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ABSTRACT: We consider open spinning string solutions on an AdS, x S%.-brane (D5-brane)
in the bulk AdSs5 x S° background. By taking account of the breaking of SO(6)r to SO(3)y x
SO(3)v due to the presence of the AdS-brane, the open rotating string ansatz is discussed.
We construct the elliptic folded/circular open string solutions in the SU(2) and the SL(2)
sectors, so that they satisfy the appropriate boundary conditions. On the other hand, in
the SU(2) sector of the gauge theory, we compute the matrix of anomalous dimension of
the defect operator, which turns out to be the hamiltonian of an open integrable spin chain.
Then we consider the coordinate Bethe ansatz with arbitrary number of impurities, and
compare the boundary condition of the Bethe wavefunction with that of the corresponding
open string solution. We also discuss the Bethe ansatz for the open SL(2) spin chain with
several supports from the string theory side. Then, in both SU(2) and SL(2) sectors, we
analyze the Bethe equations in the thermodynamic limit and formulate the ‘doubling trick’
on the Riemann surface associated with the gauge theory.

KEYWORDS: [Bethe Ansatz, D-branes, Conformal Field Models in String Theory]
[AdS-CFT Correspondencd.

© SISSA 2006 http://jhep.sissa.it/archive/papers/jhep012006112/jhep012006112 .pdf


mailto:okamura@hep-th.phys.s.u-tokyo.ac.jp
mailto:takayama@het.phys.sci.osaka-u.ac.jp
mailto:kyoshida@post.kek.jp
http://jhep.sissa.it/stdsearch
http://jhep.sissa.it/stdsearch

Contents

=

(V]

=

Introduction

Open spinning strings

The coordinate system

String sigma model action of open string on AdS, x S?
Rotating string ansatz and sigma model charges

One-loop string energy and ratio of spins

EEEREE

Spectroscopy of one-loop energy via ratio of spins

Open integrable spin chain from dCFT: perturbative calculation
B One-loop analysis of SU(2) sector

Coordinate Bethe ansatz
k.1 Open SU(2) chain
E.2 Open SL(2) chain

Scaling limit of open Heisenberg chain

Doubling trick in gauge theory

Riemann-Hilbert problem

One-loop anomalous dimension and filling fraction
Endpoints of Bethe string

Rational limit in gauge theory

SU(3) sector

EEEEEE

Conclusion and discussion

[Al. Elliptic solutions for higher loops

A1 Bethe ansatz for higher loops

A2 Anomalous dimension formula at the three-loop level

. Elliptic integrals and elliptic functions

B Complete elliptic integrals
B-3 Jacobi elliptic functions

B-J Some useful integral formulae

1]

B Eloomm

FEEEEEE EEE

FREE [E

EHEERE




1. Introduction

Now we have a laboratory to check the AdS/CFT correspondence [IJ] in a non-BPS region
by considering a large spin limit []—[]. In this story, the classical rotating string solutions
with energies analytic in the 't Hooft coupling divided by the large-spin [} (for a review,
see [{]) correspond to composite operators with definite scaling dimensions in a super Yang-
Mills (SYM) theory. The diagonalization of the matrix of anomalous dimension can be
performed by using the Bethe ansatz because it is remarkably represented by an integrable
spin chain hamiltonian [f].

This type of AdS/CFT duality in the non-BPS regime is investigated in each of sub-
sectors of the full superconformal group P SU(2,2[4), which is closed under the opera-
tor mixing. The SU(2) [Id-[2], SL(2) [, L3-[id], SU(2|3) [[7, [[§ sectors as well as
PSU(2,2|4) [1] are completely closed under the operator mixing. The SO(6) [€], [[d] and
SU(3) sector [, L9, has been shown to be closed under the one-loop renormalization.
In particular, the SU(2) sector has been well studied. The higher-loop contributions are
discussed in [T, 7], and the full-loop Bethe ansatz is also proposed in [P3]. In both the
BMN (near-BPS) and the Frolov-Tseytlin (far-from-BPS) sectors, the results of the per-
turbative computation in the SYM side have seen a remarkable agreement with those in
the string side up to the two-loop level, and the disagreement appears from the three-loop
level.

On the other hand, the classical integrability of type IIB superstring on the AdSs5 x
S® [BJ] plays a key role in the correspondence [R4]. The matching of the spectra and the
integrable structures between the string sigma models and the spin chains are confirmed
up to and including the two-loop effects in some cases [R5 (See also [P4]). It is possible to
capture the corrections of the half-integer powers of the 't Hooft coupling by investigating
the integrable supercoset model OSp(2m + 2|2m), which gives the classical string equation
of motion in the SU(2) sector in the classical limit [27).

It is an interesting problem to generalize the correspondence to the open string cases,
and indeed the concern with this topic has been growing. In order to consider the open
string sector, we need to insert some D-branes or orientifolds in the bulk AdSs x S®. One of
such examples is the D3-D7-O7 system, for which the AdS/CFT duality in the near-BPS
region is studied in [29, BJ, and in the far-from BPS region in [B]-B4]. Another example is
the open strings on giant gravitons, for which the duality in the near-BPS region is studied
in By, and in the far-from BPS region in [B7, BY. In addition, a set of long-range
Bethe ansatz equations for open quantum strings on AdSs x S° are presented and indeed
diagonalized in bosonic SU(2) and SL(2) sectors in the near pp-wave limit in [BY].

Except the cases mentioned above, the AdS, x S? case is interesting to study. In this
paper, we consider open strings on the AdS, x S2-brane (D5-brane) in the AdS5 x S°. This
setup is proposed by Karch and Randall [i(J]. This AdS-brane leads to a three-dimensional
defect in four-dimensional Minkowski spacetime. The 3-5 strings supply defect fields which
couple to N' = 4 SYM fields. The presence of the AdS-brane breaks the isometry (4D
conformal x SO(6)r symmetry), SO(2,4) x SO(6) — SO(2,3) x SO(3)u x SO(3)v , where
the SO(3)i denotes the isometry of the S? part of the AdSy x S? and the SO(2,3) implies



the three-dimensional conformal group. The theory on the defect is superconformal and
the action has been constructed by DeWolfe-Freedman-Ooguri [[t]]. The superconformality
in the non-abelian case has been shown in [[iJ]. The BMN operator correspondence for open
strings in this setup has been shown by Lee and Park [J]. Then the anomalous dimension
matrix for the defect composite operators consisting of SO(6) scalars has been computed
by DeWolfe and Mann [[f4], and it is represented by an integrable open SO(6) spin chain
hamiltonian. In our previous works we concentrate on the SO(3)y sector by truncating the
SO(6) sector. In [iF], the matching at the level of the effective action is shown by using a
coherent state method [ig] (For a review of the effective action approach, see [{7]). In [Ag],
by focusing upon the open pulsating string in the SO(3)y sector, the agreement between
the energy and the anomalous dimension has been shown at the two-loop level. It has also
been shown that the discrepancy starts from the three-loop level. In the gauge theory side,
the ‘doubling trick’ has been discussed on the Riemann surface. The doubling trick also
works well for the energy of the open pulsating string solution.

We continue to consider the large-spin limit of the AdS/dCFT correspondence that
has been discussed in [, i§]. In this paper we discuss rotating string solutions in the
holomorphic sectors such as the SU(2) and the SL(2) sectors, rather than non-holomorphic
sectors such as the SO(6) and the SO(3)y sectors. Recall that the SO(6)g symmetry is
spontaneously broken to SO(3)xSO(3)y . Then the four-dimensional conformal symmetry
SO(2,4) is also broken to the three-dimensional conformal symmetry SO(2,3) .

Firstly, we propose the rotating string ansatz for the open string case and specify the
boundary conditions to be satisfied. As such open string solutions, we found an elliptic
folded and an elliptic circular solutions in the SU(2) sector, including a rational circular
solution as a limiting case of the elliptic circular one. In the SL(2) sector, we found an
elliptic folded solution. We also discuss the generic formulae for the one-loop string energy
and the ratio of two spins, both in the SU(2) and the SL(2) sectors.

Secondly, we discuss the SYM dual for these solutions. In the SU(2) sector, we compute
the matrix of anomalous dimension of the corresponding defect operators. It is shown to
have the same structure as the hamiltonian of an open SU(2) integrable spin chain. We
use the coordinate Bethe ansatz, and discuss the Bethe wavefunction on the open spin
chain. The boundary condition of the resulting Bethe wavefunction turns out to be the
Dirichlet one, that is fairly consistent with the boundary condition for its string dual whose
endpoints sit on the D5-brane.

We also comment on the SU(3) sector. In contrast to the closed string case, in both
the string and the gauge theory sides, the SU(3) sector is not closed even at the one-loop
level in our setup,

This paper is organized as follows: in section f] we discuss a rotating string ansatz for
open strings in the SU(2) and the SL(2) sectors and find solutions satisfying the boundary
conditions supplied by the D5-brane. In section B we compute the matrix of anomalous
dimension of the defect composite operator in the SU(2) sector. The result is represented
by an open spin chain hamiltonian with integrable boundaries. In section ff we perform
the Bethe ansatz via the coordinate approach, obtaining the Bethe wavefunction and the
dispersion relation with arbitrary number of impurities. Then we discuss the boundary



condition for the wavefunction, and compare with that for the open string solution in the
string theory side. In section [J we consider the elliptic solutions for the open spin chain,
which can be obtained from the symmetric two-cut solutions of the closed spin chain case
via the ‘doubling trick’ technique. This technique is formulated and presented to give the
halved version of the ‘double contour’ and the ‘imaginary root’ solution, which are well
explored in the closed chain case. These solutions for the closed cases are ‘opened’ to give
the elliptic solutions of the open spin chain associated with our dCFT setup. We then
solve the Bethe equation in the scaling limit, obtaining a generic formulae for the one-loop
anomalous dimension and the filling fraction, as well as the endpoints of the Bethe strings.
Section [ is devoted to a conclusion and discussions. In appendix [J] we solve the Riemann-
Hilbert problem in the elliptic sector, and present a generic formula for the anomalous
dimension at the three-loop level. Some basic of complete elliptic integrals and the integral
formulae are also summarized in appendix [B

2. Open spinning strings

We are interested in open rotating string solutions. To find them we consider the holo-
morphic sector, rather than non-holomorphic sector where pulsating string or rotating
pulsating string solutions are allowed. In the open string case, the presence of D-branes
leads to a spontaneous symmetry breaking, and so we need to take account of it into the
rotating string ansatz. As a matter of course, boundary conditions should be also satisfied.

First we will fix the coordinate system that is available in our setup. Then rotating
string ansatze are proposed both in SU(2) and SL(2) sectors to find open rotating string
solutions with two spins satisfying the boundary conditions. In the SU(2) sector, we will
find the elliptic folded, the elliptic circular and the rational circular open string solutions.
In the SL(2) sector, on the other hand, the elliptic folded string solution is allowed.

2.1 The coordinate system

We consider the near-horizon limit of the D3/D5 system. The AdS/CFT study for this
system has been developed in [@, @] The probe D5-brane lives on an AdSs x S? subspace
of AdSs x S, and the spacetime coordinates occupied by these branes are as follows:

‘ rog 1 T2 X3 X4 X5 T L7 g X9
D3|o O O x X XX O X X X
D5\ o O O O O O %X X X X

Then the near-horizon geometry is described by the coordinates (tnm,y) = (20,21, x2),
x = zg, u (radial coordinate) and the five angles (¥, ¢, ¢, x,¢):

x3 =wucos WV sin¢ cos p, x4 =ucos W sin ¢ sinyp, x5 = ucos W cos ¢,

x7 = usin ¥ sin x cosg, xg = usin ¥ sin x sing, x9g =usin ¥ cos x . (2.1)

In this setup the D5-brane sits at x = ¥ = 0, filling the AdS, defined by the coordinates
w, tum, ¥ and wrapping the S? parameterized by ¢ and ¢ . The metric for the near-horizon



geometry in this coordinate system is

du? . S
dsias, = R’ [F +u?(=diyy +dy® +da?) | g= (), (2:2)
ds3s = R? [d\lf2 + cos? W (dqu2 + sin? gbdgpQ) + sin® ¥ (d}(2 + sin? x dgz)] , (2.3)

with R* = 4na/?gsN .

