢ cos? ¢ + 2sin? qﬁ(p% + p1p2 + pg) + 2p1 pa — 2 cos? ¢ (py)w® (pz)} )
= 2sin® ¢(p1 + p2)2,

T= % sin? 2(;5[ —sint ¢ — pipy — w® (p)w® (pg)} T % sin 2¢ [p% —l—pg} .

+sin? ¢ [2 sin? ¢ cos? ¢ 4 2sin? (b(p? — p1p2 + p%) — 2p1p2 + 2 cos? ¢w(3)(p1)w(3) (pg)}
= 2sin® ¢(p1 — p2)2a

23— 23: F=T=-2 [0054 ¢p3 + sin’ (i)pﬂ , +2 [0054 ¢p3 + sin? gbpﬂ = 0,

c

32— 32: F=T=-2 [cos4 ¢p? + sin? qbp%L + 2 [cos4 op? + sin’ d)p%} = 0.

Note that we have neglected the overall delta functions and external leg factors. As was the case
in the Hamiltonian computation, the various contribution tend to cancel among each other.
Before ending this section we would like to mention that care has to be taken when evaluating
the t-channel contributions. Naively one gets 0/0 expressions and in order to obtain the correct
result one should symmetrize over the in and out going momenta and simplify the expressions

before enforcing the overall energy and momentum conservation'”.
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