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Abstract

We investigate the role of Dp-branes, which are p+1 dimensional membranes where
open strings end, in two different types of anti-de-Sitter backgrounds: AdSsx Ssx M*
and AdSs x S°, where M* is a compact four-dimensional manifold such as the four-
torus T* or the K3 surface.

In the spirit of the AdS/CFT correspondence, D-brane physics on an anti-de-Sitter
space should be captured by a dual conformal field theory defined on the boundary
of AdS. Recently, Karch and Randall and DeWolfe, Freedman and Ooguri proposed
in [9, 10, 11] that the presence of a single D5-brane in AdSs x S is dual to a defect
conformal field theory in which the usual AV = 4 bulk SYM theory is coupled to a 2+1
dimensional conformal defect field theory. Extending their result, we take the Penrose
limit of a single D5-brane embedded in AdSs x S® and propose a correspondence
between open string states ending on the D5-brane and gauge-invariant operators
living on the dual defect conformal field theory. Furthermore, we check this proposal
by verifying that the anomalous dimension of the gauge theory operators matches the
light-cone Hamiltonian of open strings ending on the D5-brane.

Maldacena has proposed that type IIB string theory compactified on AdS3 x S? x
M* is dual to a 1 + 1 conformal field theory defined on the conformal boundary of
AdSs [12]. In this thesis, we restrict our attention to the study of a D-brane embedded
in AdS3 x S3 x M* backgrounds and leave the explicit construction of the AdS/CFT
correspondence of this setup for future work by others. First, we investigate the
spectrum of open strings on AdS, branes in AdSs in an NS-NS background using the
SL(2, R) WZW model. Then, we construct boundary states for the AdS, branes in
the Euclideanized AdSs; background and compute the one-loop free energy of open

strings stretched between the branes.
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Chapter 1

Introduction

String theory is a leading candidate for the theory of quantum gravity. It starts
on the premise that elementary particles are derived from one-dimensional objects,
strings, rather than point-like objects as assumed in the usual quantum field theories
such as the SU(3) x SU(2) x U(1) standard model. All known string theories carry
spin-two, massless objects in its mass spectrum which are identified as gravitons. Not
only does string theory give rise to a consistent theory of quantum gravity, it leads to
other favorable outcomes such as gauge groups large enough to construct grand unified
theories (GUT’s). It turns out that the structure of string theory is highly constrained
by requiring self-consistency. As a consequence, it is well appreciated that flat space
string theory exists only in ten dimensions when one includes fermionic excitations
for supersymmetry.!

One of the major triumphs of string theory in recent years is the concrete real-
ization of the link between gauge theories and string theories. Initial hints of a link
were already presented by 't Hooft in the early 70’s when he proposed a procedure
to perturbatively quantize SU(N) gauge theories in the large N limit [1]. It turns
out we can interpret the gauge theory in this limit as a string theory in which the
string coupling constant scales as 1/N. It was only recently in 1997 that Maldacena

proposed a concrete realization of this interpretation by relating string theory on an

'One can also define flat “bosonic” string theory without fermions in twenty-six dimensions.

However, the theory contains tachyons which signals an instability [13].
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anti-de-Sitter (AdS) space background to a conformal field theory (CFT) defined on

the boundary of AdS. Many non-trivial checks of the AdS/CFT correspondence have
appeared in the literature?.

Despite this success, most of the checks on the string theory side were done in the
supergravity approximation due to the difficulty of including Ramond-Ramond (RR)
fields in string theory computations. Recently, it has been shown that string theory
can be fully solved in the PP-wave background, which can be obtained by taking the
Penrose limit of AdS, even in the presence of RR flux [5, 6]. Shortly after this devel-
opment, Berenstein et al. [7] have put forward an exciting proposal that successfully
tests the AdS/CFT correspondence beyond the supergravity approximation. The
success of the AdS/CFT correspondence naturally gives a strong motivation to study
string theory on general anti-de-Sitter backgrounds. In this thesis, we explore some
aspects of Dp-branes living in anti-de-Sitter backgrounds and explain their relevance
in the context of the AdS/CFT correspondence.

We investigate the role of Dp-branes, which are p+1 dimensional membranes that
couple to RR fluxes, in two different types of anti-de-Sitter backgrounds: AdSs x S°
and AdS; x Ss x M* where M* denotes a compact four-dimensional manifold such
as the four-torus 7% or the K3 surface. String theory on AdSs x S® can be obtained
by taking the near-horizon limit of a stack of D3 branes in type IIB string theory [8].
Likewise, string theory on AdS; x S® x M* is obtained by taking the near horizon
limit of D1-D5 brane setup compactified on R® x M*. In this thesis, we are interested
in the S-dual of this setup so that one is left with a NS-NS background, and the string
theory becomes exactly solvable as a SL(2, R) WZW model.

In the spirit of the AdS/CFT correspondence, D-brane physics on an anti-de-Sitter
space should be captured by a dual conformal field theory defined on the boundary
of AdS. Recently, Karch and Randall and DeWolfe, Freedman and Ooguri proposed
in [9, 10, 11] that the presence of a single D5-brane in AdSs x S° is dual to a defect
conformal field theory in which the usual N/ = 4 bulk SYM theory is coupled to a

241 dimensional conformal defect. Extending their result, we take the Penrose limit

2For a comprehensive review of the AdS/CFT correspondence, see [2, 3, 4] and references therein.
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of a single D5-brane embedded in AdSs x S° and propose a correspondence between

open string states ending on the D5-brane and gauge-invariant operators living on the
dual defect conformal field theory. Furthermore, we check this proposal by verifying
that the anomalous dimension of the gauge theory operators matches the light-cone
Hamiltonian of open strings ending on the D5-brane.

It has been proposed that type IIB string theory compactified on AdSs x S x M*
is dual to a two-dimensional conformal field theory defined on the conformal boundary
of AdSs [12]. More specifically, the low energy dynamics is given by a 1+1 dimensional
sigma model whose target space is a deformation of the symmetric product of k£ copies
of M*, where k depends on M*. In this thesis, we restrict our attention to the study
of a D-brane defined on AdS5 x S? x M* backgrounds. The explicit construction of the
AdS/CFT correspondence for this setup deserves further study. First, we investigate
the spectrum of open strings on AdS; branes in AdSs; in an NS-NS background using
the SL(2, R) WZW model. Then, we construct boundary states for the AdSs branes in
the Euclideanized AdS5; background and compute one-loop free energy of open strings
stretched between the branes. One hopes that our analysis will eventually lead to a
verification of the AdS/CFT correspondence beyond the supergravity approximation
since string theory on AdSj carries only NS-NS fields and can be fully solved using
the SL(2, R) WZW model.

The main goal of this thesis is two-fold. First is to study the role of open strings
in the context of the AdS/CFT correspondence, and the second is to test it beyond
the supergravity approximation by restricting to space-time backgrounds, such as
the PP-wave background and the AdS5 space, in which string theory can be entirely

solved.



Chapter 2

D-Branes in AdS; and PP-Wave
Background

2.1 Introduction

The AdS/CFT correspondence has led to deep understandings of string theory and
field theory. However, until recently, much of the progress in this direction has been
limited to supergravity approximations due to the difficulty when one has Ramond-
Ramond background. Recently, it has been shown that string theory can be fully
solved in the pp-wave background even in the presence of RR flux [5, 6] in the light-
cone Green-Schwarz formalism. Shortly after this development, Berenstein et al. [7]
have put forward an exciting proposal that tests AdS/CFT correspondence beyond
the supergravity approximation. More specifically, they have related closed string
states in the pp-wave background with operators of the dual N =4 SYM with large
R-~charge J ~ V/N and finite A — J.

In this chapter, we extend the results of [7] to the case of open strings ending
on a D5-brane in the pp-wave background. We consider a large number of D3-
branes and a single D5-brane in the near-horizon limit. The resulting system is
AdSs x S° with the D5-brane spanning AdS; x S?. Recently, extending the idea
of [9, 10], De Wolfe et al. [11] have proposed that its dual field theory is a defect
conformal field theory in which the usual NV = 4 bulk SYM theory is coupled to a
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three-dimensional conformal defect. This defect field theory has been further studied

by [14], demonstrating quantum conformal invariance for the non-Abelian case. By
taking the Penrose limit [15, 16] of this setup, one obtains a D5-brane in the pp-wave
background. We construct a complete list of gauge invariant operators in the defect
conformal field theory which is dual to the open string states ending on the D5-
brane. Interestingly, particular boundary conditions of open stings on the D5-brane
are encoded in symmetry breaking pattern induced by the defect and a specific form
of defect couplings in the dual field theory.

This chapter is organized as follows. In Section 2, we give a brief review of the D-
brane setup and the field content of the defect conformal field theory. In Section 3, we
discuss the Penrose limit of this background and obtain the open string spectrum. In
the last section, we propose a list of gauge invariant operators dual to the open string
states. Finally in Appendix A, we explicitly check that the anomalous dimension
of the chiral primary operators vanishes up to order ¢%,,. D-branes in PP-wave
background were also considered by many other works!. This chapter is based on the

published article [20].

2.2 Review of defect conformal field theory

In this section, we briefly review the D3-D5 brane setup of [9] and the field content of
its dual defect conformal field theory discussed in [11]. The interested reader can find
further details in the aforementioned papers. We start with the coordinate system in
which the world-volume of a stack of N D3-branes span the directions (2°, 2!, 22, 29)
and a single D5-brane spans the directions (2°, 2%, 22, 23, 2%, 25%). The D-branes sit at
the origin of their transverse coordinates. The setup is summarized in the following

table:

1Some representative samples include [17, 18, 19].



D3 |x|x|x X

D |x|x|x|x|x|x

The presence of the D5-brane breaks 16 space-time supersymmetries to 8 supersym-
metries and reduces the global symmetry group SO(6) to SO(3) x SO(3), where each
SO(3) acts on the 345 and 678 coordinates, respectively. In AdS/CFT correspon-
dence, one is interested in taking the near horizon limit, where the string coupling
g — 0 and N — oo with the product gN fixed. In this limit, we have the D5-
brane spanning AdS; x S? subspace of AdSs x S°. The dual conformal field theory
of type IIB string theory in this background is N'= 4 SYM theory [8] that lives on
the boundary of AdSs parameterized by (z° z!, 22, 2%). The D5-brane introduces a
codimension one conformal defect on this boundary located at 2z = 0. An analogous
model can be considered for the AdS; x S® case, where an AdS; brane introduces
a one-dimensional defect in the dual CFT [52]. Such a reasoning has been used by
21, 22] to construct boundary states for the AdS, branes.

It has been argued by DeWolfe et al. [11] that type IIB string theory in AdSs x S°
with a AdS, x S? brane is dual to a defect conformal field theory, wherein a subset of
fields of d = 4, N' =4 SYM couples to a d = 3, N' = 4 SU(N) fundamental hyper-
multiplet on the defect preserving SO(3,2) conformal invariance and 8 supercharges.
Let us summarize the field content of the defect conformal field theory relevant for
our purposes. Denote the SU(2) acting on the 345 directions as SU(2)y and the one
acting on the 678 directions as SU(2)y. Then we have the usual bulk d = 4, N' =4
vector multiplet which decomposes into a d = 3, N' = 4 vector multiplet and a d = 3,
N = 4 adjoint hypermultiplet. The bosonic components of the vector multiplet are
A,(p =0,1,2), X° X7 X® with the scalars transforming as a 3 of SU(2)y, while
those of hypermultiplet are Ag, X3, X4, X® with the scalars as a 3 of SU(2)y. The
derivatives of X3, X4, X5 along the 9-direction, which is normal to the defect, are also
a part of the vector multiplet. The four adjoint d = 4 Majorana spinors of N = 4
SYM transform as a (2,2) of SU(2)g x SU(2)y, which is denoted as A™. Under the
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dimensional reduction to d = 3, they decompose into pairs of 2-component d = 3

Majorana spinors, Ai™ and A", where the former is in the vector multiplet and the
latter in the hyper multiplet. We also have a d = 3, N/ = 4 SU(N) fundamental
hypermultiplet on the defect. It consists of complex scalars ¢ transforming as a 2 of
SU(2)y and d = 3 Dirac spinors ¥* transforming as a 2 of SU(2)y. They are coupled
canonically to three-dimensional gauge fields A,. Hence supersymmetry will induce
couplings to the rest of the bulk vector multiplet as well, while the bulk hypermulti-
plet does not couple to the defect hypermultiplet at tree level. This fact will play a
crucial role in reproducing the open string spectrum in Section 4. The field content

of interest is summarized in the following table.

Field Spin | SU(2)y | SU(2)y | SU(N) | A

X3 X4 X0 0 1 0 adjoint | 1

X6 X7 X8 0 0 1 adjoint | 1

\im % % % adjoint %

q" 0 : 0 N |3

7" 0 : 0 N |3

4 z 0 : N 1

2 L 1 N

Field theory action takes the form
S =84+, (2.1)

where S is the usual d = 4, N = 4 SYM part and S3 is the d = 3 defect CFT action
with defect couplings with d =4, N' =4 SYM fields. They are derived in [11] using
the preserved d = 3, N’ = 4 supersymmetry and the global symmetries. The authors
of [11] convincingly argue that the chiral primary operators in the defect CET are

G X h X (2.2)

where we define a shifted Pauli matrices 7 (I = 3,4,5) as ¢/~2 and (...) denotes

traceless symmetrization. These operators will turn out to be the important building



blocks for open strings ending on the D5-brane in Section 4.

2.3 Open strings in pp-waves

Let us now consider the pp-wave limit of near-horizon limit of D3-D5 brane setup
described in the previous section. It is convenient to introduce global coordinates on

AdS5 x S5 in taking the Penrose limit. The metric takes the form
ds* = R? [—dt2 cosh? p + dp?® 4 sinh? pdQ2 + dip? cos® p + dp* + sin® @dQﬂ , (2.3)

where R* = 4mga’?N. We introduce light-cone coordinates #* = (t +1)/2 and take
the Penrose limit (R — oo with ¢ fixed ) after rescaling coordinates as follows

Ft=at, i = ~o0=2 (2.4)

R TR R
After rescaling & to introduce a mass scale, j, the metric and the Ramond-Ramond
form takes the form

ds* = —4daxtdr™ — p?Z%da™? + dz?, (2.5)

Flii934 = Fisers = W, (2.6)

where 7 = (z',...2%).2 The SO(2) generator, J = —idy, rotates the 34 plane in the
original D3-D5 setup. One finds that

. ) ? A+J

2p+ = —p_ = 2(93,— = ﬁai— = ﬁ(at — ad}) = R2 .

Therefore, the Penrose limit corresponds to restricting to operators with large J ~

]

(2.8)

V/N and finite A — .J. Notice that we are in the large 't Hooft coupling regime since
we keep ¢ fixed.
In the Penrose limit, the string action reduces to the following form in the light-

cone gauge

1 iyt r1 1,1 1 | ,
g_ /dT/ " do {22 I (S@Sl + 28,05, — Mslrm‘*szﬂ ,
2ma/ 0 2 2
(2.9)

2We have chosen the null geodesic in the Penrose limit to lie on the D5-brane because in the

light-cone gauge, Neumann conditions are automatically imposed on z*.
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where S; are positive chirality SO(8) spinors. One can readily see that taking the

light-cone gauge leads to Neumann boundary conditions for 2+, 2™ in the open-string

sector since
_ 0;2°0,2"
— 7p+ )
6 .7

We identify (25, 2%, 27, 2%) directions with the original (2%, 2% x7, %) directions and

g™ (2.10)

2% with the orthogonal direction to D5 brane in AdSs. We label the coordinates in

the Penrose limit such that the boundary conditions for the D5-brane are given as

where N and D denote Neumann and Dirichlet boundary conditions, respectively. For

S;, the appropriate boundary condition is [23]
Sy =T'#55,. (2.11)

The boundary condition for the fermions effectively reduces the degree of freedom by
half. Taking the Penrose limit and taking the light-cone gauge break the symmetry
group SO(3,2) x SU(2)g x SU(2)y to SO(3) x SU(2)y. This point has been clarified
in [24]. The full open string spectrum on a D5-brane has recently been computed by

[18]. The mode expansions for the bosonic part are

1 1 ,
h(r.0) = cos(ur)zg o sinrh 42— e cos (;‘;) ol + c(@,12)
2hp(T,0) = znz::l \/w_ne—z‘wm sin (OZ?;F) al + c.c., (2.13)
where we have defined
n2
= 2.14
< J“ iy _—

Important difference between the Neumann and Dirichlet expansions is that the

Dirichlet expansion does not have a zero mode. This gives rise to 4 massive bosonic
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oscillators. Similarly, eight zero modes coming from fermions form 4 massive fermionic

oscillators and their contribution to the zero point energy exactly cancel the contri-
bution from the bosonic zero modes. Due to the mass term, fermionic creation and
annihilation operators have +1/2 and —1/2 eigenvalues with respect to I'*> respec-
tively, and both transform separately as a doublet of SU(2)y. Hence, the light cone
open string ground state should be a singlet of SU(2)y for the fermionic zero modes,
thus correctly reproducing D5-brane SYM multiplet.

The light cone Hamiltonian is given as

% = —p. = Hp=S Ny | p2 4 — 2.15
p P+ l nz::o \Jlu’ + 4(a/p+)2 ( )

where N, denotes the total occupation number of that mode for both bosonic and
fermionic oscillators. Rewriting the Hamiltonian in variables better suited for AdS5 x
S5, one notes that a typical string excitation contributes to A — J = 2p~ with

frequency

2
(A—J) = |14 T9N07

. - (2.16)

2.4 Open strings from defect conformal field
theory

In this section, we construct a list of gauge invariant operators in the defect CF'T dual
to states in the open string Hilbert space. Recall that J is the generator of rotation

on the X3-X* plane. Define

7 = 12 (X% +ix1), o? = \}5 (6% +i6") = \}5 (o! +i0?), (2.17)

Both the operators Z and ¢™cZ, ¢" have A = J = 1. The fact that Z belongs to

the bulk hypermultiplet will be important later. We propose that the open string
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light-cone ground state corresponds to

1
10,0 )1e. < oG ZL Zq" (2.18)

As mentioned above, this is a chiral primary operator with A = J found in [11].
Because it is a chiral primary, A — J = 0 in the strong 't Hooft coupling limit.
This property agrees with the fact that the light-cone ground state has zero energy.
Furthermore, it does not transform under SU(2)y as one expects from the light-cone
ground state.

For excited states, as in the closed string case [7], we insert proper operators with
A — J = 1 without phases for zero modes and with appropriate phases for nonzero
modes. Here we consider Neumann and Dirichlet directions separately since there are
several crucial differences.

For the zero mode excitations along the Neumann directions, we have the following

correspondence?:

a0, p )., — Z g7 (Do Z) 27" (2.19)

Ly
\/j ~ NJ/2+1 Tmn

1 K1
Jr2 + —m r7l J—l TL
a'ol0,p e — — mnq A (D Z)Z (2.20
0’ > ﬁ ; NJ/2+1 )
00, pt RIS A IIAVARDD 2.21
a 0|07p >l.c. — \/7 Z NJ/2+1 mnq ( ) ( : )

a0, pte A AR (2.22)

\/—Z NJ/2+1 mnq

The above open string states are associated with preserved symmetries of the D5
brane. They are massive however since the symmetries do not commute with the

light cone Hamiltonian. Hence, these operators are obtained from the open string

3To be rigorous, the directions X%, X1, X2, X are related to the original coordinates by a con-
formal transformation after wick rotation as in the radial quantization. This transformation leaves

the 9 direction orthogonal to the defect.
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ground state operator (2.18) by acting corresponding preserved symmetries in the

defect conformal field theory. For example, the fourth operator (2.22) is obtained by
acting a SU(2)y rotation on the ground state operator. The rotation also acts on the

boundary fields ¢™ and ¢" giving rise to additional terms such as

SR AR L (2.23)

mn

For notational simplicity, we have suppressed this term in the above list. Likewise,
the other three operators have additional boundary contributions. In the weak ’t
Hooft coupling regime, these operators have A — J = 1. Since they are in the same
multiplet as the chiral primary operator (2.18), their dimensions are also protected
by supersymmetry.

