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We compute perturbative worldsheet S-matrix elements in the bosonic sector for g-deformed AdS/CFT
in strong and weak 't Hooft coupling limits and compare with the exact S-matrix. For our purpose we
take near BMN limit of TsT-transformed AdSs x S° with the twisted boundary condition and compute the
S-matrix on worldsheet using light-cone gauge fixed Lagrangian. For the weak coupling side, we compute
the S-matrix in SU(3) sector by applying coordinate Bethe ansatz method to one-loop dilatation operator
obtained from the deformed super Yang-Mills theory. These analysis support the conjectured exact S-
matrix in the leading order for both sides of B-deformed AdS/CFT along with the appropriate twisted

boundary conditions.

© 2013 Published by Elsevier B.V.

1. Introduction

The S-matrix plays a key role for studying two-dimensional
integrable models. With enough symmetries, the S-matrix can
be determined mathematically and can be used to find particle
spectrum along with exact dispersion relations and to compute
finite-size effects. Based on this philosophy, there have been re-
markable developments in applying the integrability methods to
AdS/CFT duality between N = 4 super Yang-Mills theory (SYM)
and type-IIB superstring theory on AdSs x S° [1]. Exact S-matrix
has been proposed [2-4] with the dressing phase [5,6], and ap-
plied to tools such as Liischer correction [7] and thermodynamic
Bethe ansatz [8].

After these successes, it is natural to extend the utility of the
integrable methods to other proposed or conjectured AdS/CFT du-
alities. These include S-deformed SYM theory [9] which is dual
to superstring theory on Lunin-Maldacena background [10] and
three-parameter-deformed theory which breaks all the supersym-
metry [11]. There are some clues that the deformations still main-
tain the integrability. First, string sigma models on the deformed
backgrounds are classically integrable [12,13]. One-loop dilatation
operator on the gauge theory can be mapped to integrable spin-
chain models with certain twists [14]. All-loop asymptotic Bethe
ansatz equations for the deformed theories were conjectured by
Beisert and Roiban [15].

Another strong evidence for the integrability has come from the
anomalous dimension of Konishi operator computed by twisted
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Liischer formula [16] which matches with four-loop perturbative
computation [17]. Related computations have been also worked
out by Y-system of the g-deformed SYM [18].

With the assumption of integrability, the S-matrix and associ-
ated twisted boundary conditions have been proposed and used to
derive the conjectured all-loop asymptotic Bethe ansatz equations
[19]. The twisted S-matrix is given by

S(p1,p2) =F-S(p1,p2) - F,
F=e" TI=h®Illeh-I@h®h®l,

1 1
h:diag<§,—§,0,0), (11)

where the first two vector spaces in the tensor products act on
fundamental representations of SU(2|2)% for particle 1 and the
third and fourth on those for particle 2. The corresponding twisted
boundary conditions are

M =el(3=y2)Jh & ei(V3+V2)Jh7 (12)

which acts on the one-particle state.

Another support of the S-matrix conjecture comes from the
strong coupling limit of the twisted AdS/CFT duality. Finite ] cor-
rection of a classical giant magnon dispersion relation has been
computed from the S-matrix element and twisted boundary con-
ditions through Liischer formula [20] and shown to match with
classical sigma model computation for the y-deformed background
[21,22]. While these evidences justify the assumption of integra-
bility, it is desirable to check the S-matrix directly either with the
string theory on a deformed background in the strong coupling
limit or with the N =1 supersymmetric or non-supersymmetric
gauge theories in the weak coupling limit.
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On the other hand, energy spectrum of an integrable system
is determined by Bethe-Yang equations which consist of the S-
matrix and the boundary conditions. Therefore, the same energy
spectrum can be obtained by attributing a part of S-matrix into
the boundary conditions and vice versa.