We should remind that the physical target-space interpretation of the solutions depends
on a particular choice of the coordinates. As is the case with the closed string, for our
purpose to study the open strings on the AdS, x S?, the following global coordinate system
is useful:

Y, +iYy = 51 = sinh p cosf i1 , X| +iXo =1 1 = sin~y cos el (2.4)
Y3 + 1Yy = s9 €2 = sinh p sinf e'? X3+ iXy=rpe?? =siny singe®?,  (2.5)

Ys +iYy = spe’ = coshpe' . X5 +1iXg =r3e' = cosye'¥?.

Here Yp (P =0,...,5) and X3y (M =1,...,6) are the embedding coordinates of AdSs
and S°, respectively. For this coordinate system, the metric of the AdSs x S® is written as

dsids5 = R? [dp2 — cosh? pdt? + sinh? p (d@2 + cos? 0 d¢? + sin” 6 dgb%)] , (2.7)
ds§5 =R? [d72 + cos? v dp? + sin® v (d¢2 + cos? 1 dp? + sin? 1) dgpg)} (2.8)

for the AdS5 and the S® part respectively.

Now let us see where the D5-brane is sitting in the present coordinate system (P.7)
and (2-8). Note that the metric (2.9) can be obtained from (£.7) by the following transfor-

mation,

Y =iuty, Y; = uat where 2! = (§,z) (i=2,3,4), (2.9)

) 1
Yo = 21[1—u2(1—f2+t§4)], Y = —[1+u2(1+f2—t§4)], (2.10)

U U

which is embedded in the six-dimensional flat space,
4 4
ds®> = R? (—dY02 —dY2 + Zd}ff) with Y@ +Y7 - ¥V =1. (2.11)
i=1 i=1

Thus in the AdS space, we may take the position of the D5-brane as ¢o = 0 without loss
of generality. In the S® part, we may identify the location of the brane as ¢ = 3 = 0.

Finally, the metric of embedding space of the AdS; x S? where our D5-brane (in the
near-horizon limit) lives is given by

dsids4x82 = R? [d,o2 — cosh? pdt? 4 sinh? p (d92 + cos? 6 dgb%) + dvy? +sin? dgoﬂ .
(2.12)



2.2 String sigma model action of open string on AdS; x S?

The string sigma model for an open string is given by

S = @ /dT/ d?O' [LAdS5 + ‘CS5] , (2.13)
0

where R?/a/ is rewritten in terms of the 't Hooft coupling A via the fundamental relation
of the AdS/CFT correspondence, R*/a’? = Ng? = ), and the lagrangians for the AdSs
and the S° are given by

1 1~
Lads; = —577PQ(%YP(9GYQ + 51\ (UPQYPYQ + 1) ; (2.14)
1 1
[,55 = —gaaXMaaXM + §A (XMXM — 1) . (215)

The index a denotes the world-sheet coordinates (7, o) and n©'? = (=1, +1, +1, +1,+1, —1).
The functions A and A are the Lagrange multipliers which depend on 7 and o. As in the
closed string case, we use the usual conformal gauge and so the action (B-.IJ) is supple-
mented with the Virasoro conditions to ensure the vanishing of the total two-dimensional
energy-momentum tensor:

e <YPYQ + Y];Yé) 4 Xy Xar + XX, =0, (2.16)
n"eYpYH + Xy X =0, (2.17)

where the dot and the prime denote 9, and 9,, respectively.
We can obtain the sigma model charges as

VA [T do : : VA [T do : :
Spq = 7/0 - (YPYQ_YQYP) , Jun = 7/0 — <XMXN—XNXM)- (2.18)

The only difference from the closed string case is the range of o, which now runs from 0
to m. Then the AdS energy E, the AdS spins S; and So, and the S° spins Ji, Jy and J3
associated with the shifts of ¢, ¢1, ¢o2, w1, 2 and 3, respectively, are given by

E:S50:\/X5, 512512:\/X31, 52:5'34:\/X52; (2.19)
N=Ji=VAT, J=Ju=VAT, J3=Jx=VAJT;, (2.20)

Now we consider the boundary effects. The action (R.13) has an SO(2,4) x SO(6)
global symmetry, but it is spontaneously broken to SO(2,3) x SO(3)g x SO(3)y due to
the presence of the AdS-brane. We remark that the charge densities of Sy, Jo and J3

should vanish at the boundaries. Here we should also comment on the three-dimensional
conformal group SO(2,3). The four-dimensional conformal group SO(2,4) is generated by

1 1
SMV:MHV’ Su4:§(Ku_Pu)a Su5:§(Ku+Pu)’ Ssa =D, (2.21)

where pu, v = 0,1,2,3. The generators M, , P,, K, and D are representation of 4D
rotation, 4D translation, special conformal and dilatation respectively. One can identify



the standard spin with S; = Si2 = Mjs2, and the second (conformal) spin with Sy =
S3q = %(Kg — P3). The conformal energy is the rotation generator in the 0-5 plane,
i.e., the AdS energy £ = Sp5 = %(KO + Py). As we have mentioned above, the four-
dimensional conformal group (dim(SO(2,4))=15) is spontaneously broken to the three-
dimensional conformal group (dim(SO(2,3))=10). Concretely speaking, S34 and Ss5 as
well as Mps, Mis, Mss are broken. In particular, the broken Ss4 and S35 imply the
broken P3 and K3. As a result, S is also broken. These results reflect the vanishing ¢, on
the AdS-brane.

The crucially different point is, as compared to the closed string case, that the open
strings on a D-brane (without coupling to a gauge field on the brane) should satisfy either
Neumann or Dirichlet boundary condition at their endpoints. Since the D-brane sits on
¢o = 0 in the AdS5 and 1) = 3 = 0 in the S® as we have already mentioned, the angular
variables ¢, ¥ and @3 should vanish at both ¢ = 0 and =:

¢o(T,0) =0 and W(r,0)

o=0,7

—0. (2.22)

o=0,m

o=0,7 B @3(7—70’)
We are interested in classical solutions of the sigma model ([.13) satisfying (P.23) .

Here recall that an open string is reduced to half of a closed string via the doubling
trick. If we find open string solutions, then those may be related to the solutions of the
closed string sigma model via the doubling trick. But the inverse argument does not hold
generally. All of the closed string solutions do not lead to open string solutions. Some
of the closed string solutions can be ‘opened’ to satisfy the boundary conditions (R.23)
and others not. We argue that if and only if the folding number of the folded string or
the winding number of the circular string takes an even integer value, such closed string
solutions can be split into two open string solutions in our brane setup. This condition
for the doubling trick to work can also be found in the gauge theory side. We will make a
sufficient argument on this point later in section p.1].

2.3 Rotating string ansatz and sigma model charges

We are interested in the string solutions whose energy can be expanded regularly in powers
of A/J%. They can be obtained by imposing appropriate ansatz on the string sigma model
action.

Field equations and Virasoro constraints

In the elliptic sectors where the angular variables ¢, and ¢; depend only on 7, the original
AdSs x S° Neumann-Rosochatius system reduces to the sum of two Neumann systems,
namely one for the AdS5 and the other for the S° [§]. Then the equations of motion in
terms of the global coordinates completely decouple into two Neumann systems; one for
the (p, 0)-system,

for p, p” —sinhp coshp (/@2 + 60" — wcos? § — w3 sin® ) =0, (2.23)
for 6, (sinthG'), —( — w%) sinh? p sinf cosf =0, (2.24)



and the other for the (v, )-system,

for ~, 7" —siny cosvy (w§ + 9% — wi cos® i — w3 sin’ 1/)) =0, (2.25)

for 1, (sin2fy¢/)/ — ( % — w%) sin®~ sin cosy =0. (2.26)

Coupled as above at the level of the field equations, those four angular variables are subject
to one nontrivial Virasoro constraint,

p'? — k? cosh? p 4 sinh? p (9/2 + w? cos? § + w3 sin® 9)

+ "% 4 w3 cos® v + sin? (¢’2 + w? cos® Y + w3 sin® Y)=0. (2.27)

In both SU(2) and SL(2) sectors, there is a rotating string solution called a folded
string, which has a topology of an interval. The folded string in the SU(2) sector and the
one in the SL(2) sector are related via an ‘analytic continuation’ of global coordinates, as
we will see below. In the SU(2) sector, there is another kind of elliptic solution known as
a circular string which has a topology of a circle, and it generally winds around the great
circle of the S°. This circular solution includes a rational circular solution as a certain
limit.

In the following, we will see each of the solutions in turn.

Elliptic folded/circular open strings in SU(2) sector

The elliptic folded open string in the SU(2) sector is stretched in the -direction within the
equator v = 7/2 of S® and rotates around its collocated endpoints with angular momentum
(or ‘spin’) Jo. The endpoints move along another orthogonal great circle of S° with the
spin Jj.

On the other hand, the elliptic circular open string wraps around the equator v = /2
of S5 In this circular case, two endpoints have the 1)-coordinate in common at ¢ = 0,
which is the location of the D5-brane in S°, whereas the ;-coordinates may be different
between them, thus it can be distinguished from the elliptic circular closed string.

The rotating string ansatz for both types of the elliptic strings (folded/circular) in the
SU(2) sector is as follows:

AdSs side: p=0, 6=0, ¢ =0, P2 =0, t = k7] (2.28)
S5 side: Wzg, Yv=vY(0), p1r=u1T, p2=waT, 3=0. (2.29)

This ansatz is endowed with the following boundary condition,

P (0) =1 (m) =0, (2.30)

instead of the periodic condition of the closed case. With the ansatz (R.2§), the AdSs- and
S5-charges become

81=O, 82:0, €=Ii; (2.31)

d T d
T =w1/ = cos ¢, Jo =w2/ = sin ¢, J3=0. (2.32)
o ™ o T



(]

Integrating the field equation (R.2€) once, we obtain
P = (w% - w%) (C - sin? Y) (2.33)

where C is an integration constant. The arguments we have held so far are valid for both
folded and circular string solutions; the topology of the open string depends completely on
the value of C.

Let us first see the 0 < C < 1 case. In this case we can set C' = sin?1)y. Then

from (R.33), we obtain

) = :I:\/(wg - w%) (sin2 o — sin? ¢) , (2.34)

where we assumed |wsy| > |wy|. This is an elliptic folded open string folded in the interval
¥ € [0,19]. The charges are calculated by using the condition (R.34)) as

w Yo ondo | cos2i(o : .
{?; } - {’U); } /0 & Wd { sin2 :ﬁéo_i }/\/(w% - ’w%) (SID2 Py — sin? 1)[)(0')) . (235)

which can be expressed via complete elliptic integrals of the first and the second, as we will

see in section P.4. Here the integer n counts how many times the open string repeats the
period ¥ = 0 — 19 — 0. For example, the folding number 1, 3/2, 2 corresponds to those
have the shape of “>", “Z”, “¥”, respectively. Hence the n-folded open string consists of
2n segments. For example, when n = 1, ¥(0) increases from 0 to 1y when o increases from
0 to /2, and then decreases back toward i) = 0 when o goes on to w. This is just the
half trajectory of the closed string case. The radial coordinates for an elliptic folded open
string in the SU(2) sector are given by

r1(o;n;x) = cosv (o) = dn<2?n K(l-2)o,1- x) , (2.36)

ro (o;n;x) =siny (o) = V1 — xsn(% K(l-2)o,1- x> , (2.37)

(a) (b) (©)

Y= ¢, =0
(B.C))

Figure 1: Open spinning string solutions in far-from-BPS (Frolov-Tseytlin) sector; (a): elliptic
folded open string in the SU(2) sector, (b): elliptic circular open string in the SU(2) sector, (c):
elliptic folded open string in the SL(2) sector. Here “B.C.” stands for the boundary condition.



where o runs from 0 to 7. Here = € [0, 1] is the elliptic moduli for the folded string which
has the following geometrical interpretation,’

x = cos® 1y, (2.38)

where 9 is the maximum value of ¢ for the folded string in S°.
On the other hand, an open elliptic circular string appears when C' > 1. In this case,
the radii are given by

r1 (o;n;y) = cos (o) = CH(Q%L K(y) o, y> , (2.39)
ro (o;n;y) =siny (o) = sn<2?n K(y) o, y) , (2.40)

with y € [0,1]. This time the elliptic moduli y controls the distribution of the energy
density in the open string, and the integer n counts how many times the open string winds
around the equator of ¥ = 0 in the ¢-direction. As is obvious from (R.39) and (2.4d), only
even-n cases can satisfy the B.C. (R.3() for our open strings. We also note that the position
vector 7= (r1,r2) for both the folded and the circular strings are invariant under the shift
o — o + 7 for the even-n cases, which we can see from egs. (B.14)-(B.16)).