For nonzero mode excitations along the Neumann directions, we insert operators

with cosine phases*®

1 1 J V2 cos (™2 . i
aTn’07p+>l.c. — JZNJ/2<+1J)Uanq ZZ(DOZ)ZJ le (224>
1=0
9 1 J.vV2cos mnl . .
at |0,p ). — —= ngn ZY{D\2)Z7 ", (2.25)
J 1=
1 J.v2cos (™
aTi|0,p+>l.c. — Z(‘])afmle(DgZ)Z‘]_lq”, (2.26)

aT151|07p+>l.c. T = Z J)O}%anfleX‘SZJ_lqn' (227)

The factor of v/2 is necessary for correct normalization of the free Feynman diagram in
the two-point function. Notice that unlike the closed string case, the operators with

single insertions are not trivially zero which reflects the fact that there is no level

4This point is also noticed in [17].
5In principle, we should assign phases including the boundary contributions. Again, for simplicity,

we suppress them since it does not affect following calculations.
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matching condition for open strings. In addition, the sign of n has no significance,

which corresponds to the fact that there is only one set of oscillators instead of both
the left and right moving sectors.

We can compute the anomalous dimension of these operators following the closed
string case discussed in the appendix of [7]. The only difference from the closed
string case is that the exponential phase has been replaced by the cosine phase.
For example, let O be the fourth operator (2.22) above. The contribution from

L [ d*2x2Tr[X°ZX®Z] in the bulk action gives

2mg

. N T 13 mnl mn(l +1 1
(O(x)0*(0)) = PR _1 + 7 ; N(27g)8 cos (J) cos <<J)> ) log |x|A]
N | = (2] + 1) ™
N -
= T2 _1 + N(2mg)4 cos (7) ) log |a:]A} : (2.28)

where A is a normalization factor and A is the UV cutoff scale. As argued in [7],
contributions from other Feynman diagrams cancel this contribution when n = 0°.

Therefore, the full contribution can be taken into account by simply replacing cos (%)

with cos (%) — 1. Finally, we have to the leading order

. N TgNn?
(O(z)0*(0)) = PR 1-— 7 log |z|A| . (2.29)
Therefore, one gets
7gNn? n?

This is exactly the first order expansion of light-cone energy of corresponding string

states.

6Refer to Appendix A which explicitly shows the anomalous dimension vanishes for the case

n = 0 since the operators are then chiral primaries.
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Now consider the directions with Dirichlet boundary conditions. As mentioned

earlier, the associated mode expansions do not have zero modes. For nonzero mode

excitations, we insert appropriate operators with sine phases as follows

J v/2sin <”}‘l)

N o2 " ZY(DeZ)Z ", (2.31)

4
aTn|O7p+>l,c. A

3=

=0

J 4/2sin (”}”)

6
aTn|07p+>l.c. A—

3=

=0

1 ! QSID(W;I) Z —m 7l 37 Jln

7
aTn|Oap+>l.c. —

J \/2sin (“"l)
T8| + 1 NIV T ) 2 pmogl 8 - "
a',10,p ). — oo qn L X7 (2.34)
\/j; NI/2+1

Notice that the sine phases naturally kill the zero modes when n = 0. We should
ask what is the fate of the operators with insertions along the Dirichlet directions
without phase. These operators are obtained by acting on the ground state operator
with symmetries broken by the defect”. Therefore, their dimensions are not generally
protected. In fact, the operators X6 X7, X?® are in the bulk vector multiplet and cou-
ple to the defect hyper multiplet via the defect F-term to the leading order. Similarly,
the normal derivative DyZ couples to the defect hyper multiplet despite the fact that
Z itself is in the bulk hyper multiplet[11]. This boundary interaction gives rise to
large anomalous dimensions of order N/J ~ J when one inserts operators without
phases. Hence such operators will disappear in the strong 't Hooft coupling regime as
implied by the open string spectrum. Nevertheless, once we include the sine phase,
boundary interactions are suppressed by a factor of sin ( ) ~ 1/J2, and they can
be ignored to the leading order in 1/J. Therefore, the only contribution to anomalous
dimensions comes from the bulk interaction. The computation is essentially the same

as above, and the result agrees with the open string spectrum.

7As a result, we do not have additional boundary terms unlike the case for Neumann directions.
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For fermionic excitations, we insert J = 1/2 components of X which is just

A™ 8 As in the bosonic sector, the number of zero modes is half of that of non-
zero modes. Hence, we need a similar mechanism to remove possible gauge theory
operators corresponding to the 4 unphysical zero modes. The symmetry breaking
pattern and the form of boundary interactions in the defect CF'T allow one to do
this consistently. Recall that the operators Al and A\™ are in the vector and hyper
multiplets respectively. Only AI™ couples to the defect hypermultiplet while AJ™ can
be obtained from Z by acting preserved supersymmetries ?. Therefore, we associate
sine and cosine phases with AI™ and A\}™ respectively. As in the bosonic sector, this
assignment reproduces the open string spectrum in the fermionic sector. This result

is also implied by the 8 preserved supersymmetries.

2.5 Discussion

In this chapter, we have considered a Penrose limit of type IIB string theory on
AdSs x S with a D5-brane spanning AdS* x S? whose dual field theory is NV = 4
SYM coupled to a three-dimensional conformal defect. The Penrose limit gives rise
to a Db-brane in the pp-wave background. The limit corresponds to looking at a
subsector of operators in the dual field theory with large J ~ /N and finite A — .J
in the large 't Hooft coupling regime. We have studied perturbative open string
spectrum on this brane and constructed a complete list of gauge invariant operators
dual to the open string states from the defect conformal field theory. The peculiar
feature of defect couplings, symmetry breaking pattern in the dual field theory and
sine-cosine phases are essential to reproduce the proper boundary conditions for the
open strings.

One can also consider several M D5-branes. Then the defect hypermultiplet gets

an additional U(M) index with ¢™ and " transforming as M and M of U(M) re-

8We take i to be the quantum number of J, which is a generator of Cartan subalgebra of SU(2) .
9They also transform ¢ and ¢ into ¥ and W. Therefore, when we insert A3™, we have additional

boundary terms with ¢ or ¢ replaced by ¥ or .
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spectively. This naturally induces Chan-Paton factors at the ends of open strings as

expected. It would be interesting to construct defect conformal field theories arising
from other supersymmetric brane intersections and study their Penrose limits. Then
we expect to find specific defect couplings and symmetry breaking patterns which
reflect the boundary conditions of the D-branes in this limit.

Lastly in Appendix A, we have explicitly shown that the anomalous dimensions
vanish for the chiral primary operators, which correspond to vaccuum states on the
string side, as expected. However, a finite piece remained which diverges like N in
the Penrose limit but not in the usual 't Hooft limit in which g3 ,,N is kept fixed. It
has not been settled whether this subtlety can be overcome by absorbing the finite
piece in some regularization scheme or not. If not, a well-defined perturbative gauge
theory may not be defined in the Penrose limit and the full nonperturbative effects
have to be considered. It would be very interesting to resolve this issue and to see
if other open string setups, such as the one considered by [17], also possess a similar

problem.
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Chapter 3

Open Strings in AdSy

3.1 Introduction

In the previous chapter, we have considered the spectrum of a single D5-brane in
AdSs x S° and discussed its dual defect conformal field theory proposed in [11]. We
then took the Penrose limit of this setup and proposed gauge invariant operators dual
to open string states on the string theory side. In this chapter, we consider D-branes
in AdSs x S x M*. For this case, a defect conformal field theory dual to the D-brane
setup has not been rigorously constructed in the lines of [11]}. From this point on,
we will be mainly interested in the D-brane setup for its own sake and leave the
AdS/CFT correspondence for future work. More specifically, we study the spectrum
of open strings confined to live on AdSs; branes embedded in AdS;.

The SL(2, R) WZW model is ubiquitous in string theory. It arises in contexts
ranging from the Liouville model in two-dimensional gravity [26, 27, 28, 29] to three-
dimensional Einstein gravity [30] to two-dimensional black holes [31] to Neveu-Schwarz
5-branes [32] and their relation to singularities in Calabi-Yau spaces [33, 34, 35]. In
addition, the SL(2, R) WZW model describes the worldsheet of a string propagating
in AdS3 with a background NS-NS B-field. The application to string theory in AdSs

is of particular interest, as it opens a window onto the AdS/CFT correspondence be-

LA first step towards this goal has been taken by [25].
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yond the gravity approximation. For all of these reasons, the SL(2, R) WZW model

has been intensively studied for more than a decade.?

Recently, a proposal was put forward [37] and checked [36] for the structure
of the Hilbert space of the model. The symmetries of the theory require that its
Hilbert space decompose as a sum of irreducible representations of the current algebra
SL(2, R)x SL(2, R). But which representations appear, and with what multiplicities?
According to the proposal of [37], the Hilbert space contains discrete representations
and continuous representations, as well as their images under spectral flow. It was
argued in [37] that the discrete representations and their spectral flow images corre-
spond to short strings in AdSs, and the continuous representations and their images
to long strings. In both cases, the integer w indexing the spectral flow was interpreted
as the winding number of the strings about the center of AdSs.

The analysis of [37] determined the spectrum of closed strings in AdS;. We ad-
dress the corresponding problem for open strings. More specifically, our setting is
critical open bosonic string theory in AdS; x M, with an NS-NS background, and
in the presence of a D-brane whose world-volume fills an AdSs subspace of AdSs
and wraps some subspace of the compact space M. This AdS, brane preserves one
linear combination of the left- and right-moving current algebras. Consequently, the
Hilbert space of open strings ending on the AdSs brane decomposes as a sum of ir-
reducible representations of a single 5/'1\1(2, R). Our main task will be to determine
which representations appear in the spectrum.

Some intuition may be gained from the SU(2) counterpart of our problem [38,
39, 40, 41, 42, 43, 44, 45, 46]. In the SU(2) case, the D-brane worldvolumes analo-
gous to our AdS, branes are S? subspaces embedded in the SU(2) group manifold
S3. These S? branes are quantized: if the level of the WZW model is k, there are
k 4 1 possible D-brane configurations, labeled by a quantum number n taking the
values n = —k/2,—k/2+1,...,k/2. If k is even, the D-brane with quantum number
n = 0 wraps the equatorial S? within S3. In general, the D-branes associated with

increasing |n| wrap smaller and smaller 2-spheres. By the time n reaches +k/2, the

2A representative sample of references is given in [36].
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S? worldvolumes have degenerated to the north or south pole of S3.

The Hilbert space H, of open strings ending on the S? brane with quantum

number n decomposes as

k/2—|n|

H,= @ D, (3.1)
j=0

where Dj is the irreducible representation of the current algebra SU (2) whose ground
states make up the spin-j representation of SU(2) [41]. It is evident from (3.1) that
the Hilbert space “loses” representations as |n| increases. For example, the Hilbert
space of open strings ending on an equatorial S? brane is H,—y = EB?EO Dj, which is
the holomorphic square root of the Hilbert space of closed strings in SU(2), projected
onto integral j. On the other hand, when n = £k/2 and the D-brane has shrunk to the
north pole or the south pole, the Hilbert space is reduced to the single representation
Hy=+k/2 = Dj=o.

We seek a similarly detailed picture of the Hilbert space of AdS, branes in AdSs.
Our method resembles that of [37]: we start by constructing classical open string
world-sheet solutions, based on which we then conjecture the form of the quantum
Hilbert space. To test the validity of this approach, and to introduce the tools we will
need for SL(2, R) in what may be a more familiar context, we begin in Section 3.2
with a semiclassical treatment of S? branes in the SU(2) WZW model. The Hilbert
space structure that emerges from our semiclassical methods is identical to that of
(3.1), though we cannot see the quantization of the parameter n.®> Our approach
explains naturally in terms of the geometry of S3 why SU (2) representations are
skimmed off the Hilbert space as |n| increases.

We then return to the SL(2, R) model. Following a review in Section 3.3 of the
closed string Hilbert space, we take up the subject of AdS; branes in Sections 3.4 and
3.5. Like the S? branes in SU(2), the AdSy branes in SL(2, R) are quantized. The
quanutm number they carry is essentially fundamental string charge. In a suitable

coordinate system, each AdSy brane is located at some fixed value 1y of one of the

3A semiclassical argument for the quantization of n was given in [44].
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coordinates. The quantization condition is

sinh = 9,Q., (3.2)

where g, is the string coupling constant and () is the fundamental string charge carried
by the brane. The condition (3.2) restricts ¢ to a discrete (but now, neither finite
nor bounded!) set of allowed values. As with the S? branes, though, our analysis is
insensitive to this quantization.

The simplest case, 1y = 0, is treated in Section 3.4. This case is the SL(2, R)
analogue of the equatorial S? branes in the SU(2) model. An AdS, brane with 1y = 0
is a “straight” brane cutting through the middle of AdS3;. The Dirichlet boundary
condition defining such a straight brane preserves the full spectral low symmetry of
the closed string theory. Semiclassical analysis suggests that the open string Hilbert
space is the holomorphic square root of the Hilbert space of closed strings in AdS3. A
one-loop Euclidean partition function calculation, described in Appendix D, confirms
this conjecture.

Section 3.5 is devoted to branes with 1y # 0. Exact quantitative results are
unavailable here; nevertheless, we are able to arrive at a qualitative picture of the
Hilbert space.

An AdS, brane with 1y # 0 is analogous to an S? brane with n # 0 in the SU(2)
model. Varying 1y away from zero curves the brane towards the boundary of AdSs.
Unlike the situation for S? branes in S, there is no loss of representations as ||
increases. This difference is traceable to a simple difference in the geometry of the
two setups.

Introducing an AdSs brane with ¢y # 0 breaks half the spectral flow symmetry:
the curved-brane Dirichlet boundary condition is preserved only if the integer w
parametrizing the spectral flow is even. Nevertheless, we can construct classical short
and long string solutions—and the Hilbert space contains discrete and continuous
representations—of both odd and even w. There is an important difference, though,
between the short and long string solutions, having to do with the action on AdSs;

of PT, the space-time parity and time-reversal symmetry. When acting on discrete
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representations, PT flips the parity of w. Thus it is possible to reach a discrete

representation of any given value of w from a discrete representation of any other
given w by a sequence of symmetry transformations: even w spectral flow and, if
necessary, target space PT. Consequently, the 1y dependence of the density of states
of the discrete representations is the same for all w. By contrast, PT maintains the
parity of w when acting on continuous representations. Thus the 1y dependence of
the density of states of the continuous representations is different for odd and even
w. We highlight this difference by examining the contributions of the odd and even
w sectors to the divergence structure of the one-loop Euclidean partition function.
In the limit g — +o00, the AdSy brane approaches the boundary of AdSs3, and
the induced electric field on the brane worldvolume approaches its critical value. We
therefore conjecture that the 1y — oo limit reproduces noncommutative open string
(NCOS) theory on AdSs. At the end of Section 3.5, we show that, in this limit, the
WZW Lagrangian takes a form similar to the Lagrangian of noncommutative open
strings [47, 48], appropriately modified to account for the AdS; background. We also
take some preliminary steps towards a computation of the one-loop partition function.
Towards the completion of this work, we received the preprint [49], which contains
some overlap with certain of our results. In addition, branes in AdS3 were recently

studied from a different point of view in [50].

3.2 S? Branes in the SU(2) WZW model

In this section, we study S? branes in the SU(2) WZW model from a semiclassical
point of view. Our reasons for doing so are twofold. First, the SU(2) WZW model is
in several important ways similar to—and different from—the SL(2, R) model which
is our main focus, and it is useful to develop the ideas we will need later on in a
more familiar setting. Second, the SU(2) model provides a testing ground for the
semiclassical techniques that will eventually help us maneuver through the intricacies
of the SL(2, R) model. By examining classical open strings ending on S? branes in

S3 we will be led to the picture of [41] for the structure of the quantum Hilbert space.
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Before turning to the analysis of S? branes in S®, let us begin with some remarks

on branes in WZW models in general [51, 43]. In free bosonic open string theory
with target space coordinates X“, the standard boundary conditions at the string

endpoints may be expressed as
0, X*=40_X*, (3.3)

with the plus sign indicating a Neumann condition and the minus sign a Dirichlet
condition. In the free theory, the 0, X* (0_-X*) are (anti-)holomorphically conserved
currents. The simplest extension to strings propagating on group manifolds replaces
0. X (0_X*) by the (anti)-holomorphically conserved currents J§ (J¢). In addition,

we could generalize (3.3) to the condition
0, X*=RIO_X", (3.4)

where Rj is a constant matrix; which directions are Neumann and which Dirichlet are
then determined by the eigenvalues of Rj. The corresponding operation in the WZW
model involves “twisting” the condition relating the left- and right-moving currents

by an automorphism R of the Lie algebra [51, 43],
Je+REJE =0. (3.5)

The statement that R is a Lie algebra automorphism means that, for all Lie group
generators 7% and T°, [R(T?), R(T")] = R([T%,T"]). The automorphism R is further
required to preserve conformal invariance at the worldsheet boundary. In (3.3) we had
a choice of sign; choosing the plus sign in (3.5) ensures that the boundary conditions
preserve the affine symmetry algebra.*

The condition (3.5) is called a gluing condition, and implies the boundary con-
ditions satisfied by the target space coordinates. The gluing condition (3.5) defines
branes, whose worldvolumes within the group manifold G extend in the directions for
which the boundary conditions derived from (3.5) are Neumann. The brane worldvol-

ume containing a fixed element g € G can be represented as the “twined” conjugacy

4We will not consider the more general brane configurations that can be obtained by relaxing

this requirement.
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class

W = {r(h)gh™* : h € G}, (3.6)

g
where r is the group automorphism induced near the identity from the Lie algebra
automorphism R.°

Now let us make this concrete for the case of branes in S?, the group manifold of

SU(2). We write the general SU(2) group element as
g = exp (zz; 5) , (3.7)
where

1/7: (w — 72T> (sinw cos ¢, sinw sin ¢, cosw) , (3.8)

the coordinates (¢, w, @) lie in the ranges

—— <Y< 0<w<m, 0<o¢<2m, (3.9)

s
9 )

bo| 3

and & = (01, 09, 03) is the vector of Pauli matrices. Explicitly, in this parametrization,

siny —icoswcosty —ie " cost)sinw
g= ' : (3.10)
—ie" costsinw  sint + 4 cosw cos Y

The S? metric in these coordinates is
ds* = dip? + sin? 1 (dw? + sin® w d¢?) , (3.11)

from which it is apparent that the surfaces of constant i) are 2-spheres embedded in
S3.

Classical string worldsheets in S® are given by solutions of the SU(2) WZW model.
We take the worldsheet coordinates to be 7 and o. For closed strings, ¢ is periodic
with period 27; for open strings, 0 < ¢ < 7. It is also convenient to define the

light-cone combinations

f=140. (3.12)

5For X in the Lie algebra and ¢ sufficiently small, r(e!X) = (X,
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The WZW theory possesses three right- and left-moving currents, which may be

grouped into the matrices
Jr=Fk0o, g9 ", Jo=kg 0 g:; (3.13)

here k is the level of the WZW model. The WZW equations of motion state that
these currents are conserved, i.e., d_Jr = 0, J, = 0.
Taking the Lie algebra automorphism in (3.5) to be trivial leads to the gluing

condition

J, = —Jg. (3.14)

The worldvolumes of the associated branes are ordinary conjugacy classes of S3: they
are the 2-spheres given by
Trg = 2sinvy, (3.15)

for some constant 1y € [—7/2,7/2]. The worldvolume of the S? brane with ¢y = 0
spans the equatorial 2-sphere of S3; as |¢y| — 7/2, the S? branes degenerate to single
points at the north or south pole.