In the context of the twisted AdS/CFT, it is possible to shift
the Drinfeld-Reshetikhin twist F into the boundary condition M
as shown in [19]. The resulting theory is described by untwisted
S-matrix while the twisted boundary condition is given by

N

2
Ma,q;,0....Qn =MA1_[FAQj- (13)
j=1

This is called “operatorial” boundary condition since it depends not
only on the particle state which passes through the boundary but
also on all the other states Q'’s in the “quantum space” which are
away from the boundary. This feature is inevitable when one deals
with off-diagonal S-matrix. It is shown that this combination of
S-matrix and boundary conditions can produce the same “Beisert-
Roiban” asymptotic Bethe ansatz equations [23].

However, these operatorial boundary conditions are difficult to
realize in the perturbative computations. On string side, Frolov first
showed that superstring theory on the TsT-transformed AdSs x S°
with the periodic boundary conditions is equivalent to the unde-
formed AdSs x S> with the following twisted boundary conditions
[11]:

¢i2m) — ¢i(0) =2 (n; + €k Vi i)

Here, ¢; are three isometry angles of S° and yj = B is a parameter
for deformation of a scalar field potential in the gauge theory side
and three angular momenta are given by J; = [do éi. Eq. (14) is
not easy to solve for the multiparticle solutions. For the spin-chain
side in the weak coupling limit, S-matrix can be computed by co-
ordinate Bethe ansatz method. The spin-chain Hamiltonian as a di-
latation operator naturally depends on the deformation parameter
B in N'=1 SYM. By some nontrivial unitary transformation it can
be changed into that of an untwisted spin chain as explained in
[14]. However, it generates nontrivial boundary conditions which
will be in general nonlocal i.e. which depends on the states on the
quantum space.

For these reasons, we study the S-matrix elements in the
bosonic sector of the S-deformed SYM at strong and weak 't Hooft
coupling regimes which corresponds to (1.1) where the boundary
condition (1.2) becomes simply a c-number. For this purpose, we
consider string world-sheet action in near BMN limit and with
light-cone gauge fixing which is different from Lunin-Maldacena
and compute the worldsheet scattering as was done for untwisted
case in [24]. In the weak coupling regime we consider one-loop di-
latation operator for three-spin sector. We apply coordinate Bethe
ansatz to compute one-loop S-matrix in this sector using the de-
formed SU(3) spin-chain Hamiltonian derived in [14,25] and show
that it matches with the exact Drinfeld-Reshetikhin S-matrix (1.1)
in this limit.

(,j,k=1,2,3). (1.4)

2. Strong coupling regime: String worldsheet

The dual gravity solution of A/ =1 B-deformed SYM was first
constructed by Lunin and Maldacena [10]. This background could
be obtained by using sequence of three TsT-transformations for the
$° angles: (¢1,¢2)157, (¢2, $3)1s1 and (¢3, ¢1)pst for three isometry
angles with single parameter y = y«/X. (vi = y). Here, (¢1, ¢2)1sT
means to take T-dualization along ¢1, shift ¢» — ¢ + P¢1 and
take T-dualization again for ¢. As a result of TsT-transformation,
all kinds of background fields — metric, B-fields, RR-fields and so on

- are deformed or generated. If we use different parameters y; 23
for each TsT-transformation, LM background could be generalized
to three-parameter deformed background which is dual to non-
supersymmetric, marginal deformed SYM. The three-parameter de-
formed AdSs x S° spacetime metric and antisymmetric B-fields are
given by the followings:

3

~2
dsgtring/R2 = dslz\dss + Z(dpiz + Gpi2d¢i )
i=1

3 (2
+Gpio3p3 (Z J?fdd)i) :
i=1
By = R*G(P303 p3ddpy Ady + 103 p3ddy A ds
+ Pap3 pids Addy), (21)

where

22,2 | 52,2 2

G™' =1+pipips + Vi P33 + V30307 (2.2)

There is an additional constraint Z?:] ,012 =1 and three isome-
try angles ¢; have periodicity under 0 — o + 2w. We will only
consider one-parameter deformed theory (y; = y) for simplicity
but all discussions about string regime in this Letter are applicable
even for three-parameter deformed theory.