Clearly, in both folded and circular cases, the doubling trick in terms of the energy-spin
relation reads

o o 1 C C C o .
5o (N7 5) = Soi0 (7, 1) I =20 (i=1,2), (241)

where the sub- and the super-scripts “c” and “o” indicate the charges of closed and open
strings, respectively.
Rational circular open string in SU(2) sector

A rational circular string appears in the limit y — 0 of the elliptic circular string:

(r1 (osm3y), ro (03n5y)) — (cosno, sinno) . (2.42)
y—)

Obviously, only for even n, this solution makes sense as an open string satisfying the
boundary condition (P.30)). This type of string solution can be also realized as the equal
two-spin limit of the so-called ‘constant radii’ (r; = const.) solution in the SU(2) sector via
a global SU(2) rotation, see the arguments below (R.6().

Elliptic folded open string in SL(2) sector

In the SL(2) sector, we consider the following two-spin ansatz:

AdS; side: p
S5 side: y

SIS

(o), 0=0, ¢1=wiT, $2=0, t=r7;  (2.43)
; Yp=0, @r=wiT, p2=0, p3=0. (2.44)

!Our definition of x is related to the moduli ¢ used in [E] by the relation x =1 — q.

,10,



With this ansatz, we can construct the elliptic folded open string which is stretched in the p-
direction of AdSs and rotates around its collocated endpoints with spin S;. The endpoints
also move in the S® side with the spin .J;, along one of the great circle. In contrast to the
SU(2) case, the boundary conditions supplied by the D-brane are automatically satisfied
within the ansatz (2.44). The charges in this sector are given by

S = wl/ d_a sinth (=9S5), Sy =0, &= H/ d—g costh; (2.45)
0o T o T
Ji=w (EJ), J2=0, J3=0. (2.46)

These charges can be written in terms of the moduli z € [1,00), which indicates the

maximum value of p (which we denote pp) by the relation
x = cosh? py . (2.47)

One important observation [, [[T] is that, when we reduce the equations of motion and
the Virasoro constraints according to our ansatze for the SU(2) (2.2§) and the SL(2) (R.44)
sector, they map to themselves via the following set of transformations,
SL(2): p w1 K w
r 1 r1 . (2.48)
SU(2): i —wy —w; —kK

This can be regarded as a kind of ‘analytic continuation’ between the two metrics (R.7)
and (2.§). We can see that the charges in the SL(2) sector are related to those in the SU(2)
sigma model via the following analytic continuation:
SL(2): S1 E N
1 R (2.49)
SU(2): T2 = €

Note that, in this SL(2) sector, the p-coordinates do not have to start with or end with
p =0 as ¢ increases from 0 to 7, but we impose these constraints, so that the open string
approaches point-like (BPS) string in the limit S — & — 0.

2.4 One-loop string energy and ratio of spins

In the string theory side we expand the classical energy in powers of A divided by the
large-spin squared, e.g.,

E(Jl,JQ):J[lJrﬁe()(j)+ﬁe(> )+ (2.50)
with J = J; + J3 for the SU(2) sector, and
A (S Ao (S
E(S,J):S+J[1+ﬁe()<j>+ﬁe(> )+ (2.51)

with S = 57 and J = Jp for the SL(2) sector.
From now on we present the general expression for the one-loop energy ds = ¢ /J,
and then reduce it to obtain a particular string solution such as folded and circular strings.
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Generic form

The ‘ratio-of-spins’ and the one-loop (in \) string energy of the generic elliptic open string

can be written as
oy () = 22 +§Ef>(:1§21__i(>1 o)) (2.52)

and
n2\

_m (_
% [E(z) +i(B(1 —2) — K(1 — 1)) (-K(z) +iK(1 —2))], (2.53)

ds (n;x) = K(z)+iK(1 —x))

respectively, where the moduli x of the complete elliptic integrals takes a real value in
[0,1]. Here the ratio-of-spins oy represents the ratio of J» to the total spin J; + Jo for
the (Ji, Ja)-solution in the SU(2) sector, whereas in the SL(2) sector where we consider
(S, J)-solution, it plays the role of the ratio of J to & multiplied by —1.

Elliptic folded open string

Let us see the case of the folded open string solution in the SU(2) sector. The ratio-of-
spins and the one-loop (in A) energy of the elliptic folded open string are obtained from
the generic formulae (R.53) and (R.53) by analytic continuing them past 2 = 0, which lead
to

E(l1 —x)
=1- 2.54
old () K(—2) (2.54)
for the ratio-of-spins, and
n2\
Stold (N5 ) = —mK(l —2)[-E(1-2z)+2K(1 -2z)], (2.55)

for the energy, respectively. When n = 2, the open string repeats the period of ¢ =
0 — 9o — 0 twice, and the energy equals to that of the folded closed string solution
whose 1-coordinate changes 0 — g — 0 — —g — 0 as o runs from 0 to 27. Namely,
Stold (N = 2;1 — ) and agelq (1 — x9) are equal to eq. (2.7) of [LI]].

The folded open string in the SL(2) sector has almost the same expressions as (R.54)
and (2.55), only to multiply an extra minus sign in both the energy and the ratio-of-spins,

Qfold (2) = =1+ % , (2.56)
~ n2
Otold (n;2) = #K(l —2)[-E(1 —2) 4+ zK(1 — 2)] . (2.57)

Again, dgiq (n = 2;1 — x0) and ageiq (1 — xg) are equal to eq. (B.18) and (B.19) of [[].
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Elliptic circular open string

The ratio-of-spins and the one-loop energy of the elliptic circular string are obtained by the
following procedure. First, let us analytically continue the generic function (R-59) and (2.59)
past x = 1, and perform a modular transformation making use of the relations (B.4)-(B.5).

This gives
E@y) - (1 -y K()
circ = 2.58
e (9) e (259)
for the ratio-of-spins, and
2n2\
deire (N3 Y) = 2] E(y)K(y) (2.59)

for the one-loop energy, where the new moduli is related to the old one viay = 1/x € [0, 1].

In this circular case, contrast to the folded case, the integer n counts how many times
the open string winds around the equator. Thus d¢ire (n;y) is equal to the energy of the
closed string solution with winding number n, which is n? times eq. (D.9) of [[L1].2

Rational circular open string

Let us take the rational limit ¥y — 0 in the ratio-of-spins (R.5§) and the one-loop en-

ergy (R.59). We have

1 n?\
Qcirc (y) — 5 Ocirc (’I’L, y)

—— — 2.
y—0 2’ y—0 2J ( 60)

which is known as the ‘simplest circular string’ solution in the SU(2) sector. This solution
can be also realized as the ag — 1/2 limit of the ‘constant-radii string’ solution, which
follows from the following ansatz,

X1 +1Xo=aq ei(w17+n10) R X3 +1X4=ao ei(w27+n20) (261)

with constants a;. The constant-radii solution can be regarded as the rational limit of the
elliptic circular solution when

ny=-ng=n and w) = Wwy. (2.62)

In this case, the constant-radii-string (2.61]) has the same one-loop energy and the ratio-
of-spins as (R.60), see figure [l in the next subsection. In fact, they are related through
a global SU(2) rotation. We can say that the constant-radii solution can be ‘opened’ to
satisfy the boundary conditions (P.30) only when (R.67) are satisfied with an even winding
number n; for unequal two-spin cases, the doubling trick does not work well in general.

2.5 Spectroscopy of one-loop energy via ratio of spins

Let us see how one-loop energy behaves as a function of the ratio-of-spins, for each solution
in turn.? See figures fl and B When a is zero, (x = 1 in terms of the elliptic moduli,) the

“The ratio-of-spins « in eq. (D.9) of [@] is related to (R.5§) via o = 1 — aire.
3We thank K. Sakai for useful discussions on this subject.
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One-loop String Energy

1.0f

0.75¢ i Circular

050 Constant >4

Radii "~ T
o25f S
SUQ) > Folded
: : —t : i : Ratio of Spins
~0.5 025 0.25 0.5 0.75
o SLE2) ~0.25"

Figure 2: One-loop string energy vs. ratio of spins. The one-loop energy s (divided by A/L) for
each string solution is shown as a function of as. Here the folding number for the elliptic folded
open string is n = 2, the winding number for the circular open string is n = 2 and the winding
number for the rational circular open string is n = 2. To obtain an open string solution from a
closed one via the doubling trick, the folding/winding number of the closed string has to be even.

Osola=0.05 Oolq= 0.2 Qsola= 0.4 Osola=0.6
E ‘ } L/ } M
Oeire=0.5 Olcire = 0.6 Ocire=0.7 Oeire = 0.8

OO

Figure 3: Distribution of the energy density of an open folded (upper) and an open circular (lower)

spinning string at various values of the ratio-of-spins. The upper figures represent the folded open
string with folding number n = 1, where the small circles are plotted for o = kx/8 (k =0,...,8).
The lower ones represent the circular open string with winding number n = 1, where the small
circles are plotted for o = kx /16 (k =1,...,16).

folded open string shrinks to a point-like string on the D5-brane where the string energy
does not depend on A, i.e., BPS. As «; increases from zero, the point-like open string
begins to stretch into the w-direction. Starting with the almost point-like (BMN) string
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near z = 1, let us follow the curve of dgq as a function of agyq (‘Folded’ branch) in the
direction of increasing «s,q. The ratio of Jo to J; increases as we follow up the curve.
Then the energy density (or tension) of the folded open string begins, as ay,q approaches
one, to concentrate on around the turning point where -coordinate takes the maximum
value 1g. This fact can be immediately seen from the o-dependence of the radii r; (R.34)
and (2.37), and it may well be considered as the effect of ‘centrifugal force’ associated with
the dominant Jo-rotation. At the critical point x = 0 where agq = 1, the folded open
string can make a transition into the shape of a circular open string if and only if the
folding number is even, say 2n.

Next let us follow the ‘Circular’ branch, which is another branch allowed in the physical
region z < 0 of d5 (2n; ), in the direction of lowering aire. Then the energy density begins
to uniformly distribute all over the open string. In the limit x — —oo where acire = 1/2,
the density takes the same value at any o € [0,7]. In this case, the string rotates with
equal two spins — this is the rational (simplest) circular open string.

Finally let us follow the ‘Folded’ branch where the ratio-of-spins takes a negative value.
This branch corresponds to x € [1,00), and the energy vs. ratio-of-spins curve in this region
represents the elliptic folded open string in the SL(2) sector.

3. Open integrable spin chain from dCFT: perturbative calculation

In this section we discuss the anomalous dimension matrix for the SU(2) sector in the
defect conformal field theory (dCFT). First we briefly review the dCFT. Then we calculate
the one-loop anomalous dimension matrix for the SU(2) sector, which turns out to be an
open SU(2) spin chain hamiltonian with diagonal boundaries.

Let us make a short review on the dCFT [[tI]. The total action of the dCFT is given
by the action of N'=4 SYM,

1 1 —
S/\/’:4 = ? /d4$ TI' {iFy,yFMV — Z.)\a’}/MD“)\a
. 1 . .
+ D, X'DtXT — §[X“,Xb]2 + CLA X, Aﬁ]} . (3.1)

together with the actions for the defect fundamental fields (g, ¥):

S3 = Skin + Syuk + Spot (3.2)
Sin = 73 [d[(D"") D™ — WD) (3.3)
Syuk = 72 / @“P+Aamqm — T Ama PL U + aabxéqfa] : (3.4)
Spot = %/ _mXAXVq +ier kg a XéX ]

70l (DaXE" + (DO T b (35)
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Here the covariant derivative is defined as D, * = 0, x —i[A,,, *] for the N" = 4 adjoint fields
and Dy*x = 0y, x —iAp* for the fundamental defect fields. The coupling to the defect fields
breaks the SO(6)g symmetry to SO(3)g x SO(3)y. As a result, the NV = 4 vector multiplet
is decomposed into the following two multiplets,

3D vector multiplet : {Ay, PLAY, X, DsXii}, (3.6)
3D hyper multiplet : {As, P,AQ,X{I,D?,X(}},

where the suffixes k(= 0,1,2) and i (= 1,...,6) of SO(6)r are decomposed into 3 of the
SO3)v (A = 1,2,3) and 3 of the SO(3)g (I = 4,5,6). The defect fields ¢ and ¥
transform in (2,1) and in (1,2) of SO(3)x x SO(3)v, respectively.