It is useful to introduce a second parametrization of the SU(2) group element,

sinrsinf +icosrsint —cosrcost —icos@sinr
g= , (3.16)

cosrTcost —icosfsinr  sinrsinf —icosrsint

where the coordinates (7, 6,t) satisfy

0<r<-, 0<6,t<2r. (3.17)

N[

The S? metric in these coordinates takes the form
ds® = cos® rdt* + dr® + sin®r df* . (3.18)

One simple class of open string configurations satisfying the WZW equations of
motion is given by

t=ar, 0 =aoc+06, r="p, (3.19)
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where 0 < a < 1land 0 < 6y < 7/ 2.5 The solutions satisfy the Dirichlet condition

defining the S? brane, provided

i 20
Ginfy = 200 g g1 2% (3.20)
sin rg s
It follows that
2
a<1-— ol (3.21)
m

That is, a has an upper bound that decreases with increasing |¢y|. The geometry of

the S? branes and their attached open strings is shown in Figure 3.1(a).

Classical Classical

'/(;\ Solutions Solutions

Branes w Branes " _____

(a) (b)

Figure 3.1: (a) A view at fixed ¢ of S? branes and open strings ending on them. (b)

A view at fixed t of a system of two S? branes with open strings.

Let us compare the result of our classical analysis with the known structure of

the quantum Hilbert space of open strings ending on S? branes. The Hilbert space

6This range for §p assumes that 1y > 0. If ¢»g < 0, the proper range for 6y is 7 < 6y < 37/2.
The bound 0 < a < 1 will be explained in greater detail in the analogous SL(2, R) context in
Section 3.5.1; essentially, any solution with arbitrary a can be mapped by spectral flow to a solution
satisfying the bound. One important difference between the SL(2, R) and SU(2) models, though, is
that, in the quantum theory of the SL(2, R) model, spectral flow generates new representations of

the current algebra, whereas in the SU(2) model, it does not.
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is a sum of representations of SU(2); the spin j of a representation appearing in the

sum is related to the parameter a of the associated classical solution by j = ka/2.
Although the analysis we have just presented is not refined enough to see it, 1, is
quantized [44] as ¥y = 7%, where n = —k/2, —k/2+1,...,k/2. Thus, for given 1)y,

the bound (3.21) on a translates into a bound
k
js5—lnl (3.22)

on the spins of the allowed representations in the Hilbert space. This bound matches
the conformal field theory analysis of [41], in which the Hilbert space H,, of open

strings ending on the brane labeled by n was shown to be
k/2

H, = PN/, D;, (3.23)
§=0

where o = %(n + g), D; is the irreducible spin-j highest weight representation of

SU(2), and the fusion coefficients are given by

1 if ja— ] <j<min{a+ 3,k —a— 3}
NI, = and 2(j +a +/3) =0 mod 2 |, (3.24)
0 otherwise .

A priori, the sum over j is to be taken in half-integer steps (i.e., 7 = 0,1/2,...,k/2).
However, the fusion coefficient N7 is nonzero only if j is an integer. The equatorial
S? brane has a = k/4; the branes at the poles have a = 0 and a = k/2. For all «,
the sum cuts off at min (2c, kK — 2«), which is readily seen to be equivalent to the
cutoff (3.22). Thus (3.23) is identical to (3.1). Our classical methods have reproduced
information about the quantum Hilbert space.

The restriction to integral j in the sum (3.23) (or (3.1)) can be simply understood,
at least for equatorial S? branes. In addition to the stringy solutions (3.19), the

equatorial S? brane also admits the particle-like geodesic solutions

t=ar, r=0. (3.25)
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Let us consider the & — oo limit of the theory. In this limit, if we expand around

geodesic solutions like (3.25), the WZW model reduces to quantum mechanics on S2.
Its Hilbert space is therefore the space £2(S5?) of square-integrable functions on S2.
This space decomposes into spherical harmonics, which correspond to representations
of integral spin only.

We conclude this section with a slight generalization. Let us consider a system
of two S? branes, located at 1 = ¢, = mn;/k and ¢ = 1y = 7ny/k; without loss
of generality, we may assume that ¢); > 0 and |¢)1] > |1)s], as shown in Figure 1(b).
The conformal field theory analysis of (3.23) and the expression (3.24) for the fusion
coefficients tell us that the Hilbert space of strings stretching from the brane at v,

to the brane at 15 has the decomposition

%(k—nq—nz)

Hom,= B Dj. (3.26)

j=3In1—na|

We wish to reproduce the bound on j by semiclassical methods. We consider classical

solutions of the form (3.19), subject to the Dirichlet boundary conditions

sinfpsinrg = sinyy, (3.27)

sin(am + 6y) sinrg = siny. (3.28)

An argument like the one in the single-brane example shows that now a is bounded

both above and below,

Wzl oy _atds (3.29)
s - T

The solutions saturating the inequalities are those with 7o = 7/2. Since j = ka/2,

the bound on a translates to
1 1
§|n1—n2| §]§§(l@—n1—n2) , (3.30)

which matches the conformal field theory result.



3.3 Closed strings in AdS3 »

Our search in Sections 3.4 and 3.5 for solutions of the SL(2, R) WZW model corre-
sponding to open strings ending on branes will be guided by the known properties of
closed string solutions. In this section, we summarize the analysis of [37] of closed
bosonic string theory in AdSs. Our review has two parts. First, we survey the classical
closed string solutions of the SL(2, R) WZW model, beginning with simple geodesic
solutions and building up more complicated solutions by acting with global isometries

and spectral flow. Next, we sketch the structure of the quantum Hilbert space.

3.3.1 Classical solutions

The space AdSs is the group manifold of SL(2, R). If we think of AdS; (with unit
anti-de Sitter radius) as the hyperboloid

(X9 = (X1)? = (X + (X7)* =1 (3.31)

embedded in R*?, then a point in AdS3 is given by the SL(2, R) matrix

XO+X1 X2+X3
g= . (3.32)
X2 _ X3 XO _ Xl

Alternatively, we may parametrize ¢ in terms of the global coordinates (p, 0, t) defined

in Appendix C,

costcosh p — cos@sinhp  sintcosh p + sinfsinh p
g= : (3.33)
—sintcosh p 4+ sinfsinh p cost cosh p + cos @ sinh p

The AdSs; metric in these coordinates is
ds® = — cosh?pdt* + dp? + sinh®p dH* . (3.34)

The parametrization (3.33) is the SL(2, R) counterpart of the SU(2) parametrization
(3.16).
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Like the SU(2) theory, the SL(2, R) theory possesses three conserved right- and

left-moving currents,

JE(zT) = kTr (T“@+gg_1) ) Ji(z7) =kTr (T“*g_l(‘?_g) (a=+4,—,3).
(3.35)
Here £ is again the level of the WZW model, and the T, given in terms of the Pauli
matrices by
i

1
T3 = —502 T = 5(03 +i0y), (3.36)

form a basis of the Lie algebra of SL(2, R). Sometimes we write the currents in the

matrix form

Jp = k0, gg ", J,=kg'0_g. (3.37)

The general solution g of the WZW model can be factored as a product of left-

moving and right-moving parts,

9(o,7) = g+ (x")g-(27), (3.38)

but, as we have said, it is useful to begin by studying geodesic solutions, which depend
only on the time coordinate 7.

The simplest timelike geodesic solution is

cos aT  sin aT
9o ‘ : (3.39)
—sin ar  cos aT

describing a point particle at the center of AdSs,
t=ar, p=0. (3.40)

The most general timelike geodesic can be obtained by acting on (3.39) with the
global isometry group SL(2, R) x SL(2, R) of the WZW model. Such a solution has

the form

cos T sin aT
g=U V, (3.41)

—sin ar  cos aT
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where U and V' are constant SL(2, R) elements. The parameter « in (3.39) and (3.41)

is related through the Virasoro constraints to the conformal weight h of the sigma

model on the compact space M. The conserved currents of the solution (3.41) are

ko

EZ@Z?’ JE=Jt =0, (3.42)

and the energy, defined as the sum of the zero modes of J} and J3, is ka.
The construction of spacelike geodesics is similar. The simplest spacelike geodesic
solution

e 0

describes a straight line through the spacelike section t = 0 of AdS3. The most general
spacelike geodesic solution is

g=UgV, (3.44)
where, again, U and V' are constant SL(2, R) isometries. Its currents are

ko

JP=Jb=0, lﬁ:§:33 (3.45)

and its energy is zero.
Given a classical solution g(o,7) = g, (z7)g_(27), we can generate a new solution
g(o,7) =g (xt)g_(z7) by spectral flow, which involves setting
iwx+ 2. ~ iwx_o'Q
g+ = e? g+,  g-=g-e? ; (3.46)
for some integer w. Spectral flow acts on the AdS5 global coordinates by

p—p, t—t+wr, 0 — 0+ wo, (3.47)

and on the SL(2, R) currents by

.k L
L@:J§+éﬂ JE = JEeFiwet (3.48)
3 = kw + F+ Fiwz—

2
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or in terms of Fourier modes,

kw ~
7571,,0 ) JI:YF,Ln - J;,aniw . (350)

‘]I%L,Ln = j?%,Ln +

Timelike geodesics are mapped under spectral flow to short string solutions, which

expand and contract periodically in global time and wind w times around the center

of AdS3. Spacelike geodesics are mapped to long string solutions, which start in the

infinite global-time past as circular strings of infinite radius wound w times near the

boundary of AdSs, collapse (to a point, if there is no angular momentum) as t — 0,

and expand again as t — oo to wound circular strings at the boundary. The solutions

constructed in this way have energies
kw 1 ka?
E=—+4+—|(F—+2n]|, 3.51
5 T <:F 5 ) (3.51)

where the minus sign corresponds to short strings and the plus sign to long strings.

3.3.2 The quantum Hilbert space

We now recall the structure of the quantum Hilbert space of the SL(2, R) WZW
model. The Hilbert space decomposes as the sum of discrete representations of the
§E(2, R) current algebra, continuous representations of the current algebra, and the
images of these representations under spectral flow. Let us briefly review what this
means.

The zero modes J¢ of the generators J* of the (left- or right-moving) SL(2, R)
current algebra form a closed subalgebra, which generates the group SL(2, R). Among
the unitary representations of this SL(2, R) are the principal discrete highest- and

lowest-weight representations, which are realized in the Hilbert space
:t o . . . . . .
Dy ={ljsm) :m==5,+(G+1),£( +2),...}. (3.52)

The states |j;m) are simultaneous eigenstates of Lg, the zeroth Virasoro generator
obtained from the Sugawara construction, and Jg, the SL(2, R) Cartan generator,
with eigenvalues —j(j — 1) and m. These representations are unitary if j > 0. The

representations @f of the §l\)(2, R) current algebra are constructed by considering
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the states in Df as primary states for the action of J?. That is, the states |j;m) are

taken to be annihilated by the J2 with n > 0, while the J with n < 0 are understood
as creation operators, whose repeated action on the states |j;m) yields states that fill
out the representations 15?[

Another unitary representation of SL(2, R) is the continuous representation, re-

alized in the Hilbert space
Ci ={lj,asm) m=a,afl,at2,. .}, (3.53)

with 0 < o < 1 and j = 1/2 + is, for real s. Again, the states in |j,a;m) are
simultaneous eigenstates of Ly and J3, with eigenvalues —j(j — 1) and m. The
representation C§ of SL(2, R) gives rise to a representation éjo‘ of the current algebra
in the manner described above for the discrete representations.

As we have just noted, the representations ZA)Ji and éj“ are described by the action
of the current algebra modes J2 on their constituent states. Spectral flow by w units
alters the modes J¢, as noted in (3.50), and so maps the representations 25]1 and (f']o‘
into new representations @fw and éfw The closed string Hilbert space was proposed
in [37] to be the direct sum of 75;”“ ® ﬁjw and éj‘w ® CAJ‘-)"”, the two factors in each
tensor product accounting for left- and right-moving states. The permissible values of
j for the discrete representations are bounded by % <7< %; note that, before the
physical state conditions are imposed, 7 may be any real number in this range. The
states in 75;”” ®25;-“w correspond to wound short strings and their excitations,” while
the states in C;"" ® C;"" correspond to wound long strings and their excitations.
The spectra of both kinds of states was computed in [37] and was checked by an
independent calculation in [36].

It is important to keep clear the distinction between the Hilbert space of the
WZW model and the Hilbert space of the physical string theory. The (AdSs part of
the) latter is the subspace of the former defined by the Virasoro constraints. Spectral

flow is a symmetry of the WZW model, but does not commute with the Virasoro

"The representations f)jw and 15;’_“;,“7 may be identified. This accounts for the exclusion of
2

ﬁ;’w from the list of allowed representations: it would be redundant to include it.
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constraints, and is therefore not realized explicitly in the physical string Hilbert space.

While in our analysis of classical solutions above and in subsequent sections, we have
freely borrowed and will continue to borrow the intuitions (and language) of strings,
we should bear in mind that our conclusions really pertain to the Hilbert space of the

WZW model before the imposition of the Virasoro constraints.

3.4 The straight AdS; Brane

Having reviewed closed string theory in AdS3, we now add branes to the game. We
said in Section 3.2 that the brane worldvolumes in group manifolds can be thought

of as twined conjugacy classes of the form

Wr = {r(h)gh™ :h € G}, (3.54)

g

where r is a group automorphism. In the case G = AdSs, it was shown by Bachas
and Petropoulos [52] that the only physically reasonable branes are those for which
r is the nontrivial outer automorphism that acts on a group element h, parametrized

as a 2 X 2 matrix as in (3.33), by

r(h) = wy thw, with  wg = : (3.55)

For this choice of 7, the twined conjugacy class Wy is equivalently characterized as the
set of ¢ € SL(2, R) such that Tr (wpg’) = Tr (wog). The worldvolumes of the resulting
branes are two-dimensional, since they are parametrized by arbitrary SL(2, R) group

elements subject to the single condition
Tr (wog') = 2sinh ¢y, (3.56)

where sinh )y is a constant whose physical meaning will become apparent shortly.
Upon tracing through the procedure for extracting boundary conditions for coordi-

nates from the gluing conditions for currents, one indeed finds (3.56) as the Dirichlet
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condition for the coordinate transverse to the worldvolume. The gluing conditions

for the coordinates parallel to the brane worldvolume take the form
JL = —wOJRwO s (357)

and can be shown to be equivalent to the appropriate Neumann conditions for the
SL(2, R) WZW model action.
Thinking of AdSs as the hyperboloid (3.31) in four-dimensional space, (3.64) be-

comes the statement X? = sinh . Subject to this condition, (3.31) becomes
(X2 — (X1 + (X3)? = 1 + sinh® ¢y, (3.58)

which is the equation of two-dimensional anti-de Sitter space. Thus the worldvolume
geometry of the physical branes of [52] is that of AdS; embedded in AdS;. Analysis
of the Dirac-Born-Infeld action of these AdSy branes shows that they consist of one
D-string bound to some number of fundamental strings. The fundamental string
charge () is proportional to the constant sinh y; it follows that 1y is quantized. The

quantization condition is
sinh ¢y = ¢,Q , (3.59)

where g, is the string coupling constant.
In dealing with AdS; branes, it is convenient to switch to a coordinate system in
which the Dirichlet condition is simple. The AdSy coordinates (1, w,t) are defined in

terms of the global coordinates by
sinh¢) = sin#sinh p, cosh ¢ sinhw = —cosfsinh p, t=t, (3.60)
and in terms of the embedding hyperboloid coordinates by
X! = coshysinhw, X? = sinh ), XY +iX? = coshy coshwe™.  (3.61)
The AdSs; metric in AdS; coordinates is
ds® = di* 4 cosh® 1(— cosh® wdt® + dw?) . (3.62)

The AdSs coordinates are the SL(2, R) analogue of the coordinate system given
in (3.7) for SU(2). In AdS, coordinates, the Dirichlet condition giving the location
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of the AdS, brane becomes ¥ = 1)y. Some AdSy branes in AdS3 are shown in Figure

3.2.

Branes

Figure 3.2: AdSs branes in AdSs. The view is of the (p, #) plane at fixed global time

t. The branes are surfaces of constant .

In understanding AdS5 branes and the strings that end on them, there is a crucial
distinction to be made between the “straight” branes located at ¢ = 1y = 0 and the
“curved” branes located at ¥ = ¥y # 0. In this section, we study straight branes,
following the paradigm of Section 3.3. First we construct classical geodesic solutions
confined to the brane. Next we investigate how spectral flow generates classical string
solutions that satisfy the appropriate boundary conditions. This leads to a proposal
for the open string spectrum. We conclude by describing a check of this proposal by

an explicit partition function calculation modeled on that of [36].

3.4.1 Classical solutions

Our experience with closed strings suggests that looking at geodesics might be a
promising starting point for the study of open string solutions. A o-independent so-

lution that satisfies the Dirichlet condition necessarily lies entirely within the brane.
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The timelike and spacelike geodesics (3.39) and (3.43) obviously satisfy this require-

ment. In the closed string case, we built the most general timelike and spacelike
geodesic solutions from these basic ones by acting with the global isometry group
SL(2,R) x SL(2, R). In the presence of an AdS; brane, however, the only permitted

isometries are those preserving the gluing conditions
JL = —(.UOJRCUO (363)

and leaving fixed the brane worldvolume—or equivalently, preserving the Dirichlet
condition

Tr (wog) = 2sinh vy . (3.64)

The isometry g — UgV transforms the currents according to
Jr — UJgU ™, J, = VLV . (3.65)
The conditions for this isometry to preserve (3.63) and (3.64) are therefore
VIV = —wUJpU twy, (3.66)

Tr (woUgV') = Tr (woyg) , (3.67)

which are satisfied if and only if V' = woU ~lwy. Thus the boundary conditions imposed
by the AdS, brane break the global isometry group from SL(2, R) x SL(2,R) to a
single SL(2, R). This is natural: the two factors of SL(2, R) in closed string theory
correspond to independent transformations of left- and right-moving modes, whereas
the left- and right-moving modes of open strings are related by the gluing conditions
at the worldsheet boundary. Our choice of gluing conditions guarantees that the
SL(2, R) global symmetry is naturally promoted to an affine symmetry, just as in the
closed string case.

The preceding analysis of the breaking of the isometry group holds for straight
branes and curved branes alike: nothing in the argument depended on the value

of 1.2 One difference between the straight and curved cases is that, as we have

8If 19 = 0, the most general solution of (3.66) and (3.67) is V = +woU ~twp, but the counting of

parameters remains the same.
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noted, straight branes contain particle-like solutions such as the ones shown in Figure

3.3. Curved branes, on the other hand, do not. When we generate the open string
solutions associated with curved branes, we will need a different starting point. We

will explore this in more detail in Section 3.5.

(@) (b)

Figure 3.3: (a) A timelike geodesic and (b) a spacelike geodesic confined to the brane
at 1/10 = 0.

Spectral flow generates new open string solutions from old ones. In the closed
string case, the parameter w was required to be an integer, to maintain the periodicity
of the closed strings. In the presence of an AdS; brane, w must again be integer,
but for a different reason: to ensure compatibility of spectral flow with the gluing
conditions (3.63).

Is the Dirichlet condition compatible with spectral flow? Suppose we are given a

solution satisfying the boundary condition
sinh ¢) = sin # sinh p = sinh ) (3.68)

at 0 = 0 and 0 = 7. If we act with w units of spectral flow, we obtain a new solution

characterized by

sinh ¥y = sin #sinh p = sinh ¢ at 0 =0,
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Sinh ey = sin(d + mw) sin p = £ sin @ sinh p = £ sinh ¢y at o = m(3.69)
where the sign is plus if w is even and minus if w is odd. For a straight AdSs brane,
1o = 0, and so the Dirichlet condition imposes no added restrictions on w. On the
other hand, spectral flow is a symmetry of curved branes only for even w.? This is
a key difference between straight and curved branes, and much of Section 3.5 will be

devoted to its consequences.

Figure 3.4: (a) An open short string classical solution corresponding to w = 1 spec-
tral flowed timelike geodesic solutions. (b) A classical open long string solution cor-

responding to w = 1 spectral flowed spacelike geodesic.