2.1. TsT-transformed AdSs x S with twisted boundary conditions

We start from AdSs x S° string with twisted boundary condi-
tions (1.4). The nonlinear sigma model action on usual S° is given

by

Vi
S= e dr dG[hdﬂ(aapiaﬂ,Oi +p,?aa¢,-aﬂ¢,~ + A(Piz _ 1)],
(2.3)
with
1 0
apf _
" _<0 —1>' (24)

Taking a TsT-transformation (¢, ¢3)7sr, We obtain a new back-
ground

3
d5%ing/ R> = dSgs, +d07 + p7ddt + ) (dp] + Gpldd?),
i=2
By = —PR*G(p3 p3ddy A dgp3),
Gl =1+7%p303, (2.5)

with the background metric @ij and fields é,-j whose non-zero
components are

6112,012, 62226,022,
A2 B _ ;2 2 2
G33 =Gp3, B3 =Gy p303. (2.6)
Here, AdSs metric is defined as
2 2 4

1+ 2 dZ,dz,
dspgs, = — L) dr 4y ——= (2.7)

1— 42 ( — Z_)

k=1 4

a

where Z2 = 72+ 7% 4 73+ Z2. Corresponding bosonic string action
on the deformed S° is
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§=—== [ drdo [h*F (3 pidppi + 07 a1 dp1

+ @p%&aqua,s(ﬁz + @P§3a¢333ﬂ¢33)
A 2 2
—€PB; 5 dadrdpds + A(pf —1)]. (2.8)
We will use this action to compute worldsheet S-matrix.!

The above TsT-transformation changes the twisted boundary
conditions (1.4) to

$127) — $1(0) = Puys,

$2(27) — §2(0) = 27T (2 + B J1).

$3(2) — ¢3(0) =27 (n3 — BJ1). (2.9)
where level matching condition is given by P, = 2m[n; +

B(Jz— 2. This corresponds to “c-number” boundary conditions
for ¢y and ¢3 because they do not depend on J, and Js.

2.2. Gauge fixed Lagrangian

To compute the string worldsheet S-matrix it is convenient to
introduce new variables defined by

2
1—% _\/Y]2+Y22 _\/Y32+Y42
P1= vz P2=—"—""7 " PR=—37
d1=¢, ¢p=arctan(Yo/Y1), b3 =arctan(Ya/Y3).

(2.10)

We also have to remove the redundancy from general coordinate
invariance. A standard way is to consider the BMN limit [26] and
its curvature corrections:

t—>X+—2X?, ¢—>x++2X?,
Zp —> %, Yi — ig. (2.11)
This BMN limit simplifies the metric and B-fields as follows:
ds®* =2dXTdX™ +dY? +dz? —dX*T? (2% + Y?)
+ 2%(2 dX~dX*(z2 - v?)+dz* 2> —dy?y?
+dXTdxT(v* - z%)),
B= ﬁ)?(hh dY, AdY4+YoYadY 1 AdYs
—YoY3dY 1 AdYs —Y1YadYy AdY3). (2.12)

Although the metric is independent of 7 up to 1/R?, worldsheet
scattering becomes nontrivial because the B-fields have y depen-
dence.?

The bosonic string Lagrangian now becomes

1
L= 5h“‘ﬂ[cHzaO[x*a,g)(* +G__du X 0pX~

+ G- (0 XT9pX™ + o X X T)
+GyizidaZ'3Z7 + GyiyidaY'pY/]

1 For simplicity, we restrict ourselves to the S-matrix elements in the bosonic
sector only.

2 The same computation for original Lunin-Maldacena background shows that
1+ )72) appears in front of dY2 which gives different masses between AdSs and
S5 in the gauge fixed action. This is one reason why we need to introduce twisted
boundary conditions in the string theory side.

1 o :
+ Es"ﬁ(s,-jaaylaﬁw + Byida X TagY!

+B_ida X 0pY"), (213)

with

0 1
ap _
€ _(_1 0)’

Here, o, B stand for worldsheet coordinates o,7 and i,j =
1,2,3,4.

As in the usual case, the Hamiltonian is just sum of La-
grange multiplier times constraint. As the epsilon coupled to anti-
symmetric B-fields is a non-dynamical field, the variation of the
action over worldsheet metric operate on only G-field parts.