3.1 One-loop analysis of SU(2) sector

Now we concentrate on the SU(2) sector. The SU(2) defect operator consists of J; Z’s and
Jo W’s with two defect fields ¢™ and ¢"* on both ends,

O=q,2"Wg + -, (3.8)

where “...”

indicates the operator mixing. The ‘length’ of the operator (B.§) is defined by
its bare dimension, L + 1 = J; + J2 + 1, and the complex scalars are built out of SO(6)

scalars such that
Z = (X§+iXE) V2, W= (X¥+iXy) V2. (3.9)
The chiral primary operator is given by
O =52, (3.10)

which corresponds to the Bethe reference state when we diagonalize the anomalous di-
mension matrix by using the Bethe ansatz technique. It should be noted that, when we
associate this system with an open spin chain system later, the definition of the ‘endpoints’
of the open chain is not the location of the first and the last (L-th) sites of the chain.
Instead, we have to identify the endpoints with half-step past the first and the last sites
(i.e., the ‘1/2-th’ and the ‘L + 1/2-th’ sites) [E4].

In the one-loop level analysis, the defect interactions give additional contributions to
the anomalous dimension matrix, whereas the bulk interactions lead to the same result in
the closed string case [g]. (See figures i (a), (b) and (c))

Since Z and W have different flavor symmetries (SO(3)n and SO(3)y respectively),
these fields give different contributions to the anomalous dimension through flavor-depen-
dent defect interactions. These flavor-dependent defect interactions (of our interest) come

from (B.5):

1 — — —
Spot = = [ da[dWWG WG 4000 (2 Zgo++- ] 1)
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@ © ®

Figure 4: The diagrams (a), (b) and (¢) show the bulk interactions. The diagrams (d)-(h) con-
tribute to the defect interactions.

In order to obtain the additional contributions, let us concentrate on the left endpoint

of (B.§) and consider the following correlation function

Iy = ([@ X O] X ()01 (1) )- (3.12)

Here the adjoint scalar complex field X denotes either Z or W. By considering the Callan-

Symanzik equation, the one-loop anomalous dimension for I'y, is obtained as

AD
2 9 plioop [’yq n %X] riree. (3.13)

0
Ft A Fl—loop Fl—loop Fl_l
ryL Lree |: 0 A q 00p:| 2 8A X

OA

Each term in the above expression is evaluated as

N o pl-doop _ = (four vertex for ¢; and Z: figurel (d)) -
2 g SENEREY
~32 (four vertex for ¢; and W: figurel (e))
T
A2 pracop __A (gluon exchange: figure1 (f)) (3.15)
BALA = Tga2 gluon exchange: figure , .
a -loo A m
Ag—Afél P = 12 (self energy for ¢™: figurel (g)), (3.16)
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0 1 A
Aa—AF;OOp =352 (self energy for X: figurel (h)), (3.17)
A
V=X =53 (anomalous dimensions for ¢" and X), (3.18)

with A = g’ N. (The common coordinate-dependent factor T = N§3(y;)6* (22) is ignored
in these equations.) The result (B.14) comes from the flavor-dependent interactions (B.11)).
By inserting (B.14)-(B.1§) into (B.13), the anomalous dimension for I'y, is obtained as

0 for X=27
=19 4A . (3.19)
W fOI' X = W

One also obtains the additional contribution to the anomalous dimension from the right
endpoint of (B.§) in the same way.
Hence the resulting anomalous dimension matrix for the SU(2) sector is given by

L-1
A 4\ 4\
Tsue) = 153 2 M + 755 (1= Q) + 55 (1-QF), (3:20)
=1

with  Hjp1 = 2041 — 2P 141.

The bulk part (the first term in (B.20)) is the same as the closed SU(2) spin chain case [
except the periodicity, and it is written in terms of the identity operator I and the permu-

tation operator P as
Qi1 i g4l Qe i gt
Jidiv1 5jl6jl+1 ) lejl+1 - 5jl+15jl

The projection operators QI{"/L in the second and the third terms in (B.2() act on the first
and the last (L-th) site of the open chain in the following way:
QU W--y=0, QV|Z--)=1Z-), (3.21)
QY- wy=0, QV|-Z)=|- 7). (3:22)

In the matrix notation, eq. (8.20) can be rewritten as

L-1
A A
Isue) = 162 Z Hig + T6:2 (4%, +4%.) , (3.23)
=1
3
with  Hyp1 =l — Y ofofy,
a=1
where
00 00
¥ = [0 . (®@Lx2)t,  Bp = (Ioxe®)F 0 1] ;T = Dpn®0Hh, (3.24)

The last two terms in (B.23) are the additional contributions coming from the defect inter-
actions. Thus the open spin chain hamiltonian consists of the bulk part and the integrable
boundaries, which ensure the integrability as will be shown below. From the viewpoint of
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the integrability, the integrable boundaries satisfy the boundary Yang-Baxter relation in
addition to the bulk Yang-Baxter relation.*

The I'sy(g) is shown to be an open SU(2) integrable spin chain hamiltonian with
diagonal boundaries as follows. The most general hamiltonian of an integrable SU(n) open

spin chain is given by [E9-F2

L1 tr [K* (0,6 )H
~ 1 d -~ 0 0,(p)\ "> + L,0
Hsymy = D M1+ Ky (u, &) + ; (3.25)
™ ; A€ du” L) 0 tr K (0,€1)

together with the n x n diagonal K-matrix

Ké)(u,gi) = diag(a®,...,a®, b5, ..., bF), (3.26)
» n—p
with

a” =i +u, b- =i —u, (3.27)
at =i(&, —n)—u, b =i +u (3.28)

for any p € {1,...,n — 1}. In the hamiltonian (8.25), Kzr(p) denotes the K-matrix which
acts on the Hilbert space associated with the [-th site, where we assign [ = 0 to the auxiliary
space. The two-site (antiferromagnetic) hamiltonian ﬁl7l+1 = (P —1I);;41 /4 acts on the
product of the vector spaces C™ x C™. Here the arbitrary parameters £+ may be regarded
as certain boundary magnetic fields. They should be determined according to the setup of
the dCFT and be evaluated with the perturbative calculation as we have just done for the
SU(2) sector.
The algebraic Bethe equations corresponding to the hamiltonian (B.25) are given by

1 = [6—25+p(uf~p))€2§+—p(ugp))5p,k + (1= pk)
M (k=1)
X H e_1(u§k) — ugk_l))e_l(ugk) + ugk_l))
j=1
M (k)
X H eg(ugk) — ugk))eg(ui ) + ugk))
J=1(j#1)
M (k+1)
X H e,l(ugk) - ug»kﬂ))e,l(ugk) + ug»kﬂ)) (3.29)
j=1
U=

fori=1,...,M® and k =1,...,n — 1. Here we have defined M©® = L, M™ =0, and
(0) (n)
u;» =u;  =0.

4This line of study has been done for the N' = 2 Sp(N/2) SYM theory in [@]
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Turning to the present dCFT case where n = 2 and p = 1, the hamiltonian (B.27)
translates to (up to a constant term),

L1
p=1) _ 1 2
HS%(Q) =71 ZHl,H-l + 521 + T—¢, |, (3.30)
=1

with ¥ 7, defined by (8:24), and the Bethe equations (denoting M = M),

<ui—|—i/2>2L_2u—i—i(—2£—|—1) Qu+i(264 —1) 77 wi—uj+i uituy i

= . 3.31
w; — /2 2u—i (=26 +1) 2u—1i(28L —1) u; — uj — 1 ul-—i—uj—i’( )

J(F#6)
for i = 1,...,M. The r.h.s. of (B.31)) consists of two boundary S-matrices, each of which
is defined at each end of the chain, and the product of the bulk two-body S-matrices. It
should be remarked that the boundary magnetic parameters £+ cannot be determined just
by assuming the integrability and the SU(2) symmetry. In our case, they should be fixed by
the configuration of the D-branes. Indeed, we can see from (8.29) that the defect interaction
in the dCFT corresponds to choosing {4 = 1/2 in the open SU(2) hamiltonian (B.3(), in
which case the boundary S-matrices in (B.3]) become trivial.

In the next section, we will derive these results with the coordinate Bethe ansatz ap-
proach, where the Bethe wavefunction plays a central role. The analysis of the wavefunction
helps us to understand how the boundary conditions of an open string is encoded into the
spin chain.

4. Coordinate Bethe ansatz

In this section we consider the Bethe ansatz equations for the open Heisenberg XXX /5
chain by the coordinate Bethe ansatz approach. Here XXX/, chain corresponds to the
integrable spin chain model for the SU(2) sector, while XXX _; /5 to the SL(2) sector. In
the previous section, our one-loop analysis is restricted to the SU(2) sector. It is basically
because the direct perturbative calculation for the SL(2) sector of the dCFT is technically
difficult. In this section, however, the analysis of the SL(2) sector will be included with
some assumption on the boundary terms, which is deduced from the boundary condition
for the corresponding open string.

4.1 Open SU(2) chain

As we previously mentioned, the boundary coefficients of the open SU(2) spin chain cannot
be fixed only by assuming the symmetry and the integrability. In this section we pay a
special attention to the open spin chain hamiltonian of the form®

L-1

HER, = > et = Pus) + O (T - Q) + CL (1-QY) . (4.1)
=1

®In this section we will omit the prefactor A/(87?) in front of H;ggél/z, since it is not essential to our
arguments.
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As we have seen in the previous section, the SU(2) sector of the dCFT has the boundary
coefficients C7; = C, = 2, but it would be useful not to fix them for the moment and argue
the boundary effects in general.

Following [BJ], we will show how to derive Bethe ansatz equations for the open Heisen-
berg hamiltonian ([.1)).

M =1 case

First we consider the single-magnon case. For the magnon at site x, the eigenvalue equation
becomes
HwWYy = gy (4.2)

with the hamiltonian ([£1)) and the trial eigenfunction

xT

L (4.3)
W) (p)) = X @) 2. 207 2)
with  ¢(z) = A(p)e® — A(—p)e P*. (4.4)

The condition that the wavefunction |¥(1)) is an eigenstate of H translates to:
EWy(x) =2(x) —p(x —1) —y(z+1), 2=2,...,L—1, (4.5)
and the boundary conditions are

EWy(1) = (14 C1)y(1) —(2), for =1, (
ENYL)y =1+ C)y(L)—¢(L—1), for z=0L. (

Requiring that the condition ([LJ) also holds for the boundaries z = 1 and =z = L, ([£4)
and ([£7) reduce to the following conditions:

p(0) =1 -C)p(1),  (L+1)=(0-Cr)p(L). (4.8)
Plugging (£.4) with (.§), we obtain
1= eQipLBl(—p)BL(p) (4.9)

with the boundary S-matrices,

e~ /2 A(— e —(1-C
Bl(p) = elp/QA((p)p) - 1— (1 _(Cl) eiz)‘p ) (410)
_ B A(p) P —(1-Cyp)
)= A T 0-Caer (a11)

The factors e*?/2 and ¢=?(3+L) in (E10) and ({.I0)) are necessary to take account of the
correct identification of the endpoints as we mentioned just below (B.I0). The energy can
be obtained by plugging the ansatz (f.4) with the eigenvalue equation ([.5), we have

EW = 45in? (g) . (4.12)
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It can also be written in terms of the rapidity v defined by

1
U= > cot g , (4.13)
in which case we have 1
EMD = . 4.14

Note that the energy does not depend on the boundary coefficients.
One can determine the wavefunction 1 (x;p) up to a factor that is invariant by the
negation of the quasi-momentum p < —p. We have

Y(a;p) = a(p) {[1 = Bi(p)] cos (p (x — 1/2)) +i[L + Bi(p)]sin (p(x — 1/2))} ,  (4.15)
= b(p) {1 — Br(p)] cos (p (x — L — 1/2)) + i [L + Br(p)]sin (p (x — L — 1/2))}
(4.16)

in terms of By(p) and of Br(p), respectively. Here a(p) and b(p) are some normalization
constants. It can be readily seen that at boundaries the wavefunction satisfies the Dirichlet
boundary condition when By = By = 1, and Neumann boundary condition when B; =
Br, = —1. In both cases the condition (f.9) reduces to

1=t = p= = (mez). (4.17)