Spectral flow applied to timelike geodesics yields short strings. If w is odd, these
are wound open strings that contract and expand periodically in ¢, and whose end-
points are symmetric with respect to the central axis p = 0 of AdS;. If w is even,
the string endpoints coincide, giving wound circular strings. Spacelike geodesics are
mapped by spectral flow to long strings. Examples of strings of both kinds with w = 1

are shown in Figure 3.4. A calculation just like the one sketched in Section 3.3 shows

91f w is odd, then a string whose ¢ = 0 endpoint lies on a brane at ¥ = ¢y willend up at 0 = 7

with ¥ = —1p9. This will come in handy in Section 3.5.
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the space-time energy of these solutions to be

ko 1 [ ka?
E:Jg’:;“”+w<¢j+h>, (3.70)

where the minus sign is for short strings and the plus sign for long strings. The
energy of these open strings is precisely half the energy (3.51) of their closed string

counterparts.

3.4.2 The quantum Hilbert space

The classical solutions describing short and long strings ending on the straight AdS,
brane are in a sense “exactly half” of the corresponding closed string solutions: left
movers and right movers are related by the gluing conditions, and the energy of
the resulting strings is half that of the closed strings. As in the closed string case,
discrete representations ought to be associated with short strings and continuous
representations with long strings. We therefore propose that the quantum Hilbert
space is the direct sum of 15;”“ and CA})"“’, summed over all integers w, and with 1 <
J< k—;l for the discrete representations and j = % +1s with s € R for the continuous
representations. Our proposed open string spectrum is thus the holomorphic square
root of the closed string spectrum found in [37].

In Appendix D, we verify this conjecture by an independent calculation of the
spectrum. We compute the finite-temperature partition function in Euclidean AdSs
and interpret the result in terms of the free energy, summed over string states. This
enables us to read off the spectrum of open string states. The result is in exact

agreement with the conjecture.

3.5 The curved AdS>; brane

We now consider open strings constrained to end on a curved AdS; brane located
at ¢ = g # 0; without loss of generality, we may assume )y > 0. Our method
is the same as in the closed string and straight brane cases: we begin in Section

3.5.1 with the study of classical solutions and their symmetries, and then in Section
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3.5.2 conjecture the structure of the quantum Hilbert space. Several elements of the

story are different for curved branes. First, there are no classical geodesic solutions.
Second, and more seriously, spectral flow is a symmetry of the AdS, brane only if the
winding number w is even. Generating solutions with odd winding number thus calls
for new tricks, which we describe in detail.

As we explain in Section 3.5.2; the chief consequence of these differences is that,
in the Hilbert space of the WZW model, the density of states of the odd winding
continuous representations of ﬁ(Q, R) behaves differently from the density of states
of the even winding continuous representations as a function of the brane position
1p. Both kinds of representations are present in the spectrum for all 1)y, though, as
is the entire set of discrete representations. This is to be contrasted with the SU(2)
WZW model, whose Hilbert space in the presence of S? branes loses representations
as 1y increases.

In Section 3.5.3 we present a generalization to a system with two curved AdS,
branes. In Section 3.5.4 we study the limit )9 — oo in which the AdS; brane
becomes highly curved. In this limit, the WZW model Lagrangian resembles that of

noncommutative open string theory in AdS,.

3.5.1 Classical solutions

The program we followed in the last section began by constructing o-independent
classical solutions lying within the brane. If ¢y > 0, no such solutions exist. For
suppose g = ¢g(7) is a (non-constant) solution. It must satisfy the Dirichlet condition
Tr (wog) = 2sinh ¢y, as well as the gluing condition (3.63), which for the case at hand
reads

90,9 = —wodrg9 ' wo, (3.71)

~1 inverting, and taking

as 019 = 0_g = 30,g(7). Multiplying on the right by (9,9)
the trace gives Tr (gwo) = —Tr (wpg), and thus Tr (gwy) = 0, in contradiction with
the Dirichlet condition.

Though there are no particle-like solutions, we are led to simple string solutions by
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the following physical argument. Imagine starting with the timelike geodesic (3.40)

in a flat AdS; brane and then increasing ¥y by turning on a background electric field
on the brane. The timelike geodesic on the brane can be thought of as an infinitely
small string, whose endpoints are equally and oppositely charged with respect to the
background electric field. As 1)y increases, the string must stretch so that its tension
will balance the forces due to the electric field. This picture suggests the basic timelike

string solution shown in Figure 3.5(a),

t=ar, 0 = o+ 0y, p=po, (3.72)
with
T i sinh v
Op = —(1 — h pg = .
p=3(1-a),  sinhpy =TI (3.73)

and 0 < o < 1. At fixed time, this solution describes a string curved in a circular

(

_____

Figure 3.5: The basic (a) “timelike” and (b) “spacelike” string solutions ending on a

curved AdSs brane.

arc and symmetric about § = /2. It is easily checked that (3.72) solves the equation
of motion. Its currents are the same as those of (3.40), and so it obeys (3.63). The

choice of 6y and py ensure that (3.64) is satisfied as well.!

10The most trivial solution imaginable is a “pointlike instanton”: a solution with ¢, p, and 6 all
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The solution (3.72) is the SL(2, R) analogue of the SU(2) solution (3.19) for

open strings ending on S? branes. An important difference between the two is that
the range of o in (3.72) is 0 < a < 1, regardless of the value of 1y, whereas the
corresponding parameter a in the SU(2) case is subject to the upper bound (3.21),
which depends on 7. This bound restricts the allowed representations in the SU(2)
WZW model Hilbert space. We will argue in Section 3.5.2 that the absence of such
a bound for AdS; branes implies that there is no similar restriction on the allowed
representations in the SL(2, R) model Hilbert space. Our classical analysis reveals
this difference between the two models to be entirely geometric: in the SL(2, R)
model, every AdSsy brane stretches from 6 = 0 to § = 7, while in the SU(2) case, the
range of #, and hence of a, depends on .

The basic spacelike solution is given in matrix form as

/1+ 26(17' ea(a—%)

Beolo=8) T Breor

and in global coordinates as

Bsinh(a(oc — m/2))

tant =
anl V1+ (?coshar
tand — -5 cosh(oz(a. —7/2)) ’
V1+ Zsinhar
cosh’p = (1+ f%) cosh?ar + B*sinh?(a(o — 7/2)), (3.75)

where 3 = sinhy/ cosh Za.'' This solution, depicted in Figure 3.5(b), is a stringy

generalization of the spacelike geodesic (3.43). It begins in the infinite worldsheet

constant. It is amusing to observe that (3.72) may be obtained as the image under spectral flow
by « units of the pointlike instanton solution with ¢ = 0, 8 = 6y, and p = pg. Of course, « is, in

general, fractional, and so the notion of spectral flow here is purely formal.
1One way to derive this solution is to assume first that g is small and perturb the spacelike

geodesic (3.43) accordingly. From the lowest-order corrections to (3.43) it is possible to guess the
form of (3.74), and to check that it is a valid solution even if )y is not small. The basic timelike

solution (3.72) may be derived from the timelike geodesic (3.39) by similar methods.
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past 7 = —oo at t = 0 and at the edge # = 0, p = oo of the brane, and arrives in the

infinite worldsheet future 7 = +o00 at the other edge 8 = 7, p = 00, again at global
time t = 0. Its excursion from the brane in the worldsheet interim is governed by «.
When « is small, the string stays near the brane; as « increases, it strays farther and
farther away. A routine calculation shows that the currents of (3.74) are the same as
those of (3.43).

Having obtained the basic timelike and spacelike solutions, our next task is to
generate new solutions by acting with isometries and spectral flow. As we commented
in Section 3.4, the allowed isometries are the same in the presence of curved AdSs
branes as with straight branes. We have already seen, though, that spectral flow is
different. If w is even, spectral flow is still a symmetry of the curved brane, and we
can apply it to (3.72) and (3.74) without incident. For example, spectral flow applied
to (3.72) gives

t=(a+w)T, 0= (a+w)o+ 0, p=po. (3.76)

If w is even, this solution describes a cylindrical worldsheet making w/2 (not w!)
complete cycles around the center of AdSs3, and whose endpoints coincide with the
endpoints of the original solution (3.72).

Applying an even amount of spectral flow to (3.74) gives a long string-like solution.
Its properties are most easily seen by replacing t — t + w7, § — 6 + wo in the
coordinate description (3.75). It begins in the infinite space-time past as a circular
string of infinite radius with its endpoints coincident at § = 0. Next it collapses to
finite radius. Its endpoints become separated in ¢ and move in towards the center
(0 = 7/2) of the brane. Finally, the string re-expands towards infinite radius, where
its endpoints reconverge at 6 = 7.

How shall we generate solutions with odd w? Our strategy will be different in the
timelike and spacelike cases. The construction in the timelike case makes use of the

discrete target space symmetry

PT: g — wogwp . (3.77)
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Calling this symmetry PT is justified by its action on the global coordinates,

t— —t, 0—m—0, (3.78)

which reveals it as the composition of a parity and a time-reversal transformation.

The PT symmetry acts on the currents by
JR,L - WOJR,LWO ) (3-79)
and hence on their modes by
J?%,Ln - _JJ?%,Lna sz:z[,Ln - _JE,Ln- (3.80)

These expressions make it clear that PT is an automorphism of the current algebra
and a symmetry of the WZW model. Moreover, it preserves the gluing condition
(3.63) and the Dirichlet condition (3.64).

The PT symmetry maps short strings of winding number w to short strings of
winding number —w — 1. To see this in a simple example, consider the closed string
or straight brane timelike geodesic (3.40). Acting with w units of spectral flow gives
the solution

t=(a+w)T; (3.81)

thus, without loss of generality, we may take 0 < a < 1 in (3.40), and regard a
solution t = a7 with general « as the image of the solution with 0 < a < 1 under
a suitable amount of spectral flow. Now if we apply PT to (3.81), we get a solution
with

t=—(a+w)r=("+(—w-1))T, (3.82)

where o/ = 1 — « satisfies 0 < o/ < 1. By our previous logic, this is to be thought of
as the image of (3.40) with parameter o’ under —w — 1 units of spectral flow.

Our course for finding short string solutions with odd w is now clear: we simply
act with PT on a solution with w = 0 (e.g., the image under an isometry of the
basic timelike solution (3.72)) to reach the w = —1 sector, and then act on the result

with w + 1 units of spectral flow, which is a symmetry because w + 1 is even. As an
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example, if we implement this procedure on (3.72), we find the solution

t=(1—-a+w)T, 0=1-a+w)o+m—6, p=po- (3.83)

Figure 3.6 shows a more complicated open short string solution with w = 1.

\{__;\/
\ .
b4
g'
S
PN
PP
v 3
\ '
S 4
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Figure 3.6: A classical open w = 1 short string solution.

This trick fails for long string solutions. An argument like the one given above
demonstrates that PT maps long string solutions with winding number w to long
strings with winding number —w, and therefore does not mix odd and even winding
sectors. Instead, to construct spacelike solutions with odd w, we recall that spectral
flow leaves fixed the o = 0 endpoint of a string ending at ¢ = 1)y, but maps the 0 = =
endpoint to 1 = —1py. This prompts us to introduce a second AdS, brane located at
1 = —1)g. If we can find an unwound spacelike string with one endpoint on the brane
at 1o and the other endpoint on the brane at —y, then the action of spectral flow
with odd w will produce a string with odd winding number, both of whose endpoints
lie on the 1)y brane.

Given (3.74), it is relatively straightforward to find unwound spacelike strings
stretching from the 1y brane to the —)y brane. There are two distinct classes of

solutions, depending on the value of a. Let # = sinhty/sinh Ja. For || < 1, we
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have the solution

N
~

1 aTt _ alc—Z
g | VI e . (3.84)

Be o=3) T [Fe T
For || > 1,

2 _ 127 o ea(afg)
g | VP & | (3.85)

ﬁefa(afg) _\/ﬁe—oﬁ

What do these solutions look like? The two branes meet at the two lines § = 0
and 0 = 7 on the boundary p = oo of AdS;. The solution with |3| < 1 describes a
string that begins in the infinite worldsheet past at the point ¢ = 0 on one of these
lines (f = m if (§ is positive), fills out a spacelike surface between the two branes,
and contracts in the infinite worldsheet future to the point ¢ = 0 on the other line.
The solution with || > 1 describes a string that begins at a point on one of the
lines (# = 7 if (3 is positive), fills out a timelike surface between the two branes with
minimum radius cosh™ 3, and returns after an interval 7 of target space time to a
point on the same line. The two cases are sketched in Figure 3.7. The solution in the

borderline case |3| =1,

9= , (3.86)

stretches between the centers § = 7/2 of the two branes at global time ¢ = /2.
Acting with an odd amount w of spectral flow on these strings gives long string
solutions whose endpoints both lie on the brane at ) = 1. The image of (3.84)
under spectral flow begins in the infinite space-time past as a string of infinite radius
whose two endpoints lie on opposite edges of the brane. With increasing ¢, the string
contracts until, at ¢ = 0, the endpoints cross at the center § = /2 of the brane.
Afterwards, the string expands until ¢ = oo, when the endpoints again reach opposite

edges of the brane. At t = oo, each endpoint is at the edge opposite to the edge at
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Figure 3.7: Strings stretched between the branes at 1) = +v and 1) = —, with (a)
8] < 1 and (b) |5] > 1.

which it began at ¢ = —oo. By contrast, in the flowed solution with || > 1, the
endpoints do not have enough energy to reach the center of the AdS, brane, and
return at ¢ = oo to the edge at which they began. Figure 3.8 depicts the long strings.

To summarize, we have constructed classical solutions for open strings ending on a
curved AdS, brane. We began with simple timelike and spacelike string solutions akin
to the closed string and straight brane geodesics considered in Sections 3.3 and 3.4.
Acting with the isometry group SL(2, R) generated more unwound solutions. As in
the straight brane case, spectral flow with even w gave us new winding solutions, but
unlike the straight brane case, spectral low with odd w was no longer a symmetry.
Short string and long string solutions in odd winding sectors do exist, but to reach
them, we required new techniques: target-space PT symmetry for short strings and

the introduction of a brane at ¢) = —1)y for long strings.

3.5.2 The quantum Hilbert space

In Section 3.4.2 we described the structure of the Hilbert space of the SL(2, R) WZW

model in the presence of an AdS; brane at ¥y = 0. Now, drawing on what we have
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Figure 3.8: A long classical string solution corresponding to w = 1 sector for (a)

18] <1 and (b) |3] > 1.

learned about classical open strings ending on curved branes, we sketch how the
Hilbert space changes as 1y is increased above zero.

The WZW model Hilbert space at 1)y = 0 contained discrete representations ﬁj’w,
for w € Z and % <j< % We propose that all of these representations persist in
the 1)9 > 0 Hilbert space. “Discrete” is something of a misnomer in the context of
the WZW model of (the universal cover of) SL(2, R), since the discreteness of j is
enforced only by the Virasoro constraints. At the level of the WZW model Hilbert
space, before the Virasoro constraints are imposed, j is not quantized, and it is
meaningful to speak of the density of states defined by a measure in j-space. In the
presence of a curved brane at 1) = 1)y, this measure depends on vy. We conjecture
that the vy dependence is the same in all winding sectors.

As in the straight brane case, the WZW model Hilbert space at nonzero g con-

aw

tains continuous representations C} Lis?
2

for all & € [0,1), w € Z, and s € R. Once
again, the density of states of these representations now depends on 1y. We conjec-
ture that the 1)y dependence is the same in all even winding sectors and in all odd

winding sectors, but that the dependence in the even winding sectors is different from
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the dependence in the odd winding sectors.

In support of our conjectures, we note first that, for all ¢y, we were able to
construct classical short string solutions for « satisfying 0 < a < 1, which is the
semiclassical version of the range % < g < % This, we observed, is unlike the
situation in the SU(2) WZW model, where the range of j for which classical solu-
tions exist is bounded in terms of ¢. In the SU(2) WZW model, the truncation of
classical solutions as 1y increased manifested itself in the quantum theory as a loss of
representations in the Hilbert space. In the SL(2, R) WZW model, there is no trunca-
tion classically, which leads us to believe that in the quantum theory, representations
spanning the entire range of j are likewise present.!? The measure in the space of j
may depend on 1)y, but this is the only possible 1y dependence in the structure of the
discrete sector of the Hilbert space.

Spectral flow by an even amount is a symmetry of the theory. It follows that the
1y dependence of the density of representations must be the same in all even winding
sectors and in all odd winding sectors. In addition, target space PT symmetry links
even and odd winding short string sectors. Consequently, the iy dependence of the
density of discrete representations must in fact be the same in all winding sectors.

The existence of classical long string solutions is strong evidence that the WZW
model Hilbert space contains continuous representations. Spectral flow by an even
amount is a symmetry of the long string solutions, but target space PT symmetry does
not mix even and odd long string winding sectors. Therefore, the 1y dependence of
the density of states of the continuous representations is the same in all even winding
sectors and in all odd winding sectors, but the dependence in the even sectors is, in
general, different from the dependence in the odd sectors.

We will presently provide further evidence that this is so by studying a certain
family of physical short string solutions in the even and odd winding sectors. We
compute the energy E of these solutions as a function of their size R. In both the

odd and even winding sectors, F(R) increases monotonically at large R to a value

whose functional form as a function of w is the same in all sectors. However, the

12A more computational argument in support of this claim is presented in Section 3.5.4.
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dependence of ¥ on R—and on t¢y—is different in the two types of sectors. The

existence of an upper bound for F(R) in the short string sectors implies that, above
this bound, a continuous representation appears. The vy dependence of E(R) at large
R is different for odd and even w. This implies that the 1)y dependence of the density
of states of the emergent continuous representations is likewise different for odd and
even w.

The short string solutions under consideration belong to the physical Hilbert space.
To apply our conclusions to the WZW model Hilbert space, we reason a fortiori: since
the (AdSs part of the) physical string Hilbert space is the WZW model Hilbert space
after the imposition of the Virasoro constraints, if continuous representations exist in
the physical Hilbert space, surely they must exist in the WZW model Hilbert space.

We now fill in the details of this argument. To construct the even winding solu-

tions, we begin with the basic unwound timelike solution
t=ar, 0 = oo+ 0y, P = po, (3.87)

with 0 < a <1, 6y = 5(1 — ), and

sinh wo

o C
cos 73

sinh pg = (3.88)

We then act with the isometry given by U = €217 and V = woU twy = U, where p,
is a constant. Finally, we perform an even amount w of spectral flow. The currents

of the resulting solution are

k
Jp = 5(@ cosh p; +w), (3.89)

" 4
JE = j:%(a sinh p, eT*7) | (3.90)

and similarly for J7.
To construct the odd winding solutions, we once again introduce a second AdS,

brane at ¢ = —1)y, and consider the unwound short string

t=ar, 0 = ao+ 0y, P =po, (3.91)
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with 0 <a <1, 60, =7(1—-%), and
Sinhd}o

in e
sin 7

sinh py = (3.92)

This is a string stretching between the two branes. Again, we act with the isometry
given by U = 219 and V = wolU twy = U, and perform w units of spectral flow
on the result. Since w now is odd, both endpoints of the resulting solution lie on the
brane at ¢ = 1. The currents of this solution, too, are given by (3.89) and (3.90).
To obtain physical string solutions in AdS3 x M, we must impose the Virasoro
constraints T£¢% + h = 0, where T49 is the energy-momentum tensor for the AdS;
modes of the string, and A is the energy-momentum tensor for M, which we regard
as a conformal weight for the sigma model on M. The energy-momentum tensor
is calculable in terms of the currents (3.89) and (3.90), and the resulting Virasoro

constraint expresses « in terms of h [37],

4h
a = ay = —wcosh p; + \/w2 sinh? p1+ T (3.93)

Choosing the branch a = a, the space-time energy takes the form

4
E=J= ]; (cosh P1 \/kh + w?sinh? p; — wsinh? ,01) . (3.94)

This expression is valid for both the even and odd winding solutions.