To fix the gauge, we can use the first-order formalism which
works well for undeformed theory [27-29]. First, we define the
conjugate momentum

(2.14)

]P)IL — (VTUG,LLV + BIW)XU + yTTG/,LUXV:

where we denote X/ = (X*, X~,Z,Y) and P, = (P4, P_, Pz, Py);
‘dot’ and ‘prime’ as T and o derivatives, respectively. The resulting
Hamiltonian

(2.15)

CVBL B, + G, Kk Y Bk
phv T35 v T TR

nyf V‘L"[

H=

Py =P, — ByX" (2.16)

becomes zero if we impose the Virasoro constraints. Introducing
the light-cone gauge Xt =1, P_ = const, we can express the La-
grangian L =P, X" — H in terms of ungauged variables

Lg_f':P++13y-?-}-ﬁz-?:ﬁy-?—i—lgz-z—HL_c, (217)

where we have imposed the Virasoro constraints. The expression
for the light-cone Hamiltonian is given by

A~

~ y - - -
Hic.=H+ 7(—"1 Y2Y3Py, +Y2Y1Y3Py, +Y1Y2Y4Py,

7

— Y)Y, Y4Py, + Y3Y4Yq Py, — {/3Y4Y2PY1

— 1?4Y3Y] Py, +Y4Y3Y2Py1). (2.18)

Here, H is the light-cone Hamiltonian of the undeformed theory.
Considering Legendre transformation and solving the equations of
motion for Py, and Pz, we finally obtain the gauge fixed bosonic
Lagrangian

>

1 jd 2 1—> - 1 -
Lej.= 502042~ 22V 74 2o, ¥"-91¥

10 - .

_EYT.Y—V(Y,Z), (2.19)
with Y = (Y,3, Y,3, Y5i, Yy3) defined by
Y,i =Y1+iYs, Y5 =Y3+1iYy,
Y, =Y3—iYs,  Y,y3=Yi—iYs (2.20)
The potential term is

1

V= m[(Yn Yy3 +Y13Y5) (206 Y1190 Vo3 + 206 Y1396 Y i

+(3:2)* 4+ (36 2)%) — Z2(9: Y130 Yoi + 8 Y110 Y5
+ 30 Y1306 Yai + 0 Y1100 Va3 + 2(35 2)?) ]

14
= = [Y1i Y1300 Y2300 Yoi — Y1i Y 1397 Y500 Yo

4/
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+Y13Y5i00Y 500 Yy5 — YqiY,i00 Y5500 Yy
+Y5Y5500 Y5500 Yqj — Y15Y5500Y1i00 Yy
+Y5iY550: Y106 Y5 — YyiY530r Y 500 Yﬁ]. (2.21)

To compute the worldsheet S-matrix, we need to consider decom-
pactification limit P_ — oo in which worldsheet parameter space

changes from cylinder to plane after rescaling o — %U. Here,

P_ has appeared in the integration bound for o due to light-cone
gauge fixing.

2.3. Tree-level scattering amplitudes

The string worldsheet S-matrix can be straightforwardly com-
puted from the gauge fixed action (2.19). In the leading order of
% we define T-matrix by

2im
S=I+—=T.

VA
We need to compute additional contribution to T from p-de-

pendent part of V which contains only Y. In terms of mode ex-
pansions [30]

(2.22)

ylio, 1)
P [1i —i(wT—po) 12, i2 Il pl(@T—po)
= [ ——[a""(pe +e'%e%a(p), 1.
2. /wp
(2.23)
Y2, 1)
D 12 —i(wT—po) 12 21 T pl(@T—po)
=[] ——]Ja e € a
/ZJan[ () + () ].
(2.24)
Yii(o, 1)
dp 22 —i(wt—po) T i(wt—po)
=/%[euei;a (p)e +a(p);;e ],
(2.25)
Yi3(0,7)
dp 21 —i(wt—po) T i(wt—po)
=/2m[612621a (p)e +a(p) ;e ],