Turning to our actual case where C7 = Cf, = 2, the boundary S-matrices are By = By, =1,
hence the wavefunction of our concern is determined as

xT

" . ) ! (4.18)
(W (p))su@) =an > sin [ (x—5)]Z...2WZ...Z)
1<a<L
M = 2 case
Next we turn to the two-magnon case,
HW?)y = E@w?)y (4.19)
The ansatz for the wavefunction is
x1 )
! ! (4.20)
|2y = > V(xy,x0) | Z ... ZWZ ... ZWZ ... Z)

1<z1<x2<L
with (21, 22) = A(p1, po)eP1E1TP272) _ A(—py po)e (P11 —p2m2)
— A(p1, —p2) P71 P272) 4 A(—py, —pg)e P11FP2T2)
— A(pa, p1)e'P2m1tP172) L A(py, —py)el(P2m1—P12)
b A(—pa.pr)e= PRI _ Ay, —py)emimremn) (1.91)

Let us first consider the bulk conditions. Here whether the two magnons are nearest
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neighbors or not is crucial. They read:

for x9 >z +1, E(2)¢(x1,x2) = dp(x1,22) — Y(x1 — 1,29) — Y(x1 + 1, 29) —

— (a1, 22 — 1) = Y(x1, 22+ 1),
(4.22)

for xo=ux1+1, E(2)1/J(.%'1,.%'2) = 2¢(x1,m2) — Y(x1 — 1,29) — (21,22 + 1) (4.23)
From these conditions we get the following consistency condition (known as ‘meeting con-
dition’),

0=2¢(x1, 71 + 1) — Y(21,21) — Y(21,71) (4.24)

with the dispersion relation
E® = 4sin? (%) + 45in2 (%) . (4.25)
In addition to these conditions, we also have the boundary conditions

G(0,22) = (1 — C) (L, as),  ¥(z1,L+1) = (1—Cp) (e, L). (4.26)

Then from the condition ([[.:24) with the ansatz ([[.2T]), we have the following necessary

conditions: ) )
A(pl’p2) . 2 — e_lpl — elp2

A(p2,p1) T 9 _eip1 — e—ip2

(4.27)

giving four conditions in total, corresponding to all the possible permutations and nega-
tions. On the other hand, from the boundary condition ([f.26), we have 4 + 4 conditions,

A(=pp2) _ 1-(1-0C)) ei"’l Alpr,—p2) _1-(1-C1) efim 2i(LA1)ps
Alpr,p2)  1—=(1—-Cr)e i’ Alpr.p2)  1-(1-Cp)e?

Collecting all these twelve conditions, we arrive at the following compatibility conditions:

(4.28)

e*"t = By(—p1)Br(p1)Ssu () (p1,p2) Ssu(z) (1, —D2) (4.29)
and  €*P" = Bi(—p2) BL(p2)Ssu(2) (P2, 1) Ssuz) (P2, —p1) (4.30)

where, as before, By (p) and By, (p) are the boundary S-matrices defined at the endpoints,
and Sgy(2)(p) is the bulk S-matrix defined by the negation of Lh.s. of (f.27):

9 _ =1 _ ip2

SSU(Q) (pl,p?) = _2 — eim — e*in . (431)

These conditions can be rewritten in terms of the rapidities uq, ug as

U1+i/2 ZL_201u1+(2—01)i.QCLul—i—(Q—CL)i.ul—uQ—i—i.ul—i—ug—i—i
ul—i/2 _QClul—(2—Cl)i QCLul—(Q—CL)i ul—uQ—i U1+UQ—i7
(4.32)
up +i/2\*" _ 2Ciup+ (2= C1)i 2CLup+ (2 CL)i up—uy+i upg+ug +i
ug —i/2)  2C1ug — (2—C1)i 2Cpus — (2—Cp)i ug —up —i ug +up —i
(4.33)
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These are the Bethe ansatz equations for the open Heisenberg chain with hamiltonian ([£1)
with two magnons. We can determine the coefficient A(p1, p2) from the conditions ([t.27)-
(B.28) up to a factor which is invariant under the interchange of two momenta and the
negation of either of the momenta. One finds that
Alpr, p2) = e~ (L+1)(p1+p2) (1 —(1-0Cy) eipl) (1 —(1-Cy) eim) %
« e~ P2 <1 — 21 ei(p1+p2)) <1 — 22 ei(*p1+p2)> (4.34)

solves the twelve conditions and the Bethe ansatz equations.

General case

We extend the argument to the general M-magnon case, where the Bethe wavefunction is

given by
Y (@1, am) = Y epNA(pr, ..., py) €PIEERMEM) (4.35)
P,N
where the sum is taken over all the permutations and the negations of {p1,...,pan}, and

for each of such mutations, ep x changes sign. The coefficients are found to be

M
A(p1s---pm) = H e IR (1 — (1 - Cp)ei) x
=1

.

X

H e~ Pk (1 — 9¢tPi 4 ei(Pjerk)) <1 — 2¢tPr 4 ei(*pfrpk)) . (4.36)
1<j<k<M

The quasi-momenta {p;} satisfy the following Bethe ansatz equation:

M

e*?i = By(—p;)BL(p;) H Ssu(2)(pj» Pk)Ssue) (—Pjs Pr) » (4.37)
k=1,k#j

or in terms of the rapidities,

u; +i/2\*"  2C1u; + (2 C1)i 20puj+ (2—Cp)i
uj—i/2)  2Cu;—(2—C1)i 2CLuj— (2—Cp)i

M . .
< I (uj_ukﬂ.) (ujﬂ”“ﬂ.) , (4.38)
Uj — U — 2 Uj + U — 1

k=1,k#j

for j =1,...,M. The energy of the M-magnon state is given by the sum of that of each

magnon state,

M M 1
EM =237 (1 —cosk;) = , 4.39
; i) Zung (4.39)

=

J=1

which is still independent of the boundary terms C r..
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4.2 Open SL(2) chain

In the closed chain case, the coordinate Bethe ansatz for the SL(2) sector has been studied
by Staudacher in [§4], where the other two-spin sectors, SU(2) and SU(1|1), are also studied.
We will briefly review the idea below.

The closed spin chain hamiltonian in the SL(2) sector of ' = 4 SYM has been obtained
in [b9] and is given by

L
LI+1
HXxX 15 = ) HExx_, ), - (4.40)
=1
The hamiltonian density acts on the state vector |...k;, kjy1,...) in the following way:

n

Oktk
Hgg;;_m I —k) =Y <5k:k/ (h(k) + h(n —k)) — 7 7 k’\) K, n—Kk),  (4.41)
k'=0

where h(k) are harmonic numbers defined by h(k) = Zle 1/j, and Op—pr = Op 4 and
Ok = 1 — 0p 5 in terms of the standard Kronecker delta.

As we are interested in the open spin chain hamiltonian for this sector, we need to
calculate the boundary terms associated with the defect interaction in the SL(2) sector by
using the dCF'T, where the operator with the magnon number S takes the form

O=q, (D%2)...(D*Z) ga+---, S=Si+---+S5,, D=Dy+iD;. (4.42)

In the SU(2) case, we have determined them through the perturbative calculation of one-
loop diagrams in section fJ, and then derived the Bethe ansatz equations for the open spin
chain. In the SL(2) sector, however, we have not yet succeeded in performing a direct
perturbative calculation in the dCFT of our concern, such as

([@DZ(0)]DZ (22) a1 (1)) - (4.43)

Nevertheless we can expect that the resultant contribution of the defect interaction vanishes
from the following argument. According to our ansatz (R.44), the string solution in the
SL(2) sector cannot obey the Dirichlet boundary condition, since the AdS3 x S!-subspace,
in which the whole of the open string of this sector is immersed, is completely contained in
the AdS; x S?-brane where the endpoints of the open string can freely move. As we know
from the well-established scenario for other bosonic sectors [B4, B4], in light of AdS/CFT
duality, the excitations propagating on the open string can be naturally mapped to the
magnon wave states on the corresponding open spin chain. These observations lead us to
argue that in our SL(2) sector of the dCFT have vanishing boundary terms so that the
endpoints are also subject to the Neumann boundary condition.

Thus it would be sufficient to consider an open SL(2) spin chain hamiltonian with free
boundary (no boundary terms), which takes the same form as the closed case (without
periodicity),

L-1
open o I,I+1
HXXX,I/Q - Z HXXX,1/2 ? (4'44)
=1
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only to reduce the number of sites by one. The Bethe wavefunction for the single-impurity
case is given by
x

! (4.45)
[T (p))siz) = 1<Z<L¢(9c) Z...2(DZ)Z...Z) ,

and for the two-impurity case,

1 2

! ! (4.46)
’@(2)(p17p2)>SL(2) = z 1/}(.%'1,.%'2) ’ZZ(DZ)ZZ(DZ)ZZ> y
1<z1<z2<L
where ¥(z) and (21, z9) are defined as ({.4) and ([.21)), respectively. Note that the two
impurities can occupy the same site in this case. We can read off from (f.41)) the action of
the hamiltonian density on the neighboring spin states:

H|...(DZ)Z..)=|...(DZ)Z..)—|...Z(DZ)...),

H|...Z(DZ)..)=—|.. (DZ)Z >+|... (DZ)...),

H|..(D°Z)2.. )= (D°2)Z..)~|..(DZ)(DZ)..)~ 5 |.. Z(D2)..).
H|...(DZ)(DZ)...)=—|...(D*2)Z...)+2|...(DZ)(DZ)...)— |... Z(D*Z) ...),
H|...Z(DQZ)...>:—%\...(D2Z)Z...>—|...(DZ)(DZ)...>+§\...Z(DQZ)...>,
H|...(D3Z)Z...>:%| (D*2) —|...(D*2) (DZ)...) -

_%|...(DZ)(D2Z)...>—§|...Z(D3Z)...>,

and so on. Thus we have

for x9 > X1, E(Q)q/z(xl,xg) = 41/1(.%’1,1‘2) — 1/1(.%'1 — 1,.%'2) — 1/1(.%'1 + 1,.%'2) —
— 1,[)(561,562 — 1) — 1,[)(561,562 + 1) , (447)
for 9= xq, E(2)¢(3:1,3:2) = 3Y(x1,m2) —P(x1 — 1,22) — (21,22 + 1) —

- %1&(901 —lag—1) - %1#(331 +lag41). (4.48)

and the ‘meeting condition’ becomes,
0=2¢(z1,21) = 2¢(z1+1,21) = 2¢ (21, 21 — 1) +p(z1 — L z1 — 1) +p(z1+1,214+1) , (4.49)

with the same dispersion relation as ([£.25). From this condition we get the Bethe ansatz
equations for the SL(2) sector as

e*P1l = Sq1.9) (p1,p2) Ssiiz) (p1,—p2)  and  €*P2F = Sqp o) (p2,p1) Ssre) (P2, —p1)
(4.50)
with the bulk S-matrix
2 — 72 _ gipt
SSL(Q) (plap2) = _2 _ ez — e—ip1’ (451)
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which is just the reciprocal of that in the SU(2) sector ({.31). As we have done for the
SU(2) sector, we can rewrite these equations in terms of the rapidities {u;}, which take
real values for the SL(2) sector. In the general M-magmon case (where now M is replaced
by S in (f.42)), the energy is given by ({.39) just as in the SU(2) case.

We conclude that the bulk S-matrix for the SL(2) sector is given by ([51) and the
boundary S-matrix is expected to equal —1 on both sides of the chain, ensuring the Neu-

mann boundary conditions.

5. Scaling limit of open Heisenberg chain

So far we have explored the finite L case. Now let us take the scaling limit. Then the
problem of solving the Bethe ansatz equation can be translated into solving the associated
Riemann-Hilbert problem. We are mainly interested in the solutions which can be obtained
by ‘opening’ the two-cut solutions, which have been well studied in the closed spin chain
case [[[J—[d, [[J]. For these solutions, the filling fraction and the anomalous dimension
are expressed by means of the complete elliptic integrals. Among them, so-called ‘double
contour’ solutions in the SU(2) and the SL(2) sector, and ‘imaginary root’ solutions in the
SU(2) sector are important. They are known to be the gauge duals of the elliptic folded
and the elliptic circular strings, respectively.