The last ingredient we need for our argument is a precise notion of the size of the
string. We define R to be the maximum value of the coordinate p(o, 7). By writing
even and odd winding solutions in the matrix form (3.33), it is straightforward to

calculate that, for both types of solutions,
cosh R = cosh pg cosh p; . (3.95)

In (3.94), we expressed the string energy as a function of p;, the isometry parameter.

We now work towards rewriting E as a function of R, in the large R limit.
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As p1 — o0, a = ay approaches 0 according to

ah 2

- = 1 [4h

a= i ~— < — w2> e . (3.96)
w cosh p; + \/w2 sinh® py + 2w k

It follows from (3.92) that for odd w, in this limit,

sinhyg  sinh¢y  2wsinhey
~ e

inh py = ~ , 3.97
S0 = i o o (4 —w?) (3:97)
and therefore
2w sinh
cosh R = cosh pg cosh p; ~ %be;)epl cosh py , (3.98)
W(? —w )
so that
2w sinh ¥y
R ~ 2p, + log () . (3.99)
7'('(% — w?)
For even w, as p; — o0, pg — ¥y, and so
cosh R ~ cosh 1 cosh py , (3.100)
or
R ~ p; + log cosh )y . (3.101)

Substituting (3.99) and (3.101) into (3.94) allows us to determine E as a function of
R. We find that, for odd w,

_4h+k’w2 _4h—kw2

E(R
(F) 4w 2 kw?

e Tsinh )y, (3.102)

while for even w,

_ Ah+ kw? ~ (4h - k:wz)Qef
4w 4kw3

E(R) 2R cosh? 1)y (3.103)

4R and e 2% for even and odd w.

plus terms respectively of order e~

What we learn from this analysis is that, in both the odd and even winding
sectors, F/(R) has an asymptote at %. This asymptote signals the existence of
continuous representations. Solutions with energies below the asymptote are bound

states—short strings—trapped within a finite radius in AdSs. By contrast, solutions
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with energies above the asymptote are free to escape to the boundary of AdS3. These

are the long strings, which inhabit continuous representations. This interpretation is

consistent with the fact that the energy of physical long strings with winding number

2
4h+kw th

w is bounded below, in the semiclassical limit of large h and large k, by ="~ the

asymptotic value of E(R) . We have thus shown that continuous representations of
every w exist in the physical string Hilbert space; hence, a fortiori such representations
exist in the WZW model Hilbert space.

We can take this argument one step further to confirm that the vy > 0 WZW
model Hilbert space not only contains continuous representations of every w, but

within each winding sector contains representations C;“;“i ., of every s. The Virasoro
2

+i
constraint determines « in terms of s and h. Thus, if s were somehow quantized in the
WZW model Hilbert space, the physical long string spectrum at fixed w and h would
be quantized as well. As we have seen, though, the physical long string spectrum
at fixed w and h is continuous. Thus s must not be quantized in the WZW model
Hilbert space; representations with arbitrary s € R must actually appear.

The approach of E(R) to its asymptote is different as a function of R and
in the even and odd winding sectors. This is consistent with our claim that the ),
dependence of the density of states in the WZW model Hilbert space is different in
the odd and even winding long string sectors. An additional piece of evidence for this
point comes from an analysis in the spirit of [36] and Appendix D of the divergence
structure of the one-loop Euclidean partition function. The divergences in question
signal the presence of continuous representations; they originate in the infinite volume
factors that appear when long strings are subject to a flat potential. Accordingly,

it is sufficient to consider the contribution to the functional integral of the large p

region. In global coordinates, the WZW action at large p takes the form
_ 1 . -
S ~ /d2z ((9pc9p + 162”|8(9 — )2 + - ) : (3.104)

In the one-loop calculation, the worldsheet is taken to be cylindrical and of Eu-

clidean signature; the target space time is likewise Euclidean. The worldsheet coor-
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dinate z = o 4 ¢7 is subject to the periodicity

T ~ T+ 21ty (3.105)

with tyy the worldsheet modulus. At finite temperature, the target space coordinates
t and 6 describe a torus: # is periodic by nature, and ¢ is periodically identified with

period equal to the inverse temperature 3; that is,
0 —it~0—1it+2mn+18m, (3.106)

where m and n are integers.
If p is assumed to be fixed at py, the equations of motion constrain 6 — it to be a
harmonic map from the worldsheet to the target space. The general harmonic map

from the cylinder to the torus is of the form
0 + it = wo +ibt + 0y, (3.107)

where w, b, and 6 are real constants. Matching the periodicities (3.105) and (3.106)

= Bm

51— The partition function thus receives
Tl

of the worldsheet and target space sets b
contributions from harmonic maps of the form (3.107), for all integers m. As in
Appendix D.2, it is sufficient for our purposes to concentrate on the m = 1 sector.
If it is to describe a legitimate open string configuration, the map (3.107) must
satisfy the gluing conditions and the Dirichlet condition. A straightforward calcula-

tion shows that, in the presence of an AdSs; brane at 1 = 1)y, the gluing conditions

are satisfied if one of two conditions holds:

B
or

l.w=b=—
v 27TtW’

2. 0y =0 or w, and w is an integer.

Suppose condition 2 is fulfilled. Then the Dirichlet condition sinfysinh py =
sinh vy can be satisfied only if )9 = 0. In this case, there is a family of solutions of
the form (3.107) with the desired properties, indexed by the continuous parameter
po- The solutions (3.107) are holomorphic—that is, functions of z = o + i7—if the

worldsheet modulus takes the special value

g

twy = —.
w 2mw

(3.108)



55
As explained in [36], the functional integral suffers a logarithmic divergence at this

special value of ty,. The divergence is the hallmark of a continuous representation,
whose density of states can be derived by properly regularizing the infinity. We have
thus arrived again at a conclusion we reached in Section 3.4: the straight brane Hilbert
space contains continuous representations for all values of the winding number.

If ¢y # 0, then harmonic maps satisfying the gluing conditions must fulfill condi-

tion 1. In this case, the Dirichlet condition reads
sin 0y sinh py = sin(wn + 6y) sinh py = sinh ¢y . (3.109)

If w is not an integer, (3.109) determines §y and py uniquely. If w is an odd integer,
(3.109) has no solution. If w is an even integer, (3.109) collapses to the single condition
sin Ay sinh pg = sinh 1)y, which has a family of solutions indexed by a single continuous
free parameter. Condition 1 trivially implies (3.108); thus the maps (3.107) are
holomorphic. The functional integral thus has a divergence at ty = % if w is
even, but this divergence is apparently absent if w is odd. Following the logic of the
last paragraph, we conclude that the WZW model Hilbert space contains continuous
representations in the even winding sectors. On the other hand, this line of reasoning
tells us nothing about the odd winding continuous representations. Of course, we
have already independently established that continuous representations exist in all
winding sectors. This argument points to a difference in the mechanism for generating
continuous representations in the even and odd winding sectors, illustrating our claim

that the nature of the continuous representations at nonzero ¥y—and in particular,

their density of states—depends significantly on the parity of the winding number.

3.5.3 A two-brane system

An interesting perspective on the Hilbert space in the presence of a curved brane
at 1 = 1)y is obtained by revisiting a device from Section 3.5.1: the introduction
of a second brane at v = —1)y. Odd spectral flow maps an open string with both
endpoints on the brane at 1) = 9y to a string that begins at 0 = 0 on the 1)y brane

but ends at ¢ = 7 on the —1)y brane. The two-brane system thus preserves the full
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spectral flow symmetry. The Hilbert space of the enlarged system has the structure

H = H_H. ¥ H+_ ¥ H_+ SH__ s (3110)

where, for example, H, _ is the Hilbert space of open strings starting on the brane at
1) = +1y and ending on the brane at 1) = —1)y, and similarly for the other summands.
Clearly Hyy = H__ and Hy_ = H_,.

Each summand can be further decomposed as the sum of discrete and continuous
representations of ﬁ(l R). As in the single-brane case, the symmetries of the system
give clues about how the representations in various sectors of the theory are related.
Spectral flow by an even amount is a symmetry of each summand individually, while
spectral flow by an odd amount maps ‘H;, < H;_ and H__ < H_,. For example,
the action of spectral flow with w = 1 on the discrete representations of H,, and
H, _ is given by
Di; Dl DY, D, DR

X X X X SERNCETE)

+,—2 A+,—1 A+,0 A1 A+,2
D+77] D‘i’*v‘j D“"*v.j D“r*v]’ D"r*vj

Extending the reasoning of Section 3.5.2, we can deduce that the 1y dependence of
the density of discrete representations in the even (odd) winding sectors of H, , must
be the same as the 1)y dependence of the density of representations in the odd (even)
winding sectors of H, . A similar statement holds for H__ and H_,, and for the
density of states of continuous representations. Within each summand, target space
PT symmetry mixes discrete representations with odd and even w, but preserves the
parity of w of the continuous representations. We can hence argue further that the
19 dependence of the density of discrete representations is the same for all winding
sectors and all summands. By contrast, the iy dependence of the density of states
in the continuous representations is different in the odd winding sectors and the even
winding sectors in each summand, and the dependence in H, , is different from the

dependence in H, . One advantage of enlarging our system to include a second brane
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is that the entire structure of the continuous sector of the single-brane Hilbert space

is encoded in the representations CAﬁ‘_fB,j, éf_i)] and their properties under spectral flow
and the target space PT symmetry.

Just as in the SU(2) WZW model, we may further generalize to a system of AdS,
branes located at ¢y = v, and ¥ = 1)5. The discussion is completely analogous to what
has already been said. We begin by constructing basic unwound classical solutions
stretching from one brane to the other, and employ spectral flow to generate the space

of all classical solutions. The basic unwound timelike solutions are again
t=ar, 0 =ao+0, P = pPo, (3.112)

where 0 < a < 1, and 0y and py are chosen so as to satisfy the appropriate Dirichlet

conditions. The basic spacelike solution is given in matrix form as

= (14 ab) exp(at) aexp(ao) | (3.113)

bexp(—ao) exp(—ar)

where the integration constants a and b are likewise fixed to satisfy the Dirichlet
boundary conditions.

Spectral flow by an even amount w is a symmetry of the system. Short string
solutions in odd winding sectors may be constructed by means of the PT symmetry
of the target space, as explained in Section 3.5.1. To construct long string solutions
belonging to odd winding sectors, we introduce a third AdS; brane at ¢ = —1i)s,
and follow the procedure described in Section 3.5.1 for finding solutions stretching
between the 1; and —1), branes. Spectral flow by an odd amount w then gives open
string solutions stretching between the ¢y and 1, branes.

Again, these classical constructions provide us with a reasonable conjecture for
the quantum Hilbert space of the two-brane system: that it contains discrete repre-
sentations 75;““” for all integers w and j satisfying % <7< %, as well as continuous
representations C}aw for all integers w, all a in the range 0 < a < 1, and j of the form

j =1 +is for all real s.
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3.5.4 The NCOS limit

The WZW Model Action

In the limit ¥y — oo, the AdSs brane approaches the boundary of AdSs. In this limit,
the factor of cosh? in the metric (3.62) tends to suppress open string fluctuations
along the AdS; brane. However, the induced electric field on the brane also grows
exponentially with vy, balancing the effect of the metric. In fact, as ¥y — o0, the elec-
tric field approaches its critial value, and the theory resembles the noncommutative
open strings studied in [47, 48]. Let us now make this more precise.

We work in a target space of Euclidean signature. Our first task is to find a
system of coordinates that is well adapted to our problem. In the Euclidean AdS,

coordinates (1, w,t), the AdSs; metric is
ds? = dip* + cosh? ¢ (cosh® wdt? + dw?), (3.114)

and the invariant 2-form that describes the NS-NS background takes the form

sinh 2¢)
2

F = <¢_¢0+ )coshwdw/\dt. (3.115)

It proves convenient to replace the AdSs coordinates (w,t) by a complex coordinate
v, defined such that the AdS,; brane worldvolume is covered by the upper half plane

Im~y > 0. The transformations are

2
-1
tamhr = =1 (3.116)
2 +1
sinhw — —°7 (3.117)
Im~y
In these coordinates, the metric and 2-form become
h? 1)
ds® = d? + L dydy 3.118
% = dip* + Tm2 % (3.118)
1 sinh 29\ dvy A d¥y
== — . 3.119
F =g (- vor ) GO0 (3.110)
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Given these expressions for the metric and the 2-form, the WZW model La-

grangian takes the form

k - cosh? 1)
L= o 2000 + (Tm)?

sinh 24
2

_ 1 .
(0707 + 0707) = (¥ — w0+ 5 (0707 — 0707)
(Im )
(3.120)
The worldsheet coordinates are (z, z), and range over the upper half plane; the world-
sheet metric is Euclidean; and the area element is d?z = dz dz.
To take the limit ¢y — oo, we first redefine 1 — 1) — 1)g; the new coordinate 1)

measures deviations from the brane at 1. The Lagrangian for large 1 is then

L e2(+o)
(Im~)> [ 2

k _ _ 1 _ _ _ _
L - (3907)+ 20965 + 0v97) — (0297 - 073@] |
(3.121)

It is useful to introduce Lagrange multipliers 3 and (3, giving

ok S0 ade o aa. 2(my)? o1 [ 5% G
£ [povau 5o+ por - R i o (5 - ) 0007 - dr0m)|
(3.122)
We now redefine ¢ — /2 and take the limit 1)y — oo, with the result
_ ke (Lowsn + 80y + 307 + 2L 7L (05 — v
S=5 /d p <Qa¢a¢ + 507+ 50T + 20— (0707 awﬂ) L (3.123)

The action (3.123) resembles the action of noncommutative open strings in flat space.
The only differences are that the metric in the (v, %) plane is that of AdSs, and that
there is a coupling to the extra scalar field 1, which obeys the Dirichlet condition
1 = 0 on the boundary.

The Spectrum

Our next goal is to evaluate the Euclidean one-loop thermal partition function exactly
and read off the physical string spectrum. As in Appendix D, the partition function
may be written as a sum over a complete set of classical solutions and fluctuations
about these solutions. Solving the WZW model equations of motion produces clas-
sical solutions, given as functions of (¢,~,7); the fluctuations about these solutions

can then be evaluated by the method of iterative Gaussians [54]. From the resulting
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expression for the partition function, we can determine which SL(2, R) representa-

tions appear in the WZW model spectrum, as discussed in Appendix D. The result
is somewhat unsettling: we find that the Hilbert space contains only the discrete
representation 15}”:0, for % <j< %

This is clearly wrong: the existence of sectors of the Hilbert space with w # 0
is guaranteed by the spectral flow symmetry. We understand their absence from
the partition function calculation to mean that our set of classical solutions was
incomplete. In particular, there seem to be solutions—short and long wound strings—
that are not easily expressible in the (1,7, %) coordinates. It would be desirable to
find all of the classical solutions and perform a complete computation of the one-loop
free energy. Nevertheless, our computation captures part of the physical spectrum.
Most important, our result implies that the spectrum contains discrete representations
with % <j< %, which is a significant fact that cannot be seen at the semiclassical
level. These bounds on j are the same as the bounds that come out of the ¢y = 0
partition function calculation described in Appendix D. This strongly suggests that,
for all ¢y, the spectrum contains discrete representations obeying % <j< %

The one-loop worldsheet is the semi-annulus in the upper half z-plane defined by
the identification z ~ ze?™, where t is a worldsheet modulus. At finite temperature
T, the AdS3 time coordinate is made periodic with period 1/T in the coordinates we
are using, this is accomplished by identifying v ~ ve'/”. In order that the Lagrangian

1T

be single-valued, we must also identify 3 ~ fe™"/*. These identifications mandate

the relations

Yzt = VTa(z), Bz = e TA(z), (3.124)

for some integer n.
We begin by finding classical solutions for v and . The equation of motion for (3

is 0y = 0. Classical solutions are of the form

Ya(z) = re’zmmT | (3.125)

0

where re is a complex constant. The range of the coordinate ~ is Im~ > 0. This
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necessitates

¢l
—2nT’

and also determines 0 in a manner detailed below.

(3.126)

Let us now expand about the classical solutions, defining fields I' and B by

vy=7v4(1+T), B=—. (3.127)

The partition function then involves functional integrals over B and I". The SL(2, R)-
invariant functional measure for these fields is

b/ 9e—/2 T W25 N (96 /2 Tmn,
p(E ddp)p (28 Ml p)p(E TJdp)p (2 TIdp)  (3198)
2Im Yel Yel 2Im Vel Vel

Classically, this is equivalent to DI DB DI DB, but quantum mechanically, a chiral

anomaly is present, which effectively shifts the Lagrangian by

—2 e’/f/2761 a3 61/)/25/01
— |01 o0l . 3.129
T l o8 (21111 Vel 08 2Im 5y ( )
When this term is expanded out and added to (3.123), the result is
k—2 (1. - b —1 _ koo _
L= 00d + 2 9D | + — (BIT + BAT) + F(T,d0,T,dr)
o <2¢1/1+ (et — ) ’7171>+27T( + )+ ( )

(3.130)
where F' contains terms from the Taylor expansion of the last term in (3.123). As
these terms make no contribution to the partition function, we drop them in what
follows. The effect of the chiral anomaly is therefore to shift the prefactor k of the
terms in vy to k — 2.

Next we separate v into its classical and fluctuating parts, defining a new field ¢
by ¥ = 14 + ¢, where 1), satisfies the equation of motion

28’70l 5’76l

00y =
1/} l (’Y(:l - 70[)2

(3.131)

derived from (3.130). One solution is

Ya = 2logImyy + f(2) + f(2), (3.132)
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where f is an arbitrary holomorphic function. We can use the freedom of the choice

of f to ensure that 1, be single-valued and satisfy its Dirichlet boundary condition.

Thus we may take

2
Im .
by = log l m”] Ye, (3.133)
"ycl|
where the constant ¢ is adjusted so that 1)y = 0 when Imz = 0. Substituting in
the form of v, and letting z = = € R*, we must have ¢ = —2log(sinf). Letting
z = —x, we must have ¢ = —2log(sin(g7; + 0)). Consistency then requires |sin 6| =

| sin(5 + 0)], which is satisfied (for n # 0) if

T n
0=— ( — ) , 3.134
2 \"" " 2Tt (8.134)
for some integer m. Since 74(z) is constrained to lie in the upper half plane as z
ranges over the worldsheet semi-annulus in the upper half z-plane, we must have

0 < arg(va(z)) = 0+ 577 arg(z) < m, whenever 0 < arg(z) < 7. This is possible only

if m = 1. Thus 6 = 7(1 — 5%). In summary, our classical solutions have the form
Vi = rets (1=5) 20 , (3.135)
Iy,
Yo = 2log | ——L | (3.136)
Vet c0s(777)

where ¢ > 5= and r > 0.

Integratlon by parts brings the action into the form
k
S = / d?z [ (0600 + (vhus — 2)00¢a) + (Bar + B&F)] (3.137)

The term involving v can be easily integrated over the worldsheet semi-annulus,
giving (k — 2)n?/87T?t.

Now we evaluate the Euclidean partition function. The partition function breaks
up as a sum Z = ), Z, over sectors indexed by the integer n that appears in the
classical solutions (3.135) and (3.136). Each 2, contains an integral [/ 5.7 4 over
the worldsheet modulus ¢; the range of integration is set by (3.126). There is also

an integral over the modulus r, but this contributes only a numerical factor. Finally,
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we must perform the functional integrals over ¢, B, I', the worldsheet ghosts, and

the internal conformal field theory. Upon taking careful account of the boundary
conditions for B and I', we find that the functional integral of the (B,I") system is
exactly canceled by the functional determinant coming from the worldsheet ghosts.
The remaining functional integral is over the free bosonic field ¢, which obeys the
Dirichlet boundary condition ¢ = 0. This is a standard functional determinant; the
result is 1/|n(it)|. Assembling all the pieces together, we have

Z ~ / @ _ETan D(h) 3.138
nly2er t |0(it)] exP( RET )q # Dih) (3-138)

where ¢ = e 2™, h indexes the weight in the internal conformal field theory, D(h) is
the degeneracy at weight h, and c¢;,; is the central charge of the internal conformal
field theory.