(2.26)

the p-dependent part of T-matrix is

[ dpdp’ P N /
Ty =7 [ ol [(@p ~ o/ p)awla(p)ia®)sia(p ),y

— (wp' —@'p)ap)a(p’

) )i sap)ia(p), 5
+ (0p' — o'p)ap)sa(p);
) )

a(P)zza( )12

— (op = &' p)ap);a(p)sia(p)y3a(p')i]- (2.27)
Here, w = /p? 4+ 1 and the kinematic factor [31]
1
Alp,p)=——. 2.28
(p-P) = = (2.28)

One can notice that the scattering amplitudes depend on y
only in YY to YY process. Explicitly, only non-zero elements of
the T, are

/

‘Y11(P)Y12(p/)>
y ‘Yli PY5i(p))=
5(p')) =

/

5(p
i(p
' +y|Y22(p)Y]2(p
T?|Y22(P)Yzi( )= =7[Y2()Y2i(p)).

Now, we consider the strong coupling limit of the exact twisted
S-matrix to compare with the above tree-level amplitudes. In this
limit, we can expand the twisted matrix F for small 8 =y /v/A>

)
)
)

)
)
)
)

(2.29)

2wy r r
F=e vx I+ 2mwiy > (2.30)
( Y
with I' defined in (1.1) as well as the twisted S-matrix
2r T
G114 2mi 74D (2.31)
VA

where T is the undeformed matrix elements. Because the elements
of the twisted S-matrix (1.1) can be written as
Sij = FiSkFxj = Fi8ySiFidkj = FiFjSij. (2.32)

only amplitudes which are deformed in two-boson to two-boson
scatterings are

QDD _ oy etigid  gh@h _ gty 12 il
Sabas =€ 7SuSH Sahen =€ Si
CODAD _ iy 21t c@@D _ oy 223
Sanan=¢7SnS5 Sghai =€ SuSh (2.33)

This matches with (2.29).
On the other hand, we can get the twisted boundary conditions
for Y from (2.9)

27ip Ja
—2miB 1

Y1i(H7 P/ /Y i (—P_/Vh) =e
Y 3 (+T P_/NA) /Y 5(~TP_/VA) =e
Yos(+ P /N/0) /Y (= P_ /o) = >,

Yy (FTP_ /) /Y 3(—T P /o) = e 2T,
which also agree with (1.2) with y3 =y, =

(2.34)
B and J1=].

3. Weak coupling regime: Spin chains

The spin-chain Hamiltonian corresponding to the one-loop di-
latation operator of the g-deformed SYM was first studied in [14,
32]. Later, more general integrable deformation was investigated
in [25]. In this section, we compute S-matrix from the spin-chain
Hamiltonian using the coordinate Bethe ansatz. For simplicity, we
only consider three-state spin chain which is the simplest sector
with nontrivial dependence on the deformation parameter.

The one-loop dilatation operator for the three-state operators
Z, X and Y is given by [14]:

L
H=) [-e"P(Eo Ep' + ERLEST! + EboEgh')
i=1
i pitl i+1 i +1
+ (EqoETS +E’ E% +E‘22560)
i pitl +1 i pitl
+ (E11Egp + Eb EN T+ L ENY )]- (3.1)

Here, the indices 0, 1, 2 stand for Z, X, Y fields, respectively and
the matrix Egp is defined by Egp|c) = |a)dpc. This Hamiltonian is

3 Originally, Lunin-Maldacena background was defined for small g.
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integrable because it can be obtained from Drinfeld-Reshetikhin
deformation of SU(3) R-matrix. For our purpose, it is more con-
venient to introduce a position-dependent unitary transformation
[14]:

2mipn 2mipn

[n)o — In)o, [n)1 —e

n

with |n)g=|---00400--) (@=0,1,2),

In)q, [n)a — e~ )2

(3.2)

for one-particle states; these phases are multiplied for multi-
particle states. Under this transformation, the Hamiltonian be-
comes

H=

(B gt B+ Bl
1
— (EjoEqr! +e P EY BN + gy ESpY)

+ (EQETY" + Efy ESS' + Eb,EQNT)