In this section we examine the elliptic solutions of those kinds in the open spin chain
case. First we take the scaling limit and construct the Bethe string solutions for the
open Bethe equation ([1.:3§) by formulating the ‘doubling trick’ in the spin chain language.
Then we show the large L expanded expression of the anomalous dimensions of the open
operators (B.§), for each solution in turn. We also discuss the relation between the rational
(single-cut) solution and the half-filling limit of the imaginary root solution. Finally we

make some comments on the SU(3) sector.

5.1 Doubling trick in gauge theory

Let us consider the scaling limit of the Bethe equation. As usual, by rescaling u; — Lx;

after taking log, the Bethe equation ({1.3§) can be recast into the following form,

M
2 2 1 1
e o=l Y (o), (1)
i Ly Amy \m— ot

with arbitrary mode number n. The “£” signature in front of the Lh.s. of (F.1)) corresponds,
respectively, to the SU(2) (“4”) and to the SL(2) (“—”) case. Here the symbol M denotes
the ‘magnon’ number, which is either Jy (the number of W-impurity) in the SU(2) case, or
S (the number of D-impurity) in the SL(2) case. Note that in both cases the contribution
of the boundary S-matrices has been dropped in the strict scaling limit L — oo, for it
scales as 1/L.5

SThis feature can also be captured from the viewpoint of the Landau-Lifshitz sigma model approach.
When we construct a coherent state for the open SU(2) chain with the hamiltonian (EI)7 the long wave-
length macroscopic spin wave ‘feels’ not only the L — 1 bulk sites (here L is taken to be sufficiently large),
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In formulating the ‘doubling trick’ in the SU(2) and the SL(2) sectors of the gauge
theory, we assume that all the rescaled Bethe roots {z;} have the same mode-number n,
and they form a single contour in the rescaled complex plane. Now let us add another
set of M Bethe roots defined by {znr4xtk=1,..0 = {—2k}r=1,.. m. These new Bethe roots
have the mode number —n and form another contour in the complex plane that is just the
symmetric image of the original Bethe string. Then we can rewrite (b.1]) as

1 2 1
4+ S - 5.2
xj T 2L Z ,x-—x;ﬁ ( )

which is just the Bethe ansatz equation for the closed chain whose length is now 2L with
2M impurities. The point is that, in order for this reinterpretation to work well, the
mode number n has to be an even integer rather than arbitrary one. This feature can be
compared to the fact that the folding or the winding number has to be even in the string
theory side.

There are several types of the Bethe string solutions for the Bethe equation for the
closed spin chain (.2). One of the examples is the double contour solution, which has two
cuts which distribute symmetrically with respect to the imaginary axis. The cuts in the
SU(2) sector stretch in the imaginary direction (the upper of figure f]), whereas those in
the SL(2) sector are known to lie completely on the real axis (the lower of figure f|). The
imaginary root solution (figure [f]) is another example, which exists for the SU(2) sector.
It has symmetric two cuts on the imaginary axis, with a ‘condensate’ of the Bethe roots
between the inner branch points of the two cuts.

To extract the open spin chain solutions from the closed ones listed above, we have
only to divide the Bethe roots on the complex plane into two sets which are symmetric
with respect to the origin [BJ, i§]. After we take the scaling limit, this operation means
to extract either one of the symmetric two cuts, identifying the other as its mirror. This
corresponds, in the string theory side, to extract only one of the modes (left/right modes)
propagating on a closed string, namely the doubling trick. As is obvious from the anomalous
dimension/Bethe root relation as well as the quasi-momentum/Bethe root relation,

1 1 D
722 vl uj:§cotgj, (5.3)

M
j J

ENTS

j=1

those roots symmetric about the origin have the same anomalous dimensions and can be
viewed as a pair of an ‘incident wave’ and a ‘reflected wave’ propagating on an open string.
Thus we have the relation

(o) (o) 1 C C C (e} .
'7(0)(‘]1( )’ 2( )) = 57(0)( 1()’ 2())’ Ji( ) :2Ji( ) (Z = 1’2) ) (5-4)

but also the 1/2 + 1/2 extra sites which correspond to the two defect fields g™, ¢™. Hence, in effect, there
are L sites in total, giving the same spatial occupation to the spin wave as in the closed case.
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i.e., the doubling trick for both the SU(2) and the SL(2) sectors holds just as in the string
theory case (R.41]).7

It is meaningful to comment on how this doubling trick works for the various values
of the boundary coefficients C; 1, in the SU(2) sector. In the case of C , = 0 (Neumann)
or C1,;, = 2 (Dirichlet), this trick works well for arbitrary L. (For the comparison with the
string theory side, we should take L large enough). In these cases the boundary S-matrices
reduce to By ;, = —1 for C1 1 = 0 case and By, = 1 for C1 1 = 2 case; they do not depend
on the quasi-momenta, or spectral parameters. As a result, it is allowed to compare the
boundary conditions in the dCFT side with those of the open spinning strings. In fact, for
the SU(2) sector, we find that the boundary conditions match on both sides at finite (but
large) L. That is to say, the doubling trick works interestingly even at the finite L case.

It is also valuable to comment on the C; 1 # 0,2 cases, though those are out of our
present scope. In our setup, the D5-brane is supposed not to be a dynamical object and
furthermore it does not couple to the gauge fields on the brane. Hence the endpoints of the
open string cannot satisfy the boundary conditions other than Neumann or Dirichlet one.
In the gauge theory side, on the other hand, C1 1, # 0,2 correspond to the cases where the
endpoints of the open spin chain satisfy neither Neumann nor Dirichlet boundary condition,
with rapidity-dependent phase shifts. Thus it would be difficult to extend our analysis to
see the AdS/dCFT correspondence to the cases of Cy 1, # 0, 2.

Nevertheless, even in the C; 1, # 0, 2 cases, the spin chain solutions can be a comparable
object to the classical spinning string solutions, once we take the scaling limit L — oco. In
this limit, as we have mentioned, the contribution of the boundary S-matrices drops out
of the Bethe equations written in terms of the rescaled spectral parameters. Then we can
naturally take one of the symmetric two cuts, which are the solutions of the closed spin
chain, to obtain the open chain solutions. That is, in these cases, the analysis of an open
spin chain is nothing more than that of a closed spin chain, without any intrinsic feature
to an open object.

5.2 Riemann-Hilbert problem

In this subsection we review some basic facts about the Riemann-Hilbert problem in the
closed SU(2) and SL(2) sector. For details, see [[[2, [[4].% The extension to the open cases
is straightforward, since, in the scaling limit, all we have to do is to restrict the solution
of closed case to the case of even n (mode number), just as we have seen in the previous
subsection.

First note that the Bethe equation (f.3§) in the scaling limit can also be written in

"In fact, one can establish a doubling trick for the gauge theory at the level of the un-rescaled Bethe
roots. In this case, the set of roots to be doubled by the trick is, one of the Bethe strings +[a, b] for the
double contour solution, and similarly, one of £[is, it] for the imaginary root solution.

8The algebraic curve for the SO(6) sector (R; x S®) has been constructed in @] and the one for the
S0(4,2) sector (AdSs x S') is done in [@] This line of study has been extended further to the full
PSU(2,2/4) sector (AdSs x S) in [5q).
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the following integral form

1 0 O'
+—+2 =2 d' 2 d/ 5.5
1‘+ Ty ][ + Z/ IR .%'GCI, ( )

k(1)

where ][ dx’ means an integration for the principal value. As before, the “+” signatures

in front of the Lh.s. of (b.5) correspond, respectively, to the SU(2) (“+”) and to the SL(2)
(“~") case. The anomalous dimension ([.39) also translates to

A o),
7_877211;/@ . (5.6)

Denoting the scaling dimension of the SYM operator (B.§) or ({.42) as A, the anomalous
dimension (p.G) represents A — L in the SU(2) case, and A — L — S in the SL(2) case.
In both cases the Bethe root density for z; is defined as

EZZ:: xr — ;) (5.7)

which is assumed to have the support on a set of disconnected contours {C}r—1,. x in the
complex plane. The normalization is

a= Z/c o(x)dx = % , (5.8)
L k

where M = J, for the SU(2) case and M = S for the SL(2). It is useful to introduce the
following resolvent in solving the integral equation,

G@)EE:[;¢a;f2. (5.9)

Then the integral equation (b.§) becomes

1
G(z +1i0) + G(z —i0) = :I:; + 27y, x € C, (5.10)

together with the one-loop anomalous dimension (f.6),

A
8m2L

Now introduce the Riemann surface ¥ for the general K-cut problem in the following form:

y=—-——G'(0). (5.11)

K
Yo oyt =a e ok 1+ o = H (x —ag) (x — br)] , (5.12)
k=1
where ay, by is the endpoints of the k-th cut Cr, endowed with the reality constraint. For
this general elliptic curve, the resolvent can be written as

2
CoK—1 CK—2  Cog_1 a 2
G = - — O 5.13
(z) i 7 ( dor "1 62, + —C2K> +0 (2%), (5.13)
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from which one can obtain the general formula for the one-loop anomalous dimension

(using (B.11))) [12, [i9],

A K2 Cig_1 a
= — — . 5.14
R y; ( deog 16¢3, ok (5:14)

The parameter a is related to the filling fraction « as

1
ta = 3~ @ (5.15)

where the upper sign corresponds to the SU(2) case and the lower to the SL(2). We will
use this formula to discuss the general anomalous dimension formula for K = 1 (rational)
and K = 2 (elliptic) cases in the following subsections.

5.3 One-loop anomalous dimension and filling fraction

The anomalous dimension and the filling fraction of the general elliptic solution for the
closed spin chain case can be seen from appendix [], where the Riemann-Hilbert problem
associated with the elliptic solutions is solved up to the three-loop level. Consequently,
the generic formula for the one-loop anomalous dimension can be extracted from ([A.21).
The anomalous dimension of the defect operator (B.g) is related to that of a single trace
operator as (5.4), and is given by

n2\ .

Yo (6) = — 55 (K(1— ) +K(€))
X [F2E(1 = &) + 2iE(5) + 1+ HK(1 = &) —i(1 - K(] . (5.16)

Here the real part of the elliptic moduli £ takes a value in [0, 1], and the integer n is the
mode number for the single (elliptic) contour associated with the open spin chain solution.
When n is an even integer, say 2n/, (p.16) is equal to the one-loop anomalous dimension
for the closed spin chain with mode number n’. As is obvious from the ‘doubling trick’
procedure, the filling fraction for the open spin chain is just the same as the closed spin
chain case, which we see from ([A.19) as

11 EQ-¢—i(E¢)-K(()

ag(§) =5 - e KOO 1iK© (5.17)

Halved double contour solution

The filling fraction and the one-loop anomalous dimension of the halved double contour
solution in the SU(2) sector can be obtained from the generic formulae (f.17) and (5.16)
by analytic continuing them past £ = 0. These are given by

1 1 E1-9

apc (§) = 2 EK(1—¢) (5.18)
and 2
e (1:6) = P K(1 - ) [2B(1 -6 + 1+ OK(1L -8 (519)
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Figure 5: (Halved) double contour solutions in the SU(2) (upper) and the SL(2) (lower) sectors.

The halved double contour solution in the SL(2) sector has almost the same expressions

as (p.18) and (p.19), only to be negated, i.e.,

1 1 E(1-¢)

&DC (C) = _5 + T\/gm s (5.20)
7,L2
e (1:0) = o K(1- O [F2B(1- O+ (1 +OK1-Q) . (521)

As we have mentioned before, in order for (f.I9) and (F.21) to represent the one-loop
anomalous dimension of the open spin chain solution, which results from the closed one via

the ‘doubling trick’, the mode number n has to be an even integer. Indeed, ypc (2n;€) and
Apc (2n;¢) (i.e., the anomalous dimensions of the open spin chains with the mode number
2n) are equal to those of the corresponding closed spin chains with mode number n, which
are n? times eqs. (2.8) and (C.12) of [[L1], respectively.

Halved imaginary root solution

The filling fraction and the one-loop anomalous dimension of the halved imaginary root
solution are obtained by the following procedure. First, let us analytic continue the generic
functions (5.17) and (5.16) past & = 1, then modular transform the resulting expressions
using the relations (B.4)-(B.§). As the result, we obtain the filling fraction,

K(n) —E(n) + vnK(n)
2ynK(n) ’

arr (1) = (5.22)
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Figure 6: (Halved) imaginary root solution in the SU(2) sector.

and the one-loop anomalous dimension,

n2\

g2 K ZE(n) — (1 —n)K(n)] (5.23)

MR (n51) =

where the new moduli is related to the old one via n = 1/¢ € [0,1]. Similar to the halved
double contour case, v (2n;71) is equal to the one-loop anomalous dimension of closed
spin chain solution having a condensate of density n, which is n? times eq. (D.4) of [[1].?