As in [36] and Appendix D, it is sufficient for our purposes to look at the n =1
sector. The central charges cgro,r) of the SL(2, R) conformal field theory and c;n
of the internal conformal field theory must sum to 26; since cgro,r) = 3 + %, we
have c¢;,; = 23 — %. Substituting this expression into (3.138), and expanding the

factors in 1/n(it) = e*™/2*/T[°°_,(1 — e~2™™) as geometric sums, we may rewrite the

integrand as a sum of terms containing exponentials of the form

kE—2 mt
exp (—27rt(h +N-1)— AT 2k = 2>> ) (3.139)

where N is an non-negative integer. The dominant contibution to the partition func-

tion comes from the saddle point of the exponent,

k—2
ts = . (3.140)
27T\ /1 +4(k — 2)(N + h — 1)
The lower bound of the ¢ integral forces
! <ts < (3.141)
o _m s o0, .
27T
which translates into the bounds
1 E o1
O<N+h—14+—F——F<—-—=. (3.142)

Ak—2) "4 2
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This is identical to the inequality (79) of [37], with w = 0. It was shown in [37] that

(3.142) is equivalent to the bounds 1 < j < %51 on the SL(2, R) spin. By a chain of
reasoning reviewed in Appendix D in the context of the corresponding straight brane
calculation, we may conclude that the physical open string spectrum at ¥y = oo
contains the unwound discrete representation f?;“wzo, for all j obeying % <j< %

As we remarked above, the appearance of the bounds % <j< % at Yy = 0 and
at 19 = oo gives us cause to believe that the same bounds hold for all 1)y. Nonethe-
less, this calculation is manifestly incomplete, since it misses the winding sectors.
Presumably this is because our choice of coordinates is well suited to describing only

a limited subset of the classical solutions. It would be interesting to find the remaining

solutions and complete the calculation of the partition sum.

3.6 Discussion

We have studied the spectrum of open strings ending on AdSy branes in AdSs in
an NS-NS background. Perturbative open string theory on an AdS,; brane is de-
scribed by the SL(2, R) WZW model, subject to the boundary conditions (3.63) and
(3.64), which state that the worldsheet ends on the AdS; brane and satisfies Neumann
boundary conditions in the directions parallel to the brane. The condition (3.63) also
guarantees that the boundary condition preserves one copy of the SL(2, R) current
algebra.

Our study of the open string spectrum has been modeled on the treatment of closed
strings in AdSs in [37]. The basic idea is to begin by studying classical solutions of the
WZW model, beginning with the simplest solutions and building up more complicated
ones by isometries and spectral flow, and, having compiled a complete catalogue of
the classical solutions, to conjecture the form of the quantum Hilbert space. It was
shown in [36] that this method leads to a correct proposal for the closed string WZW
model Hilbert space.

We have applied this approach to open strings ending on AdS; branes. As a

warm-up and a useful point of comparison, we first looked at S? branes in the SU(2)
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WZW model. It was known from conformal field theoretic analysis [41] that the

Hilbert space of open strings stretched between two S? branes at 1y = 7mn;/k and
1o = mna/k is the sum of irreducible highest-weight representations of SU (2), whose
spin j is bounded as in (3.30). Our analysis of classical string worldsheets precisely
reproduced this inequality. The only property of the quantum Hilbert space that

could not be seen from our classical analysis was the quantization condition
27 +ny+ng+k=0mod 2. (3.143)

We next considered strings ending on AdS; branes in AdS3;. We began in Section
3.4 by studying the straight brane located at ¢y = 0. Analysis of classical solutions led
us to conjecture that the Hilbert space of the WZW model in the open string sector
is the holomorphic square-root of the closed string Hilbert space. In particular, the
spectrum contains both short strings and long strings, and is invariant under spectral
flow. We proved this conjecture in Appendix D by exactly evaluating the one-loop
open string free energy, as in [36].

The situation of the brane with 1y > 0 is more interesting. The boundary condi-
tion (3.64) preserves only spectral flow with even w, so it was reasonable to expect
differences in the vy dependence of the spectra in the even and odd winding sectors.
We found both short and long classical string solutions in all winding sectors, but also
an important difference between the short and long strings. Short string solutions
with different winding numbers can be mapped to one another, even when the differ-
ence in their winding numbers is odd, by combining spectral flow by an even amount
and a PT transformation of the target space. Since both even spectral flow and the
PT transformation are symmetries of the full quantum theory, we argued that the 1
dependence of the density of states of the short string solutions must be the same in
all winding sectors.

On the other hand, we showed that the 1)y dependence of the density of states of
long string solutions is different in the odd and even winding sectors. We saw this
difference explicitly by computing the energy of odd and even winding short strings as

a function of the string size. In both cases, the energy rose to an asymptote, signaling
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the presence of a continuum above the asymptotic value. The rate of approach to the

asymptote differed, though, in the odd and even winding sectors. Further evidence
for the different behavior of long strings with odd and even winding number came
from an analysis of the divergence structure of the Euclidean partition function.

In the limit 1y — oo, the induced electric field on the worldvolume of the AdS,
brane reaches its critical value, producing noncommutative open string theory on
AdSs. In Section 3.5.4, we calculated the worldsheet action for open strings in this
limit, and obtained a result similar to that of [55] for noncommutative open strings in
flat space [47, 48]. We carried out a partial computation of the one-loop free energy
in this limit, using the method of quadratures, as in [54].

Our work has focused exclusively on AdS; branes, which preserve one copy of the
SL(2, R) current algebra. There are other branes in AdSs, some of which break the
current algebra symmetry entirely [56]. It would be interesting to analyze the open

string theory of these branes, as well.



67

Chapter 4

Boundary States of AdS> Branes in
AdSs

4.1 Introduction

In this chapter, we study AdS; branes embedded in AdS; [57, 52, 58] in the closed
string sector by constructing their boundary states. In the previous chapter, the
spectrum of the open string ending on the AdS, brane was shown to be exactly equal
to the holomorphic square root of the spectrum of closed strings in AdS; when the
brane carries no fundamental string charge. It contains short and long strings, and
is invariant under spectral flow. When the brane carries fundamental string charge,
we were not able to derive an exact spectrum although we found some qualitative
features of the spectrum using semi-classical analysis. One of the purposese of this
chapter is to derive an exact open string spectrum in the general case where the
D-branes can carry nonzero fundamental string charge and become curved.

A boundary state [59, 60| is a useful concept in studying D-branes. Although the
construction in [60] assumes rationality of conformal field theory, it was shown in
(61, 62, 63, 64] that the idea can be applied to the non-rational case of the Liouville
field theory. More recently the technique developed in the Liouville theory is applied
to the AdSy branes [66, 67]. In this chapter, we will closely follow the construction in

these papers. We will, however, make a different ansatz about one point functions of
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closed string operators in a disk worldsheet, which leads to different expressions for

the boundary states. We show that the semi-classical limits of these new boundary
states reproduce the geometric configurations of the AdSs; branes.

Given a pair of boundary states, it is straightforward to compute a partition
function on an annulus worldsheet. This gives the spectrum of the conformal field
theory on a strip where the boundary conditions on the two sides of the strip are
specified by the choice of the boundary states. We can also compute an annulus
partition function when the target space Euclidean time is periodically identified,
adopting a method suggested in [68] . An integral of this partition function over the
moduli space of worldsheet then gives the one loop free energy at finite temperature.
From this, we can read off the physical spectrum of the open string on the AdS,
brane. We find that the result agrees with the exact computation in the previous

chapter (see [53]) when the brane carries no fundamental string charge.

4.2 One point functions on a disk

The boundary state can be found by computing the one point functions of closed
string operators on a disk worldsheet. Here we will derive them for the AdS; brane,

following the approach in [66, 67].

4.2.1 Review of closed string in AdS;

In this chapter, we will mostly work in Euclidean AdSs, which is the three-dimensional

hyperbolic space H; given by one of the two branches of
(X0)? = (X1)* = (X7)* = (X})* = R*, (4.1)
embedded in RY? with the metric
ds®* = —(dX°)? 4+ (dX")? + (dX?)? + (dX3)?, (4.2)

where R is the curvature radius of Hy . It is related to AdSs with the Lorentzian

signature metric by the analytic continuation X? — X3 = —iX? The Euclidean
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AdSs can also be realized as a right-coset space SL(2,C)/SU(2). Accordingly, the

conformal field theory is the SL(2,C)/SU(2) coset model. In the semi-classical ap-
proximation, which is applicable when the level & ~ R?/a’ of the SL(2,C') current
algebra is large, states in the theory are given by normalizable functions on the tar-
get space. The space of such states is decomposed into a sum of principal continuous
representations of SL(2,C) with j = 1 +is (s € Ry). It was shown in [54] that
the exact Hilbert space of the coset model at finite value of k consist of the standard
representations of SL(2,C) current algebra whose lowest energy states are given by
principal continuous representations [54].

Let us introduce a convenient coordinate system (¢, v, ) on Hy . They are related

to the embedding coordinates (X% X!, X% X3) in (4.1) in the following way:

¢ =log (X°+ X}) /R, (4.3)
X2 X!
T XXy
X2 X!
TTXOEX

A point in the coset SL(2,C)/SU(2) has its representative as a Hermitian matrix:

1ye? + e ®  —vye?

, (4.4)
and the metric can be written as
ds? = R? (d¢2 + e%dwﬁ) . (4.5)
In this theory, there exists an important set of primary fields defined by
1—2j .
@j(0,72,2) = (e + |y — afe?) Y. (4.6)

The labels z, Z are introduced to keep track of the SL(2,C) quantum numbers.! The

n the string theory interpretation discussed in section 3, (z,7) is identified as the location of

the operator in the dual CFT on S? on the boundary of Hy .
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SL(2,C) currents act on it as
o D* o
J(2)®,(x, T;w,w) ~ — Q;(x, 7w, w), a==+,3, (4.7)

Z—Ww

where D are differential operators with respect to x defined as

0 0 0
DT = s D3:$%+ja D~ :$2%+2j$' (4.8)

The energy momentum tensor is given by the Sugawara construction, and the world-

sheet conformal weights of this operator is

jG -1

A= —H—

(4.9)

When j = % +is with s € R, the operators (4.6) correspond to the normalizable
states in the coset model. The operators with the SL(2,C) spin j and (1 — j) are
not independent but are related to each other by the following reflection symmetry
relation,

2j

-1 .
/d%’\x — 2|7V, (2), 7 2, 2), (4.10)
7r

(I)j(ZL', x5 2, 2) - R(])
where

T(1-25)

() (4.11)

The two and three point functions of these operators have been computed in

[71, 72, 73]. The two point function has the form,

<(I)j($1, .i'l, 21, 21>q)j’(x27 ‘T27 22, 22))

1 S B(j) .. . ]
= — 6% (1 —22)0(j+ 4 — 1)+ 07— 4] . 4.12
’212‘4Aj [ ( 1 2) (] J ) |l’12‘4-7 (] .]) ( )
The coefficient B(j) is given by
_ k—2 pli=%
B(j) = — Ty (4.13)
™ 1(35)
where
I'(z
v(x) = L (4.14)
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The choice of v will not play an important role in the discussion of this chapter,

except for its behavior in the semi-classical limit
v—om (k— ). (4.15)

It can be deduced by comparing (4.10) with its classical counterpart [65]. In [72], it

is set to be

(1 - -1
v=rm ( kf) , (4.16)
1+ 5)
by requiring a certain consistency between the two and three point functions.
The three point function is expressed as
(D (w1, 215 21, 21) Py, (2, Ta; 22, 22) Py (3, T35 23, 23)) =
(i i i 1
= (]17j2733)|212|2(A1+A2—A3)|Z23|2(A2+A3—A1)|231|2(A3+A1—A2) X
L 4.17
| 12|20 H2778) | 195|202 Hi3—01) | 13, |2Us+i1—72) (4.17)
with the coefficient C'(j1, jo, J3) given by
i oryintistisly (1) G(-)G(1 - 2j)G(1 - G-
where
k—1—j
G@j) = (k— 2) S Fz( Jl1, E=2)yk—1+3|1, k—2). (4.19)

and I'y(x|1,w) is the Barnes double Gamma function defined by

log (T'2(z|1,w))

a o0
= hrrola— Yo (z+nt+mw) = D (n+mw) . (4.20)
€— € n,m=0 n,m=0

(n,m)#(0,0)
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4.2.2 Constraints on one-point functions

In this subsection, we will derive functional equations satisfied by one-point func-
tions of closed string operators on a disk with boundary conditions corresponding
to AdSs branes. We will follow the discussion in [66, 67] closely, except that we
use a more general ansatz for the one-point function as we will explain in the next
paragraph. Given the one-point functions, we can find boundary states |B)) for the
AdSs branes. According to [57, 52, 58], AdS; branes preserve one half of the current

algebra symmetry because of the boundary condition on the currents,
JU2)=J2); atz=2 a=3+,—. (4.21)

In the closed string channel, it is translated into the condition on the boundary states

as
(J*+J*)|B) =0, a=3+,—, ne€Z (4.22)
We start with the ansatz that the one-point function is of the form
Ut(j
(®,(x,7; 2, 2)) = U) for Im(z) > 0, (4.23)

o — Z|¥|z — 228

U—()

|z — z|%|z — z|?2

for Im(x) <O.

The z dependence is determined from conformal invariance on the worldsheet and the
x dependence is fixed by conformal invariance on the target space. The parameters
(z,Z) can be regarded as coordinates on the boundary of Euclidean AdSs, which is
S2. The AdS, brane divides S? into half, and the upper half plane covers one patch
and the lower half the other. From the point of view of the conformal field theory on
the boundary, the AdS, introduces a one-dimensional defect on S2, across which the
two different CFT’s are glued together [25]. Therefore the one point function (®;)
may have a discontinuity across Imz = 0. The expression (4.23) allows this possibility
as the coefficients U™ and U~ can be different.

The reflection symmetry (4.10) implies a relation between U and U~. Taking

the expectation value of (4.10) on both sides, we get
/|—4j

U*(j) (27 —1 L |r—z

lz —2z|2 s




|z — /|~ E
2 ITT— A Y et B
+ Imx<0d v <1 j)|$/—i'/|2(1_j)> ’

On the left-hand side, we choose U for Imz > 0 and U~ for Imz < 0. Setting

x' = x| + iz}, we can rewrite the above x’-integration as

—2j
N[ o (a4 + (2h — 32)?
_ U+(1—j)/oodx’1/0 da;;< PEAR ) + (4.25)

—2j
% 0 (w’12 + (xh — x2)2>
_ . / /
+U~ (1 —j)/_OO dx} /_OO dxs 225

By using the Euler integral

T(a)0(b)

/01 drr* ' (1 —2)"! = Tath) (4.26)

we see that for the case xo > 0, the first term vanishes and only the second term
contributes. On the other hand, when x5 < 0, the second term vanishes and only the

first term contributes. We can summarize the result as

U*(j) = R(GHIUT(1 - j). (4.27)
Introducing f*(j) by
U) =1 (1= 25 ) ), (4.28)

the reflection relation (4.27) becomes
2O =r1-13). (4.29)

To determine f*(j), it is useful to consider the bulk two-point function of ®; with
a degenerate field. Degenerate fields correspond to those with spin 2j = n+ (k—2)m,
where n,m € Z. A particularly useful one is the degenerate field with j = —1/2,
which satisfies

D2D_1 /9 = 0. (4.30)
It means that there are only two terms in its operator product expansion with ®; as

Dy~ O ()P, + C () + o (431)

NI
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Here the “ -- 7 denote the current algebra descendants. To simplify the equations,

in this subsection, we are suppressing the dependence on x and z. The coefficients
C+(h) have been derived in the earlier literature, but let us compute them here for
completeness. Let us take a correlation function of ®; with both sides of (4.31). The

left hand side gives

1,
(P_10;0;) =C <—2,J>J) : (4.32)

Using the expression for the three point function and the identity

G =+ 6G2—ji+e) k—1
lli% G-DG 120 = —2m(k —2)y (/{;—2) d(s1 — s2), (4.33)

with j; = 1/2 4 isy,jo = 1/2 + ise, we find that (4.32) contains delta functions at

j=75+ % On the other hand, the right-hand side of (4.31) gives

(@_y®;0;) ~ 0 (j’ —j+ ;) C_(j)B <j - ;>+5 <j’ _j— ;) C.(j)B <j + ;)+ .

2

(4.34)
Comparing the coefficients of the delta functions, we find
_ 1
C.(j) = ”() (4.35)
7(=3)

Given the coefficient CL(j) for the operator product expansion of & _ 1 ®;, one
can deduce a functional relation for U'(j).2 Consider the following bulk two-point

function involving a degenerate field ®_; /5

(@ (2:.2), (a's ). (4.36)

_1
2

2Here we take z to be on the upper half plane. A similar relation for U~ can be derived by
considering z in the lower half plane. Since UT are related to each other by the reflection relation,

it is sufficient to determine conditions on U™.
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Using the operator product expansion derived in the above paragraph, we find

B |J:' . j/‘—l—Qj ’Z’ - 2/‘—37“—2Aj

(D_y(z;2)@;(a"; 2)) X

\x—zf:/|—2 |Z—Z/’_3u

1

(4.37)

(C’+(j)U+ (j + ;) Fi(r, 22,2+ C_(j)U" (j — 2) F (z,2'; 2, z’)) :

Here F. are four-point conformal blocks. According to [71], we have
Fi(wa's2,2) = "0 (1 —n)78 (xF(—u, 1= 2uj, 1 —u(2j — 1);n) +  (4.38)

umn

——F(1 —u,1 —2uj,2 —u(2j — 1);

Foaains) = q9(1—n) <x FQu(j = 1)1 — uyu(2j — 1)+ 1;)39)

25— 1
+ F(1 = u,—u,u(2j — 1);7)),
where F(a, b, c; z) are the hypergeometric functions o F} (a, b, ¢; 2),
uw=—, (4.40)

and x and n are cross ratios of the target space and the worldsheet coordinates,

7|(£—I‘/|2 7|Z—Z/|2

X (4.41)

R RS

It was pointed out in [66] that, when the operator ® 1 approaches the boundary

1
2
of the worldsheet, it overlaps only with the identity operator and the operator with
j = —1. This is analogous to the situation in the Liouville theory discussed in [73].

Using this, the two point function <<I>7%<I>j> can be evaluated as

‘.1', N :Z‘ll_l_Qj ’Z, _ 2/|7%72AJ‘

(D_s(z; 2)P(2'; 7)) = (4.42)

|x_j/‘72 ’2_21’7311
(B+(j)G4(x,2"52,2") + B_(j)G-(x,2"; 2,2)),
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where
Go(w,as22) = 91— (1= OF( +u2uj 1+ 201 —n)—  (443)
(1= =" F(1 4 u,1+ 205, 2(1 +u); 1 ))
77 1+2'U/ u? uj? u? /’7 Y

. u (1 —
G (w,a2,2) = (1 —m)F (S5 PG~ 11— w21 - )14

F(2u(j — 1), —u,—2u;1 = 1)),

and wu is given by (4.40). The conformal blocks in the two expressions, (4.37) and
(4.42), are related to each other as

T(uw(2j — )01 +2u) ,  D(w(2)j — 1))0(—2u)
TEuj)LL+u) ~ Tuj—1)T(—u)

f_ - g+, (445)

PUtu( - 2P0 20 (L u(l - 2)0(-2)
A T TR TR R ViR I

(See Appendix E for some useful identities involving the hypergeometric function.)