L

+ (EvEgy + EpEYy + EgoEb')] (33)
along with the twisted boundary conditions
IL+1o=11)o, [L+1)1 =€),
IL+1)2 =e™PH[1),. (3.4)

To apply the coordinate Bethe ansatz, we define an one-particle
state

L
W)= eP"n)e (@=1,2).
n=1

Acting the Hamiltonian (3.3) on |¥), we get the dispersion relation

E(p) = 4sin? g. (3.5)

Now we consider the two-particle scattering amplitudes. One can
find easily that the S-matrix between two particles of the same
type is same as SU(2) case, namely

1
-, uk=—cot&.
1—Uy —1 2 2

For the two-particle states of different types (a # b), we define
W= ¥
1<m<ne<L
P12(n1, n2)
= A12(p1, p2)e' P1MIFP2) 4 Agy(py, py)el PRI,
®71(n1,12)

= A21(p1, p2)e' PP 4 Ay (py, py)elP2mtPIn),

1—ux+i

s(p1,p2) = Z (3.6)

{®12(1, n2)Inq, n2)12 + P21(n1,n2) 1, N2)21},

(3.7)
where

np ny

¢
111, 12)ap = | --00 & 00---00  00---). (3.8)

In terms of these amplitudes we can define the S-matrix by
(Au(pz,p])): F(p2,p1) E(P2, p1) _<A12(p1,pz))
A21(p2, p1) t(p2, p1) T(p2,p1) A21(p1.p2) )

(3.9)
From the eigenvalue equation H|¥) = E|¥), we obtain

0= A12(p1. p2)e?? (1 — e~ P2 — 1)
+ A12(p2, p1)eP1 (1 —e Pt —eP2)

+e 56 A31(p1, p2)e®? + e P Ay (p2, pr)e®,  (3.10)
0= A2 (p1, p2)e2 (1 —e™2 — )
+ A21(p2, pr)ePt (1 —e Pt — eP2)
+ €58 Ao (p1. p2)e? + e8P Ayy(pa, pr)eP,
with E = E(p1) + E(p2). (3.11)

From the above equations we can determine transmission and re-
flection coefficients as below:

F(p1, p2) =T (p1, p2) = ———,
up —uz—1

~ up —up 67i
t(p1.pa) = ———€"F,
up—uz —1
Uy — U2 _ggi
e Gmf}’

: (3.12)
U1 —uUz —1

t(p1,p2) =

and the twisted S-matrix for deformed three-spin states is given
by

s(p1,p2) 0 0 0
- 0 t(p1.p2) F(p1.p2) 0 313)
spin 0 F(P1,p2) f(m,pz) 0 .

0 0 0 s(p1.p2)

The S-matrix (3.13) agrees~with the weak coupling limit of the

exact S-matrix (1.1) except £, f. This discrepancy can be attributed
to the frame factors assigned differently for spin-chain and world-
sheet scatterings which happens also for undeformed case [4,24].
For the B-deformed case the S-matrices for the SU(3) sector are
related by

Sstring = U(P1) - Sspin - U(p2) ™", (314)
where the frame factor U(p) is given by
elPe2mhi 0 0 0
0 elPe—2mpi 0 0
Up) = 0 0 eipe_zj-[ﬁi 0 (315)
0 0 0 elPe?mhi

It is straightforward to check §Smng agrees with A — 0 limit
of (1.1).

4. Conclusions

In this Letter we have computed worldsheet and spin-chain
scatterings of the S-deformed SYM in the leading order to check
validity of the proposed exact S-matrix and boundary conditions.
For the strong 't Hooft coupling regime, we used the light-cone
gauge fixed Lagrangian in the TsT-transformed background. We
also computed weak coupling S-matrix based on SU(3) spin-chain
Hamiltonian. We have shown that these perturbative results match
with the exact conjectures.

Here, we have considered only boson to boson scatterings in
the leading order. It will be interesting to extend the checks to
fermions and the higher-loop order. It will be also interesting to
investigate whether our simpler background of the AB-deformed
theory can be more useful in finding concrete string solutions or
higher correlation functions.
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