5.4 Endpoints of Bethe string

It is valuable to note the expressions for the endpoints of the elliptic solutions just we have
seen. We denote the four endpoints of the elliptic solution (after taking the scaling limit)
as ta(n;€&) and +b(n;§) where ¢ is the same moduli parameter utilized to describe the
filling fraction and the one-loop anomalous dimension in the previous subsection. Their
generic forms can be cast into the forms,

1 1

"Lk ke YT nEki-geke) O

The endpoints of the double contour solution can be obtained by analytic continuing them

past £ = 0, and we obtain

1 1
)= —, b(n;)=——F————, 5.25
where 0 < Re§ < 1. To get the endpoints of the imaginary root case, all we have to do is
to rewrite the moduli from & to n = 1/£. As a result we have
t (n5n) i s (i) = = (5.26)
—it (nyn) = ————, —is(n;m) = ————. .
n\/nK(n) 4nK ()

9The filling fraction « in eq. (D.4) of ] is related to () as a=1-—air.
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One-loop Anomalous Dimension
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Figure 7: One-loop anomalous dimension vs. filling fraction. The anomalous dimension -y, (divided
by A/L) for each string solution is shown as a function of o. Here the mode number (B-cycle)
for the halved double contour solution is n = 2, the condensation density (A-cycle) for the halved
imaginary root solution is n = 4 and the mode number for the rational (single-cut) solution is
n = 2. To obtain an elliptic open spin chain solution from a closed one via the doubling trick, the
A- or B-cycle associated with the closed case has to be even. The figure can be compared to the
as < 1/2 region of figure E in the string theory side. We also note that the curve for the double
contour distribution has a singular point (turning point) at £ = —1.

Note that the elliptic moduli are related to the endpoints as

a(n; 5)2 s 77)2 (5.27)

5 - 2 - 2"
b(n;§) t (n;m)
Here the region 0 < Re & < 1 corresponds to the double contour solution, whereas 1 < Reé,
i.e., 0 < Ren < 1, to the imaginary root one.

5.5 Rational limit in gauge theory

In this subsection we consider the rational solutions in the spin chain side. We can reach
a rational solution by taking 7 — 0 limit in the imaginary root solution [[L0, [Z]. In this
limit the outer branch points 4t in the rescaled complex plane go to infinity, whereas the

inner ones remain at finite distance from the origin:

i
+is(n;n), it(n; +——, +i00 | . 5.28
(istuin). it(usn) (g ioo) (5.29)
Thus the original Riemann surface with two cuts reduces to the one with single-cut, with
nonzero condensate between two branch points, giving a non-vanishing A-cycle for the cut.
In this limit the filling fraction and the one-loop anomalous dimension become

1 n?\

ar(n) — 3., YR (75 7)

" 5 ————MO <L (5.29)
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We see that they match to the string theory results (R.60) via the identification: ngauge =
2Nstring and L = J.

This type of rational solution can be physically equivalent to another configuration of
Bethe string; a single-cut solution of the Riemann-Hilbert problem [[[2:

][dg (5)5 Lo, (@ec), (5.30)

where C denotes the single Bethe string. In the closed spin chain case, the ratio of the

momentum, which is given by

hIH

J
=m 5.31
; T — Ty, " (5.31)
to the mode number n defines the filling fraction,
=—. 5.32
a=" (532

In terms of these parameters the elliptic curve on the Riemann surface is represented by

20 — 1 1
2 2
=2 — 5.33
y =2 m " + 4m2n2’ ( )
from which we can read off the coefficients defining the Riemann surface (b.19) as
20 — 1 1
= — = — . 5.34
“ ™m 2T 2 (5.34)

Finally we get the one-loop energy for the single cut solution by inserting these coeflicients

to the general formula (5.14) as

A 1 12 AnZa (1 — )
— - _ = . 5.35
7T 82l (4@ 16022> 2L (5:35)

It takes the maximum value at o = 1/2, which turns out to give the same result as the
arg — 1/2 limit of the elliptic imaginary root case (5.29).

The single-cut solution in the SL(2) sector [[L] can be obtained just by negating the a
and v simultaneously, as we have noted before, as a realization of the ‘analytic continuation’
in gauge theory.

Here we should remark when and how the doubling trick works for the single-cut
solution above. Let us remind that the Bethe roots for the closed spin chain have to
distribute symmetrically with respect to the origin, in order for the doubling trick to work
well. With this in mind, we see that the doubling trick works only for the single-cut solution
in the SU(2) sector with o = 1/2. In this case, the two branch points of the single-cut
go to +i/(2nm) on the imaginary axis, and the configuration of the Bethe string in the
Riemann surface becomes equivalent to that of the a — 1/2 limit of the imaginary root
solution, which has a well-established doubling trick interpretation between the closed and
open cases. Note that we have encountered similar situation in the string theory side, see

the argument below (R.63).
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5.6 SU(3) sector

We conclude this section by making some comments on the duality in the SU(3) sector. In
the closed case, the SU(3) sector of N' = 4 SYM is closed at one-loop level. But, in the open
case, the SU(3) sector is not closed any more due to the presence of defect interactions.
To see this, let us concentrate on the left endpoint of the dCFT operator, g; X, where X
is either one of Z, W and V with

Z=(X§+iXE) V2, W= (X{+iXy) V2, V= (X{+iX9)/V2. (5.36)

One can show from a direct computation that the operator g; X mixes with 3G,V —q,V +
24,7 as well as q;Z and g; W from the one-loop effect. This implies that the SU(3) sector
is not closed in this open case. This observation is consistent with the analysis in the
open string side where we cannot construct three-spin solutions satisfying the boundary
conditions supplied by the D5-brane. Concretely speaking, the Cartan charge J3 = Js¢
defined by (.1§) has to be zero in our brane setup.

6. Conclusion and discussion

In the string theory side, we have considered rotating string solutions for open strings on
an AdS, x S%-brane in the bulk AdSs x S® background. We have first formulated the
coordinate system to specify the sigma model charges such as energy and spins, then we
considered two-spin solution in the SL(2) and the SU(2) sectors with appropriate rotating
string ansatze. On the other hand, in the gauge theory side, we computed the matrix
of anomalous dimension for the SU(2) sector and showed it was represented by an open
integrable spin chain with diagonal boundary. Then we carried out the Bethe ansatz to
diagonalize the anomalous dimension matrix, and showed the boundary condition for the
Bethe wavefunction matched to that of the open string in the SU(2) sector of string theory.
For the SL(2) sector, we discussed what the contribution of the defect interaction to the
anomalous dimension should be to satisfy the boundary condition, which was expected
from that of corresponding string feature in light of the AdS/CFT duality.

We now make some comments on the duality at the higher-loop level. In the string
theory side, the doubling trick relation (R.41)) still holds for the higher-loop level, really for
the all-loop level. But It is not the case with the gauge theory side, where we must prove
the relation (.4) order-by-order in X. In section [] we computed the anomalous dimension
matrix for the operators (B.§) at the one-loop level and showed it was represented by an
integrable open chain hamiltonian. At the higher loop level, however, the integrability of
the anomalous dimension matrix including the defect interactions has not been proved yet.
Hence it would be interesting to examine whether or not it supplies integrable boundaries,
and if it should be integrable, then what open spin chain model corresponds to the SU(2)
sector of the dCFT at the higher loop. In closed case, it is known that the SU(2) sector
can be mapped to the Inozemtsev spin chain model up to the three-loop level [R1]], and it
may be the case of our open spin chain with boundary conditions.

It is also interesting to investigate how the doubling trick relations on both sides of the
duality are affected by the finite-size correction. But it is not easy to compare the string
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energy corrected in powers of 1/J with the anomalous dimension of the SYM operators
corrected by 1/L, even in the closed case.'” It would also be meaningful to study stability
conditions for open string solutions and finite size effects in open spin chain, along the line
of [, B3 B3

As another direction, it would be interesting to consider other AdS-brane cases (for
the classification of 1/2 BPS AdS-branes, see [69-[69]). The action of the dCFT is well-
established in the AdSs x S? case, but otherwise it is not the case. Hence it may seem
impossible to compute the matrix of anomalous dimension in the standard perturbative
calculation. However, assuming the integrability of the dCFT, one may obtain the expres-
sion of the anomalous dimension matrix by the symmetry argument. That is to say, the
boundary terms may be determined from the unbroken symmetries in the presence of the
AdS-brane. Studies in this direction should give a promising way to clarify the AdS/dCFT
duality.

Furthermore, our formulation developed in this paper can be applied to the (dual)
giant graviton case. In this case the anomalous dimension matrix is represented by an
open integrable spin chain as shown in [B7, BJ]. It is interesting to consider open rotating
strings on the giant graviton according to our method. It would be also interesting to
examine a non-supersymmetric background case [6f], where the open string states (open
chains) attaching to the giant graviton acquire some extra deformation parameters. We
will report on these subjects in the near future as another publication.

We hope that our arguments for boundary conditions could be a clue to discuss open
strings in studying the AdS/CFT duality at far-from BPS regime.
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A. Elliptic solutions for higher loops

Let us compute the anomalous dimensions of the SYM operators in the SU(2) elliptic sector
(for the rational case, see appendix of [f7]). We consider the “long” single trace operators
composed of two complex scalars Z and W,

Tr (ZJIWJQ) + perm. (A.1)

in the limit where both J; and Js are sufficiently large (i.e., in the Frolov-Tseytlin sector).
Here Jy is the ‘magnon’ (or ‘impurity’) number. The general solution for the one-loop
anomalous dimension matrix of ([Ad]) has been derived in [[J] from the viewpoint of the
Riemann-Hilbert problem. We extend this result to the three-loop level.

9The one-loop correction to the energy of closed spinning strings in the SU(2) and the SL(2) sectors are
calculated in [@] and @] respectively.
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A.1 Bethe ansatz for higher loops

Let us brush up the notion of Bethe ansatz and the associated Riemann-Hilbert problem.
In 1]}, the integrable structure in the SU(2) sector of SYM is identified with that of the
Inozemtsev spin chain up to the three-loop level. The asymptotic Bethe ansatz equations
for the SU(2) sector are given by

. L J: .
<uj+z/2> _ T — Pkt (A.2)
u]‘—i/Q i (pj—tpk—i
k#j

The rapidities {¢;} are related to the quasi-momenta {p;} as'!

1 P t"sinp
¢(p)==cot=+2 - , (A.3)
2 2 T;) (1 —tm)® + 4t sin® 2

where the parameter ¢ = ¢ (\) is defined by the relation

A :ZL. (A.4)

=0

By using these relations, the anomalous dimensions of two typical distributions of Bethe
roots, the double contour and the imaginary root solution, are calculated up to the third
order in [PI]. There the Bethe equations are solved for each of the concrete distributions of
the Bethe roots. On the other hand, in the one-loop analysis, it is shown in [[[J that both
of the solutions can be considered as the special cases of a single, general elliptic solution
that has symmetric two cuts on the Riemann surfaces. In the following, we generalize the
one-loop results of [[J] to the three-loops.

A.2 Anomalous dimension formula at the three-loop level
We shall give a recipe for a general two-cut, three-loop formula of the anomalous dimension
in the SU(2) sector.!?