According to [61, 66, 67], B, is given by
Bi(j) = AU (j) (4.47)

where Ag is a constant that depends on the boundary condition and can be interpreted
as the fusion coefficient of ®_;/, with the boundary unit operator. Likewise, B_(j)
term can be interpreted as the contribution coming from the fusion with j = —1
boundary operator. Comparing the terms dependent on G, in (4.37) and (4.42), we

derive the following functional equation for U™ (j):

vty = T (e (i-5) pt =B -
Cy)U (j * ;> F<1F?1u—(12;j§j))> |

Substituting the expression for C'L(j) given by (4.35), this reduces to

Aowﬂ;g;)ﬂj) =1 (i-5) -1 (i+5). @)

1
+ k—2
2 2 2

o
[\
N——
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Given f7*(j) satisfying (4.49), we get f~(j) by using (4.29).

It is convenient to introduce a parameter 6 by

Aoyfl/QF (1 ™ Ti?)

(it ) = —2sinh 6. (4.50)

B
[\

We can regard 6 as parametrizing the boundary condition as Ay depends on it. In
fact, the semi-classical analysis in the next section shows that 6 specifies the location
of the AdS, brane. A general solution to (4.49) and (4.29) is then a linear combination
of

fE() = exp[£(0 +i2nm)(2j —1)] ,  exp[E(in(2n+1) —0)(25 —1)], (4.51)

where n € Z.

4.3 Boundary states for AdS, branes

Among the solutions (4.51), we claim that the following one correctly represents the

boundary condition for a single AdSs; brane.
fi () = Ce*?@h, (4.52)

where C' is a constant independent of 7 but may depend on ¢ and k. From now on, we
neglect this constant and it will not affect the rest of our discussion. In this section,
we will provide evidences for this claim.

Given the f*(j) solution (4.52), and therefore the one point function U%(j), the
boundary state is expressed as

n . _ .
80— [, ([ o e [ e L),
(4.53)

where |j, x,Z)); is an Ishibashi state built on the primary state |j, z,z). The coeffi-

cients are chosen so that the one point functions are correctly reproduced as

(o2, 2| B))o = lim |z — 2 (@, (z, 2: 2, 2)). (4.54)
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It can be verified using the two point function (4.12) and the reflection relation (4.27)

that the boundary state given by (4.53) satisfies this condition. In the following, we

will examine aspects of |B))y.

4.3.1 Semi-classical analysis

Let us first study the semi-classical limit of the boundary state for the solution (4.52).
We use the method of [74, 67] to identify the D-brane configuration corresponding to
the boundary state. In the semi-classical limit (kK — 00), we can consider a closed

string state |g) localized at g € H; . Namely, it is defined so that

(9lj, z,z) = @;(x, 7|g). (4.55)

The overlap of the localized state |g) with the boundary state |B))g can then tell us
about the configuration of the brane. (An analogous idea has been used in [75] to
characterize boundary states for D-branes wrapping on cycles in Calabi-Yau mani-

folds.) In the limit £ — oo, the overlap (g|B))s is simplified as

lim (g]B))

+ . - .
_ : 2 Jo (1—J) A o Jo (1—1) —
‘/;W Y </fmz>od e iy @) + [ Pt lg) ).

Ima<0 |z — z[2(1-9)

where we used (4.15). First let us focus on the integral on the upper half plane,

/ j2j—1</ 2 Jo (1—7) 1 )
brime o m \Umso (2022079 [e0(af + 3 — (v + F)m +i(y — V)a +7) + e 0]

(4.56)

After integrating over x; and changing integration variable z}, = e®zy, we get

/é+z'R+ 4 V2272 T(25) To <1_])/0 day () (372 + 52(7 —7¥)e ) +1
(4.57)
In terms of AdS, coordinates defined in Appendix C, we have

2
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The x)-integral is performed in Appendix E, and the result is

22(1& 0)s

djfh(1—
/é+iR+ ifi ( oshgb Coshw

(4.59)

where j = 1/2 +is. Likewise, we can perform the integral over the lower half plane.

Combining the results together, we find that the overlap is given by

. I I S
kggo<g| Mo = /0 ° cosh 1) + o & cosh v _/—oo ° cosh 1) (4.60)
1
= Ircosho I —0) = gy —0(sinh ¢ — sinh 6) (4.61)

Thus we found that (g|B))g has a support in the two-dimensional subspace at ¢ = 0
in AdSs;. We can identify this as the location of the AdSy brane.

In this formalism, the insertion of the identity operator should reproduce the
Born-Infeld action in the semi-classical regime. Using the reflection symmetry and

taking the large k limit in (4.24), we see that
(1)g o COShQ/d2x|x 7 (4.62)

The Born-Infeld action of AdS; branes has been computed by independent methods
in [52] to be
Spr coshw/dwdt coshw. (4.63)

2 as the volume

If we identify § with ¢ in the semi-classical limit and [ d*z|z — Z|
divergence associated with the non-compactness of AdS; branes, the two expressions
agree.

The one point function is given by a linear combination of the solutions (4.51)
to the functional equations discussed in the last section. Since we found that f;~ ~

et0(2j-1)

reproduces the correct semi-classical geometry of the AdS; brane, the co-
efficients for all other solutions in (4.51) should vanish in the semi-classical limit
k — oo.

In fact we can make a stronger statement. If we assume the state |g) satisfying

(4.55) exists at finite value of k, then the j-integral to compute overlap (g|B))g is
finite only for the particular solution, f;°(j). For all other solutions in (4.51), the
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integral is divergent for £ > 3. This suggests that the coefficients in front of the other

solutions in (4.51) should vanish identically even for finite k.

4.3.2 Annulus amplitudes

Given the boundary states, the partition function on the annulus worldsheet with the
boundary conditions 6; and #y on the two boundary of the annulus is computed as
exchanges of closed string states between |B))y, and |B))g,. If we view this in the
open string channel, one should be able to express it as a sum over states of open
string stretched between the two AdS, branes at 6; and 6,. These open string states
are normalizable. For the Euclidean AdS; branes in Euclidean AdSs, they belong to
principal continuous representations.

We want to compute the following amplitude between two boundary states:

o (B ()00~ B)),,

2

_ / dj / deU_'_Hl (])U+02(1 - j) +/ deU_Gl (j)U_92(1 B j) qP
e Ima>0 |z — Z|? Ima<0 |z — 7| n(qe)?
32

%0 2(0; — 6)s 2 ¢’
= (/d2x|x—x|_2>/ dsCOS,( 1277 2)s 2 s
0 sinh 755 k—2 n(q)?

Using the fact

2 g/2
gt 2V2 e, < 4m ) N
S = ds’ sin ss |s , 4.64
n(ge)*  Vk—2Jo k—2 17(40)? (4.64)
where
1
g = 627”7—6, qo = e27rz'ro7 Ty = ——, (4 65)
7-C

we can go to the open string channel:

4 00 o €OS (260198) sin (2= ss’ 5—2
(/d2x|x— Z" 2) V2r / s / is (20125) (k 5 ) .
(k=272 0 sinh 75 s (o)



. 8l

25" sinh 275’ g0’

B (/ - x|_2) \/5\/7;{T2 /OOO ds,cosh ((k = 2)612) + cosh (2ms') 1(qo)®’

where 615 = 0, —65. Obviously, the overall factor involving the z-integral is divergent.

In the closed string channel, it is the volume divergence coming from the fact that the
AdS, brane is non-compact. In the open string channel, the divergence can be inter-
preted as due to the fact that normalizable states are in infinite dimensional principal
continuous representations of SL(2,C') and that states in a given representation has
the same worldsheet conformal weight.

If we define p(s) as states of open string Hilbert space belonging to the principal
continuous representation with j = % + s, the above result shows that it is given by

by
ssinh 27s

pls) o cosh ((k — 2)612) + cosh (27s) -

The spectral density is real and non-negative as it should be. For the case 6#; = 6,

(4.66)

(single AdSs brane case), #; dependence completely disappears. Note, however, we
have neglected the overall constant C' in the one point function (4.52), which can be
f-dependent but is independent of s.

The reality and positivity of p(s) gives a stringent constraint on the boundary
state. One can show that, if f=(j) is not given by (4.52) but contains other solutions

in (4.51), the spectral density becomes negative at some finite value of s.

4.3.3 Finite temperature partition function calculation

In this subsection, we consider AdS, branes in finite-temperature AdS3 and compute
the partition function by using the boundary states we have constructed. For the
1 = 0 case, we can directly compare the result with that of Appendix A in [53].

Finite-temperature AdSs is given by identifying the Euclidean time tg = it in the
target space

tp ~tp+ 3. (4.67)

It induces identification of boundary coordinates as well:

|lz| ~ |z|e? . (4.68)
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As pointed out in [68], the thermal identification induces new sectors of strings

winding around the compact time direction. As in [69], given a classical solution

g(o,7) = g4 (27)g_(z7), where ¥ = —iT & 0, we can generate new solutions by
setting

g, = eéwR:vJFa'ggJ” g_ = g_e%wL$702, (469)
where o; are the Pauli matrices. If we choose wg = —wy = —iw(/27 with w € Z,

the action generates the following change in the string coordinates,

w
tE ~ tE—i-fO',

2
w
9 ~ 9—%7',
p o~ p. (4.70)

The string worldsheet is periodic in ¢ — ¢ + 27, modulo the identification (4.67).

This induces the following transformation on the Virasoro generator,

62

B 2
L L — 4.71
R T ) P
Ly — Ly — ZU)%JO + kw 16:2°
Correspondingly the boundary states include all the winding sectors:
1B; 8))o = > 1B; )60 (4.72)

Here |B; 3))o.w—0 is the boundary state given by (4.53), except that the x integral is
restricted in the range

e P < x| <1, (4.73)

which is the fundamental domain of the identification (4.68). The other states
|B; 3))g. are given by performing the spectral flow (4.71). The amplitude we want
to compute then is

0 ((B; B(a2) 55 By )y = 3 0y (B3 B1(a2) 250" |B; B))aye (4.74)

wW=—00
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The overlap in the w winding sector can be expressed as

kB2 o

1 . 0 N oL
(B3 BI(aE )05 B; B) gy = @27 gy omo (B3 (g )PP e 5

9| B; 8)) 6, =0,
(4.75)

where 7, = it, and ¢9 = —f7.w/2. Substituting (4.53) into this, we find that the

right-hand side is expressed as an integral over x in the range (4.73). The integration

domain is divided into four regions, depending on the signs of Imx and Ime'®oz.

Combining them together, we find

kB2

2
—w . 9 . o o s
—2qé°" / dj / ‘ d*x|x — 7| 23]xe’¢’°—xe “z’o\ 20-9) | %
1R+ Imax>0, Im(z2e*?0)>0,e~P<|z|<1

(U G)US (1 = 5) + U (DU (1 = §) + Ug, (1)U (1 = 5) + Uy, (1)U (1 = 4)) %

¢/ (=)
sin ¢007‘.
I (2 lit.)

The z-integral is performed in Appendix E,
5

r-integral) = ———
( )= | sin ¢y

5(s). (4.76)

Thus the overlap in the winding number w sector is given by

ktes? | o
1 e " 8n
6.0 ((B, B|(qé Oy € g 4.77
Altogether we have,
. ktcBQw
0, ((B(g2) oo~ 2| B)), Z B (4.78)

w00 \1911(ﬁt°w!“5 )|

After taking the ghost sector and the internal CFT into account and performing the

modular transformation, we recover the partition function computed via the func-
tional integral method in the appendix of [53].

One interesting fact is that the partition function does not depend on 6, or 6,.

This is unexpected from the semi-classical analysis performed in [53]. The reason for

this is unclear and deserves a closer inspection.
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4.4 Discussion

In this chapter, we constructed the boundary states for AdSy branes in AdSs, following
(66, 67] but using the different ansatz. The boundary states are expressed as linear
combinations of the Ishibashi states as in (4.53), where the one point functions U;"(5)

are given by,

27 =1\ 1 iy
U£(j) =T (1 -~ 5 ) 301, (4.79)

modulo factors independent of j. In the semi-classical approximation, the location of
the brane is given by 1) = 0 in the AdS, coordinates defined in Appendix C.

From the point of view of the boundary conformal field theories, the AdS; branes
create defects which connect different conformal field theories while preserting at
least one Virasoro algebra. Since the boundary states allow study of the AdS; branes
beyong the supergravity approximation, it would be interesting to use them to explore

the correspondence further.
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Chapter 5

Summary

The AdS/CFT correspondence states that string theory (M-theory) on an AdS back-
ground is equivalent to a conformal field theory defined on the boundary of AdS.
Using this correspondence, one ultimately hopes to probe gauge theory computations
that greatly simplify on the gravity side and vice versa. Ideally, one would like to
better understand physically interesting theories such as QCD (SU(3) gauge theory),
whose analysis has been limited to numerical methods. This is because the coupling
constant becomes large at low energy scales and perturbative methods fail.

Clearly, string theory on AdS backgrounds is interesting for its own sake. In this
thesis, we have explored the properties of Dp-branes, which are p+1 dimensional mem-
branes on which an open string can end, embedded in AdSs; and AdS5 backgrounds.
For the AdSs x S° case, ref. [11] explicitly realized the AdS/CFT correspondence by
constructing a defect conformal field theory that describes open strings ending on a
single D5 brane. A natural generalization would be to study other D-brane setups
such as for multiple D-branes. In this thesis, we took a Penrose limit of this setup
and ended up with a flat D-brane embedded in PP-Wave background. Following the
proposal of [7], we derived a correspondence between open string states and gauge
invariant operators of the dual conformal field theory. Furthermore, we have checked
that the anomalous dimension of certain near BPS operators matched the light-cone
Hamiltonian of excited open-string states. In doing this, a possible problem arose

where the chiral primary operators received finite corrections that blow up in the PP-
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wave limit. One hopes that this difficulty can be overcome by employing a different

renormalization scheme or by considering ratios of correlation functions. Although
amplitudes themselves are divergent in the Penrose limit, ratios of amplitudes can be
finite. It would be interesting to see if a similar problem also exists in other open
string scenarios such as the orbifold model considered in [17].

In Chapters 2 and 3, we investigated AdS; branes embedded in AdS; x S® x
M*.  According to the AdS/CFT correspondence, its dual conformal field theory
should be a 141 dimensional defect conformal field theory, but the dCFT has not
yet been constructed explicitly!. During the construction of boundary states for
AdS, branes, we saw that the defect allowed one-point functions of primary fields
to have discontinuous jumps across the boundary. Following [36, 37], we employed
semi-classical analysis to propose the spectrum of open strings ending on AdS; branes
embedded in Lorentzian AdSs; background. Then, we explicitly checked this proposal
by computing the one-loop partition function for the simplest case where the AdS,
branes contained no fundamental charge. In Chapter 3, boundary states of AdSs
branes were derived in Euclidean AdS; via the SL(2,C)/SU(2) WZW model. One-
loop open string amplitude obtained from the boundary states were computed, and
it matched the string Hilbert space proposed in Chapter 2. By taking an orbifold of
AdSj3, one can obtain the BTZ black hole or the cigar black hole geometry. It would
be very interesting to take the orbifold of the D-brane setup considered in Chapters
2 and 3 in hopes of using the D-branes to probe the singularities as in [76]. Lastly,
explicit construction of the dual defect conformal field theory analogous to the case

of AdS5 x S® is sorely needed.

1For a first-step towards this direction, see [52].
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Appendix A

Anomalous Dimension

Computation

In this appendix, we show that the anomalous dimension for chiral primary opera-
tors defined in Chapter 1 of the form g2Z*¢* vanish up to order g%,,. We work in
Lorentzian space-time with mostly minus signature. The propagators for the defect

conformal field theory defined by equation (4.50) of [11] are

7 1
(XV,H XV,H> = ]? - —Wy (A-l)
3 —i(ﬂk)aﬁpk
(Aradyg) = — Lok, (A2)
p
<0k AB
_ —i(p")apPr0
(X1aX1s) = ( >pf =, (A.3)
—1
(ApAp) = gkl, (A.4)
p
7
(qq) = 7 (A.5)
N
(W, gy = O Jerbi (A6)
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where — denotes the effective propagator for pinned operators. In addition, p =

(p°,p), k,1 = 0,1,2 and p* are three-dimensional gamma matrices such that Majorana
spinor indices range over «, 3 = 1,2. Let us first evaluate the self-energy correction
at order O(g%,,) to g. Supersymmetry implies that the divergence should be at most

logarithmic and the dimension of ¢ may get renormalized, but not its mass.

A.1 Defect scalar ¢

(@ (0) (©

Figure A.1: One-loop self-energy correction to q

In this section, we compute the self-energy contribution to the defect scalar field

¢ two-point function. Feynman diagram depicted in Figure A.1 (a) has the following
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amputated amplitude:

T () R Eh e 1
5/(2WP<% 5 (qkamnihql)(b>—-&x0)/(2WP(Tir)ﬁ£;. (A7)

We follow a paper by Mirabelli and Peskin [77] and reexpress the delta function as
dk? | dk?
_ eszO _

Using this, the amplitude becomes
d*k
TT) 3k —————, A9
/ (27?)4( )i (7 — k)2k2 (A.9)

where we shifted & — k — 7. All of the Feynman diagrams depicted in figures Al(a)-

(f) have a common factor of the form

/ (;Zn]; (TaTa)ﬁ(ﬁ_ll;)gkg X Na(p, k). (A.10)

We have already shown that N, = 3k*. We use the convention where the incoming

momenta have 9, — —ik,. Straightforward calculation gives

Ny = 3k?,

Putting all the pieces together, we have
d*k 1
(TaTa>ji/ 1 = X 2]32
2m)* (5 — k)22

Notice that the quadratic and delta function like divergent pieces all cancelled out.

(A.17)

Wick-rotating the integrand by letting £ = ik% and including contributions from
external legs, the quark ¢™ two-point function at order g%, is given by

- 9 3
—Y9Y M rrarpa / d’k 1
ToT%Y.. S A18
D2 ( )i (2m)3 (k)2|k| ( )
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A.2 ¢'¢* 2 point function

r
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Figure A.2: O(g%,,) self-energy correction to ¢'¢* 2 point function

The ¢'@? composite operator is the simplest CPO discussed in Chapter 1. All non-
vanishing Feynman diagrams are summarized in Figure A.2. Other possible diagrams
vanish due to the structure of SU(N) algebra. Let us consider those coming from

interaction terms. Doing this, we get the following:
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For the graph shown in Figure A.2 (a), one gets

N2 —1  d% a3l 1
1 = . A.19
2 /(27r)4 / (2m)3 (7 — 1)22(7 — k)2k2 ( )

For Figure A.2 (b), we get

2 _ 4 3 2
A 1/ d*k / 43l K
2 (2m)* S (2m)3 (7 — 1)21(

=
|
-~
|
o~~~
SN—
[\]
—
=]
_|_
=
[\&]
x>~
N
—
>
[\
(@)
S—

For Figure A.2 (c), we get

N2—1 ; d% [ &1 (k-2F-=0)-(k+2]
T /(27r)4/(2w)3(f_52f(f_;§_f)2(/2 [)

Simplifying the expression by Wick rotating and integrating over kg leads to the
following result:

(A.21)

N2—1 [ Bk [ Bl KB+P—7F(k+])
i / 3/ B . kD) (A.22)
2 2m)3 S (2m)3 (7 — 1)202(F — k)2k2|k — ]

Notice that the above expression is symmetric about k < [. Now consider the terms
coming from quark self-energy.

For Figure A.2 (d), we get

N 1 d%k & 2
i / . / S R (A.23)
2 @m)* S (2m) (7 — D)202(F — | — k)2k>

For Figure A.2 (e), we get same result as that of Figure A.2 (d). The entire self-energy

contribution after Wick rotation and integrating over kg is

N2—1 [ &%k [ &3 2
1 — —. A.24
2 /(%)3/(%)3 (7 — 22(F — )|k — I (A.24)

The tree-amplitude of (O*O) is given as

1
e (A.25)
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At order g%,;, the logarithmic divergent pieces cancel each other, and the two-point

function is given by

(O @00 = sz +

N2—1/ Ar Bk BBl e
2

(A.26)
For the remaining finite piece, taking k — k/|7],{ — [/|F], ¥ — 7/|F| = #, one can

express it as

3 3 > (1
/(dk: &l (kD) A (A.27)

where A is a positive constant

A_/ Bk Bl 1 (A.28)
(2m)3 (2m)3 (7 — 1)212(F — )2k |k — 1] '

—

The above equality can be easily shown by shifting k—f— k, [—7—1I F inally, we

have

(0"(H)0(0)) = —~ <1+9YM(]]VV_1)Z‘> = (A.29)

A.3 §'Zq¢* two-point function

The next simplest chiral primary operator is of the form ¢Zq. We divide the compu-

tation into two parts.