General two-cut case

The anomalous dimension per unit length of the spin chain, or ‘energy density’, at the
three-loop level can be computed from the resolvent G (x):

gl da X132 1 5% 1 -,
L~ J 2mi Sn2 a2 o 5 A.
L 7{2m' Glo) (8772 2 " T2sra 21 T T0aamt g8 T O ) (A.5)

"The rapidity function ¢(p) has been conjectured to have the all-loop form

_1 p A 2 (D
‘p(p)_QCOt(Q) 14 o sin (2)

for the SU(2) sector. The all-loop (asymptotic) physics has been also studied intensively @, @]
12The general two-cut problem is also discussed in [@] at the one-loop level.
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where \ = A/L? is the BMN coupling constant, and the length of the spin chain is L. In
order to compute the energy density, all we have to do is to find out the form of G(z)
expanded around x = 0. The Riemann surface of a general two-cut solution is given by

v =2t + e + e + esz + ey, (A.6)

and the two-cut solution of Bethe equations are constructed with a meromorphic differential
on (A-G). Following the procedure proposed in [[J], we introduce the three-loop level quasi-
momentum, B _
1 Al 332 1
P@) =G~ 5~ o ~ et
Here we have used the result of [21]] to write down the coefficients in the r.h.s. of eq. (A7).
Then the most general form of the differential is given by

(A7)

dr sa_s a4 a-3 a_s a-
dp:£<a_ -4 03 G2 01 G0 ) (A.8)

and the coefficients ay,...,a_5 are fixed by the condition that the integration of ([A.§)
matches up to (A.7). Thus we find the coefficients to be

3

_ )22 2 2y 2 3 2
ag = 3276812 ( S5A%c3 + 20\ cocy + 1287 )\04) (503 12coc3¢4 + 80104)
3
+ 39768710.972 (—30% + 40204) (5)\20§ - 20)\2020304 + 40)\20ch + 128712)\03ci)
TT=Cy
1572
_ W;SW (350% — 120020%04 + 960103031 + 16 (303 - 404) ci)
4
152 2 3
_ m ( 6303 + 280020304 — 240010304 48c3 (502 404) ci+ 192010204)
4
- 655569%;;255-(75A2 — 3607\2cacRes + 240022c2 + 480M2¢y c3c3
TT=Cy
+ 76872 Acjci — 960N ¢ — 30721 Aeacy — 16384n )
1
U1 = — oo i T (75)\2 — 360\%cacicy + 24002 c3ch + 4800 ¢y czch
4
+ 76872 \cict — 960N2c; — 30721 Aeac — 16384ncy)
3
a2 = 10964052 (5)\QC§ — 20\ 2caczeq 4 400%c ) + 1287T2)\03c?1) ,
4
3
a_g — W (—5)\2C§ + 20)\20204 + 1287T2)\Ci) s
4
15\%¢3
Oy = —F—
T s12nt ey
15)\2@
Q-5 = 5o a1 >
25674

and the normalization condition fixes a; as

a == — o, (A.9)

1
2
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where « is the filling fraction. Putting all the ingredients into the pot (JA.5), we obtain
that

0% A s o ai
- == 5 — 4+ —
L 8r 16c;  4cqy  J/au

A2 <45c§ 270203 3alc§ 9c3 cic3 aicy 7 )

T8 \ 256~ 328 B2 162 T & 2007 ey

23 <285036 467cocs  35aich  195c3¢3 2163 15ajeaci 133

T 102476 \ 102446~ 256c50 | 1280492 64c] t 16¢,7/2  16¢3
9cicacs 390% 3alc§ 3aicics 210% 3¢co a ~3 ~4
— - — — A7+ O(A%). (A.10
2¢3 16  8cg/2  4esP/2 0 16¢F 0 3 2¢43/? TOM).- (A-10)

Symmetric two-cut case
Now we consider the symmetric two-cut cases, where the Riemann surface (A.§) is given
by

y? = (2% —a?) (2% - b?) , (A.11)
with two cuts (a,b) and (—b,—a) on a double cover of the complex plane. The differen-
tial (A.§) now reduces to

dz [1 ab 3\ ( ab 1 a2+b2>
dp = — —

V(02 — 22) (22 — a?) 2 a2t 222 ab

5 Y7 5.2 T Tgn2
15)2 b1 a2+0 1 (a®—b?)?
+ (—a—+—a LA el 0 (A.12)

25674 6 224 ab 8xr2  a3b3

and the periods of dp can be expressed through the complete integrals of the first and
the second kind. We assign the mode number n and —n to the two cuts, normalizing the
B-period of dp to 4mn. We also put a condensate of density m between the cuts, giving
the A-period 27mm, i.e.,

7{ dp = 2mm, ?é dp = 4mn . (A.13)
A B

Converting them into the standard Legendre form with the help of the elliptic integral
formulae listed in appendix [B, we obtain the following expressions:

2mim = —— [(1 - 20) Vi K(1 - 7) - E(1 - 7)]

by/r
A1

+ 1672 Br i 2rK(1—7)— (1+7r)E(1l—1)]
3321

T 02art [4r (14+7)K(1—7)—(3+2r+3°)E(1—r)], (A14)
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1

2mn = 5= [(1 = 20) VFK(r) - B(r) — K(r)
+ #W [(T+r)E(r) = (1—7r)K(r)]
3\2 1

+ 102474 b5r2\/r [(3 +2r + 3T2) E(r) — (3 —2r— TQ) K(T)] ; (A.15)

where the moduli r is defined by
r=—. (A.16)

Let us expand both the moduli  and one of the endpoints b in powers of A

r =10+ A+ 1A + O3, (A.17)
b=bo+bix+bX> + OV, (A.18)

and eliminate the unwanted parameters by using eqs. (A.14)) and (JA.15). Then from the
O(X\?) relation

1 nE(l—rg) +im[E(ro) — K(ro)]
NG nK(1 —rg) —imK(rg)

we can determine the moduli 7y, with which we can express v/L as

1—-2a=

(A.19)

N~ _ ~
%:—ﬁ(nK—imK)[—2nE—2imE+n(1+r0)K+im(1—r0)K]

s
A2 ~

_W( K — imK)*[ —4n (1 + ro) E — 4im(1 4 ro)E
Y8

+n(l+6rg+ T%)K +im(3 — 2rg — TS)K]

N~ 5 ~ 2~ -

— 5 (nK — imK) {— [nE + im(E — K)]” (3nE + 3imE — nK — 2imK)
78

- [nﬁ +im(E — K)] [2n2f]2 — 2m?E? + 3n°K? + 5imnKK + 6m’*K?
— mE(11inK + TmK) + inE(4mE + 11inK + 7mK)] pg

+ [ = 3n°E? + 3im®E® + 4n°K® + 6imn’K*K + 13m*nKK? — 6im°K?>

+ n?E2(—9imE + 11nK — 2imK)

+ m?E2(—11nK + 2imK) + imE(—18n’K? + 14imnKK + 5m*K?)

+nEOm?E? — 18n*K? + 14imnKK + 5m*K? 4 2mE(11inK + 2mK))] po
+ (nK — imK) [n2f12 — m?E? + 4?K? — 5imnKK — 2m*K?

— mE(3inK + mK) + inE(2mE + 3inK + mK)] p03}

< {0 + imB — nK)[nE + im(B — K) + (—nK +imK)n]} +O(M). (A.20)

Here we have denoted K(rg), E(rg), K(1 —r) and E(1 —r() as K, E, K and E, re-

spectively, for simplicity. Equation (A.2(]) is the general elliptic, three-loop formula with
general periods (n,m). It can be used to compute the anomalous dimension in the planar
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SU(2) sector. It is easy to check that the formula (JA.2() correctly reproduces the known
results of the double contour and the imaginary root solution. For example, when we set
(n,m) = (1,0), it reduces to the double contour (or ‘folded’) case. It exactly agrees with
eq. (51) in 1] at the three-loop level. As another case, (n,m) = (0,2) corresponds to the
imaginary root (or ‘circular’) case, reproducing eq. (69) in [R1]. Thus we have rederived
the known results for the elliptic sector.

Finally we will make some comments on the relation between the double contour and
the imaginary root solution. It can be shown that the two allowed solutions are considered
as different branches of the same function. To see this, let us set m = —n, then the

formula ([A.20)) reduces to

2\~ - -
% o (K+2K> (—2E+2iE+(1+ro)K—i(1 —rO)K>
s
n4x2 - ~ ~
o (K +iK)*[~4 (1 4 70) E + 4i(1 4 10)E + (1 + 619 + 78)K —i(3 — 2rg — 78)K]

- ’f—:;(ﬁ +iK)'{ - [E~i(E-K)
x[2E? — 2E% 4 3K? — 5iKK + 6K? + E(11iK — 7K) + iE(—4E + 11iK — 7K)]po
+ [-3E® — 3iE? + 4K® — 6iK°K + 13KK? + 6/K> + E*(9E + 11K + 2K)
+ E?(~11K — 2iK) — iE(—18K? — 14iKK + 5K?)
+ E(9E? — 18K? — 14iKK + 5K? — 2E(11iK — 2K))]po”

(3E — 3iE — K + 2iK) — [E — i(E — K)]

+ (K + iK) [1732 _E? 1 4K? + 5(KK - 2K? + E(3/K — K)

+iE(—2E + 3K — K)} p03}

<{(nB —iB - K)[E (B - K) + (-K K)o} +O(). (A.21)

Complete elliptic integrals E(z) and K(x) have a logarithmic branch-point at = 1, which
turns out to be g = 0 and rg = 1 in our case. Taking account of the discontinuities,
which come from the analytical continuation through the singular points, one can show
that the double contour solution is obtained as a branch continued past ry = 0, while the
imaginary root solution as a branch continued past 19 = 1. The former corresponds to a
folded rotating string folding n times onto itself, and the latter to a circular rotating string
winding 2n times around itself.

B. Elliptic integrals and elliptic functions

B.1 Complete elliptic integrals

Definition Our convention for the complete elliptic integrals of the first and the second
kind are as follows:

(B.1)

_ 1 dx . W/Qd—(p
K“):/o ¢<1—x2><1—m2>_/o Viersin?p’
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1 1 — ra? /2
E(r) = / dr\| — = / dp /1 —rsin?¢p. (B.2)
0 1—a? 0

These are related to the hypergeometric functions as

11 2 11 2
Fil=, =51 =—K Fil—=,=;1; =—E(x). B.
¥ (5gitin) =K@, o (—ggike) = 2E@) ®.3)
Modular Transformation The complete elliptic integrals transform under r — 1/r as
follows:
K(;) =vr(K()—iK(1-r), (B.4)
E(1) =Vr[E@r) +iEQ1-r)—(1-r)K(r)—irK1-71)], (B.5)
K1l-1)=vrK@1-r), (B.6)
1
E(1-1) =—=E(1-r) (B.7)
T
Legendre Relation
K(r)E(1 —r) - K(K(1 —r) + E(rK(1—7) = 5 (B.8)

B.2 Jacobi elliptic functions

Definition The elliptic function sn (u,r) is defined by

- sn(u,r) dz B9
u:/o VA —22) (1 —ra?) (B.9)

The other two elliptic functions cn (u,r) and dn (u,r) are related to sn (u,r) as

1 =cn? (u,r) +sn? (u,r) , (B.10)
1 =dn? (u,r) +rsn’ (u,r) , (B.11)

and they are defined by

en (u,r) = /1 —sn? (u,r), (B.12)
dn(u,r) = /1 —rsn?(u,r). (B.13)

The sign of the square root is determined so that they are positive definite in the interval
u € (0,K(r)).

Periodicity There are following relations between the complete elliptic integral of the
first kind K(r) and the Jacobi elliptic functions sn (u, ), cn (u, r):

sn(u+2K(r),r) = —sn (u,r) , (B.14)
cn (u+2K(r),r) = —cn (u,r) , (B.15)
dn(u+2K(r),r) =dn(u,r) , (B.16)

i.e., 4K(r) is the period of sn (u,r) and cn (u, ), while the period of dn (u,r) is 2 K(r).
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B.3 Some useful integral formulae

Elliptic integral formulae listed below are useful in the intermediate calculation in ap-
pendix fAl. The moduli parameter r is defined as r = a?/b%. Then the following integral

formulae are useful for computing the A-cycle of the (n,m)-elliptic solution:

:lK(l—T),

/b dx
a /(02 —22) (22 —a?) b

b dz 1
/a 22\/(b?2 — 22) (22 — a?) ~ % BlL=r),

/b dr = 1 [2 (a2 + bz) E(1-r)— aQK(l — 7“)]
a aj4\/ 30,4[)3 ’

—22) (22 — a?)

b dx 1 4 2,2 4
/a S Tt L5 TV S B =)

—4a® (a® + b*) K(1 - )],

and the same for the B-cycle:

— 1K),

/\/ —a;ﬂ:?—b?) b

dx 1
/b 22/(22 — a2) (22 — b2) ~ a2b [K(r) —E(r)],
[(a® + 20%) K(r) = 2 (a” + 17) B(r)]

/ dz 1
b oaty/(22 —a?) (22 —b2)  3a'd?

* dz 1 . - .y
/b 26/(2® —a?) (22 —?) 150505 [(4a” + 307" + 8) K(r)

— (8a* + 7a®b* + 8b*) E(r)] .
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