A.3.1 gi,N terms

In this subsection, we focus on amplitudes with color structure that scale as g% ,,N
compared to the tree-level amplitude. These come from Feynman diagrams depicted
in Figure A.3.
For each of the diagrams depicted in Figures A.3 (a) and (b), the amplitude is obtained
to be

E N Bk Bl dPm 1

2 8J (2m)3(2m)3 (2m)3 E2f2m2[(7:'+ " — E)Q]%[(F+ 7 — BQ] (A.30)

(NI
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For each A.3 (c¢) and (d), we have

N?—1N ¢ d'%k d1 dm (k+1) - [2(F+m) — (k +1)] (A1)
2 2 (2m)* (2m)* (27)3 k222 (r + m — 1)2(k — )2(r + m — k)2 '
For each A.3 (e) and (f), we have
N2 —1N?2-1 &k &Pl dPm -1 (A.32)
2 2N (2m) (2m)® (2m)3 2k2[12)rm2(k — D2[(F + m — k)27 '
Lastly, A.3 (g) gives a term of the form
N2 1 / 'k d9 dPm 2 (A.33)
2 (2m)* (2m)* (21)3 R2m22(1 — (r +m — k))2(r +m — k)2 '

Wick rotating the momenta by taking k° — ik°, etc., keeping only terms that scale

as N, and summing all the contributions leads to an expression with a common

denominator
N 1
[T N T (T e R
and numerator
& =1 (|74 — k| + |k — 1] + |7+ — 1]) + (A.35)
(k+10)-[(k+1) — 27+ m)] +

By noting that the denominator is left invariant under the exchange k lj we simplify

the above numerator to
=2 ((F+ ) + |7+ i — K7+ — 1]) (A.36)

Finally, the total contribution with a color structure that scales as N compared to

the tree-level amplitude can be written as
N2—1N [ &k &l d*m
2 2J (2nm)3(2m)3 (2m)3

(A.37)
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As before, re-scaling the momenta according to 7@ — 7/|F| = 7, k — k/|F], | — 1/|7]
and m — m/|r], the above expression can be simplified to

N2 1N
—— 5 T4, (A.38)

where A is a finite and non-zero numerical constant

—

A_/ Bk Bl Bm (F+m)2 + |F 4 m— k|[F 4w — ]
)

== = e A.39
2m)3 (2m)® (2m)% k21227 + i — K||7 -+ — ]|k — ] (4.39)

1
(IF+ = k| + |k = I + |7+ — 1)

X

Lastly, fourier transforming |7] gives

N2—1N A

o A.40
2 2 w2a?)? ( )
as expected from conformal invariance and the fact that Ajz, = 2.
A.3.2 Other terms
All other contributions to the two-point function are depicted in Figure A.4.
For the Feynman graph shown in Figure A.4 (a), we have
2 _q 4 31 73
N(1+1)/dk4dl3dm3ﬁ 1Z . (A4
2 2N/ ) (2m)* (27)% (27)2 2K2[(7F — m)2]2 (m — k)22 (m — 1)?
Similarly, we have for A.4 (b)
N?2 -1 / d*k A3l d®m i(k9)? (A.42)
2 (2m)* (2m)3 (27)3 2k2[(F — )22 (m — K)22(m — 1)2(m2 — (K9)2)
For A.4 (c), we have
N2 -1 1 4 3 3 (1.9 9)2
d*k  d’l d°m i(k lZ (A.43)

2 2N J (2m)* (2m)® (2m)3 2R2[(7F — )23 (11 — k)22(m — 1)2(k — 1)
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For A.4 (d), we have

N> ~11 [ &k &l d&m (k+1) - (2 — (k+1))
2 2N J (2m)3 (2m)3 (27)3 AR2[(F — 7))z (i — k)2 2

=L
P
=1
|
o~

Summing over all terms and including contributions that scale as O(1) and 1/N
compared to the tree-level amplitude from Feynman graphs A.3 (e) and (f) of the last

subsection leads to

N2 —1 [ &k &l Pm | 77|
9 / (2m)3 (2m)3 (27)3 <_4 25 = + (A.45)

L1l 2m? )
AN 42020 — k)2 (m — 2|7 — m||k — 1]
After rescaling the internal momenta as before and putting all the pieces together,

the two-point function becomes

N2_1 1 1 @y (N 1
YA+ B+ Ad
> [ (2(472)2+ 2 (2 * +2NC>  (A46)

where A, B, C' are finite and non-vanishing constants defined in equations (A.39) and

(A.45).

(@ Z2¢"(D)7 Zq*(0)) =

A.4 General case

In this section, we use induction to prove that the anomalous dimension vanishes
for all chiral primary operators of the form §>Z*q' where k is a nonnegative integer.
Let {T%}, a =1,---,N? — 1 denote the generators of Lie algebra of SU(N) in the
fundamental representation and {v®} « =1,---, N be the canonical basis of CN in
which the fundametal representation lives. For example, v! = (1,0,---,0)T. Define
N x N matrices C% = v*(v”)T. Some useful identities of SU(N) Lie algebra are

summarized in appendix B. We also need the following set of identities:

CoOC = 590 300 = gy, Tr(C¥) = 57, (A.47)

[C°%, T, T") = NC* — §**1nem, (A.48)
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and
k

> Tr(Ay---[A, Bl -+ Ay) = 0. (A.49)
i=1
Consider the two-point function (72Z*q¢'(x)g' Z*¢*(0)). We can treat the defect op-
erator ¢"Z*q" as a single trace operator by expressing it as Tr(¢"¢™Z*). There are
5 classes of Feynman diagrams that give rise to logarithmic divergences:
(A) Z self-energy.
(B) bulk quartic Z interaction and gauge boson exchange between two Z-legs.
(C) bulk-defect quartic interaction and gauge boson exchange between ¢-leg and Z-
leg.
(D) g self-energy.
(E) Fy, DgXE, and gauge boson exchange between two g-legs.
First of all, as discussed in [78], diagrams of the type (A) give a contribution of the
form

A@EN Y Tr(COPT™ - . T%) Tr(CPOT e - .. %)), (A.50)

where A(Z) is a function of z and independent of k£ and N. In order to derive the
contribution from graphs of type (B), consider the bulk quartic Z interaction first.

The relevant term in the Lagrangian is
~T([Z, Z)|Z, Z)). (A.51)
We are interested in
—(Tx(q'¢*Z") T1((2, Z](2. Z)) Tx(a*q' Z")). (A.52)
The color structure for the amplitude is given as

=38 Te(CoPTr - T Ty ([T 0, T[T, T¢)) Te(CPOT %) - TP T T )
7 i#j

1
= =33 Tx(CPT ... T) 5z‘f“vfm”d iffe@ed Tp(CPO % .. TP T .. T%w) (A.53)
T it
—=3"8 T Te(COPT - T T(CPT % - (i fle O TP) L (§ frr 09T L T ) (AL5A)

o ij

DN | —
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= _; > Z Tr(CPT ... T%) Tr(CPYT% ... [T%0 T ... [T%0 TY...T%®) (A.55)
T iF]

using the identity given in equation (A.49) we sum over j first, (A.56)

= ;;Z Tr(CPT™ ... T%) {Tr(CBO‘T“U(D o [T @ T T - T ) (A.57)

HTr([CP, TNT % - [T, T . T%w) | (A.58)

using once more the identity given in equation (A.49) to sum over 7 yields (A.59)

1

= 52 Te(COPT™ - T%) {ENTr(CPT 0 - 7o) — Te([[CF°, T, T T - .. T09) }
1

= kN S Te(COPT™ - T Tr(CPOT% ) - T ) (A.60)

—; N Te(CPTM - T) T([[CF, T, T T - - To%w), (A.61)

The gauge boson exchange diagram has exactly the same color structure. Together,

(B) gives

B(l_") {k‘N Z TI'(CaBTal . Tak) Tr(CﬁaTaa(l) ce Tad(k)) (A62)

=" Te(CPTe - T Te([[CP, T, T T 0 ~-T%<k>)}, (A.63)

where we have absorbed a numerical factor independent of k and N into the definition
of B(Z). For the bulk-defect quartic interaction terms which are of the type (C), the

relevant terms in the defect Lagrangian are
Tr(q'q'[Z, Z)) — Te(¢°T[ 2, Z)). (A.64)

The second term simply gives the same result as the first one, and so we just consider

the first term here. At g% ,,,
(Tr(¢'q°Z%) Te(¢'3'(2, Z]) Te(4*q Z")). (A.65)
Then, the color structure is

SN TH(CHPTH - TH) Tr(CY [T, T%)) Tr(CPOT %) - TG0 TP %) .. T

o 7
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= > 3T (CPT™ - T%) Tr([C7, T ®]T?) Tr(T% 6 - - - T%® CPIT %) ... T T?)

1
= Y S Tr(C*PT™ ... T™) { §Tr(CﬂVT“°<1) o [OY TAe®] L T (A.66)
1
—ﬁTr([C’W,T““W]) Tr(T% 6+ - .. T W CPIT%0) .. T -) } (A.67)
where the second term vanishes, (A.68)
1 6 al a a, (0% a i Qa,
- izTr(C Apar ... o) ZTr((jﬁvT o) .. [CVY T4 @] ... T%w) (A.69)
using the identity given in equation (A.49), (A.70)
1
= -3 S Te(COPT™ - T%) Tr([C7, CPT %) - . T, (A.71)
(A.72)
The gauge boson exchange part of (C) has the following color structure:
(Tr(¢'q*Z%) Te(q'q' Ay) Te(Z[A,, Z)) Te(a*q' 2%)) (A.73)

- >3 Te(C*PT ... T%) Tr(CTT?) Te(Te[T°, T®))

xTr(C’ﬂ“’Ta”“) co T TP %) L T W)

= Y S Tr(CPT™ .. T%) Te(CYTP) Te([T% 0, TT")

xTr(Cﬁ“’Ta”“) co T =) T %) L T W)

1

= 3 SN T (COPT™ - T%) Te(CY [T, T¢)) Tr(CHOT W - TG0 T %) .. %)
1

= 3 SN Te(CHPTH - T Te([C0, T O]TC) Te(CPTT %W - - Tt T %) . . )

— i Z Z Tr(CaﬂTal . _Tak) Tr(Cﬁ'YT%@) .. T8a(i-1) [Cva’ Tao(i)]Tao-(i+1) .. ,T%(k))

1
= - S Tr(COPT - TH) Tr([C7, O T - T,
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The result is the same as the bulk-defect quartic interaction up to a numerical factor.

Together, (C) contributes with
C(@) Y Te(CPT .. T%) Tr([C*®, CPT% W - .. T%®) (A.74)

Now consider the terms coming from Feynman graphs of type (D). There are many
diagrams in this group but all of them have the same color structure. In the following,

we compute the gauge boson loop diagram to obtain

(Tr(q' 7 Z%) Tr(q' 7 Ay) Te(q' G Ay) Tr(d*7" 2%)) (A.75)

— Z Tr(CaﬁTm .. .Tak) Tr(C'po‘Tb) Tr(Cwa) Tr(CﬁVTaU(l) . -T“"U“))
%Tr(C’PO‘C“/P)—ﬁTr(Cpa)Ty(cw)
N? -1

= N Z Tr(CaﬁTm .. .Tak) TI(C’gaTaU(l) . Taa(k-))

(e

Together, (D) gives a contribution of the form

N2 -1
N

D(#) 5 YO Te(COOT™ - T%) Te(CHT o) - Tow)  (AT6)

Lastly, let us compute the color structure of (E). Again three diagrams give the same

structure. For instance, the gauge boson exchange diagram gives

(Tr(¢'q*Z") Te(q*q A,) Tr(g'q A,) Tr(g*q' Z)) (A7)
— Z Tr(caﬁTm .. .Tak) Tr(C'ﬁA’Tb) Tr(C'pO‘Tb) Tr(C'wTaU(l) . Tag(k))

LTr(CBYCre)— S Tr(CPY) T (CP)

1
Z Te(T - - T%) Tr(T%® ... T%®) — ﬁTr(C’aﬁTal TR Tr(CPT e - Tk,

N —

Hence, Feynman graphs of type (E) give a contribution of the form

E(2) {Z Te(T% - - T%) Te(T%W . .. T0) (A.78)

1
_N ZTr(C’ocﬁTal .. .Tak) Tr(cBaTag<1> . _Tag(k))} .
Putting all the results together and thanks to the following identity:

[C%, 19, T = NC — 5P 1y = —[C7®, C7), (A.79)
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we can express the result in terms of only two types of color structure given by

B(k,N) = > Tr(T---T%) Tr(T% ... T%®), (A.80)

D(k,N) = > Tr(CPT ... T%) Tr(CPT %0 ... T%®), (A.81)
Altogether, we have

kN(A(@) + B(Z)) + N(D(@) — B(Z) — C(&)) — jlv(p(f) + E(®)| (A.82)
xD(k, N) + [B(Z) + C(%) + E(%)]|B(k, N).

Notice that the functions A(Z), B(¥), C(Z), D(¥), E(Z) are independent of both k and
N and we can evaluate them for any convenient value of £ and N.
As argued in [78],

A(Z) + B(¥) = 0. (A.83)

When k£ = 1, we have B(1, N) = 0 and the amplitude simplifies to

N(D(#) - B(F) — C(7)) - ;(D(f) + B(@)| DGk, V) (A.84)

From the result obtained in the previous section, we know the logarithmic pieces

cancel for all N and conclude that
D(Z) — B(¥) — C(Z) = finite, D(Z)+ E(Z) = finite. (A.85)
These equations together imply that
B(Z) 4+ C(Z) + E(Z) = finite. (A.86)

Therefore, logarithmically diverging terms in Eq. (A.82) cancel out for any value of k
and N, and the dimension of pinned operators of the form ¢>?Z*¢' are not renormal-
ized. This gives a convincing support that these operators are indeed chiral primaries
of the defect conformal field theory. In this section, we have ignored some Feyn-
man diagrams such as figure A.4 (b) because they are finite. Unlike the CPO’s of
the usual N = 4 SYM gauge theory, the CPO’s of the defect conformal field theory

considered in this appendix are renormalized and receive a finite contribution. As
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mentioned in the discussion of Chapter 1, this may ruin the specific PP-wave/dCFT

duality we have constructed since the amplitude blows up in the Penrose limit. It
would be highly interesting if this shortfall can be overcome by employing a different

renormalization scheme or by comparing ratios of amplitudes instead.
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Figure A.3: O(g%,,) self-energy correction to ¢'Zq* 2 point function which scales as

N compared to the free part.
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Figure A.4: Other O(g%,,) self-energy corrections to ' Z¢* 2 point function.
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Appendix B

Useful Formulae for dCFT

For fundamental representation of SU(N) #* such that [t%,t*] = i f®°t¢, we have

1 N? -1
Teft?, ] = =6%, % = 1 B.1
r[ Y ] 26 ) 2N ) ( )
acd pbed ab abcybyc N a
feeafrt = N§®,  fOUtt = Ezt , (B.2)
" u 1 1
(t)i; () = 3 (5i15kj — N(;ijékl) . (B.3)

Some d-dimensional integrals in Minkowski space are given by

/ (gjl)d (2 s D ((4;1)2;2“;(;)3) (i)n (B.4)
/ (j:rll)d (12 —ZQA)H B ((zl_wl){;i;lr(nr_(g)_ 2 (i)ngl- (B.5)
Other useful integrals are
;li (a + (@ + cl>2)(b2 +a?) "~ 2afle [<||C;|\ i ‘@DQ vay  (BO)
/ (d;:)% (22 +a®)(y* + le)[(x )2+ Aalfblc] (\aly F o[+ d) (B.7)
/ (d;?i% (22 + GQ)(?JQ(i gzjy[)(iv — 2+ 4allo] (||acl|++||bb|| ey B8
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Appendix C

Coordinate Systems for AdSs3

The space AdS5 is defined as the hyperboloid
(X2 = (X1 = (X?)" + (X°)* = R, (C.1)
embedded in R*?. The metric
ds® = —(dX%)?* + (dX1)? + (dX?)? — (dX?)? (C.2)

on R*? induces a metric of constant negative curvature on AdSs. The quantity R
that appears in (C.1) is the anti-de Sitter radius; for convenience, we set R = 1. In
addition, to avoid closed timelike curves, we work not with the hyperboloid (C.1)
itself, but with its universal cover.

The two coordinate systems we use most extensively are global coordinates and

AdSs coordinates. The global coordinates (p, 0, 7) are defined by
X% +iX3 = coshpe™, X' +iX?% = —sinhpe ™. (C.3)
The range of the radial coordinate p is 0 < p < oo; the angular coordinate 6 ranges

over 0 < # < 2m; and the global time coordinate ¢ may be any real number. The

AdS3 metric in global coordinates is
ds® = — cosh?pdt* + dp? + sinh®p dh* . (C.4)

The AdSs coordinates (1, w,t) are particularly well adapted to the AdS; branes we
consider in Sections 3.4 and 3.5. They are defined by

X! = coshesinhw, X? =sinh), X" +iX? = coshycoshwe™. (C.5)
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All three AdSs coordinates range over the entire real line. In this parametrization,

the fixed 1) slices have the geometry of AdS;. The AdSs metric in AdSy coordinates
takes the form

ds? = dyp* + cosh® 1 (— cosh® w dt* + dw?) ; (C.6)

the quantity in parentheses is the metric of the AdS,; subspace at fixed . The

transformation between global and AdSs coordinates is
sinh¢) = sinf#sinh p, cosh ¢ sinhw = — cosfsinh p. (C.7)

The global time ¢ is the same in both coordinate systems.
The space AdSs is the group manifold of the group SL(2, R). A point in AdSj3 is
given by the SL(2, R) matrix

X+ Xt X?4 X3
g= . (C.8)
X2_X3 XO_Xl

In the global coordinate system,

costcosh p — cos@sinhp  sintcosh p+ sinfsinh p ()
g = . .
—sintcosh p 4+ sinfsinh p cost cosh p + cos @ sinh p
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Appendix D

A Partition Function Calculation

of the Open String Spectrum

In this appendix, we explicitly verify the proposal presented in Section 3.4.2 for the
open-string spectrum. First, in Section D.1, we compute the worldsheet one-loop
partition function Z for open string theory on Euclidean AdSs at finite temperature

1/3. The partition function is proportional to the single-particle contribution to the

space-time free energy, Z = —(F. The free energy, in turn, can be written as
1
F=_Ylog(l—eP), (D.1)
ﬁ se€H

where the sum is over states s in the physical Hilbert space H of single-string states,

L' By writing Z in the right form, we can thus

and F; is the energy of the state s.
read off the spectrum of open strings in (Lorentzian) AdSs;. We show in Section
D.2 that the spectrum breaks up into a sum over discrete states and an integral
over a continuum, with energies agreeing with the expressions found in Section 3.4.
Moreover, we compute the density of states of the continuum.

Our calculation is patterned on the one done in [36] for closed strings in AdSs.

Especially in Section D.1, we emphasize here those features that are novel in the open

string case; the reader seeking greater detail is directed to [36] and the references

"We work at zero chemical potential.
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therein.

One point is worth clarifying at the outset. Though the free energy whose form
we undertake to calculate receives contributions only from states in the physical
Hilbert space of the string, our calculation is sufficient to confirm our proposal for
the spectrum of the WZW model. The physical Hilbert space is the tensor product of
a Hilbert space of AdS3 excitations and a Hilbert space associated with the “internal”
manifold M. For our purposes, we can take the spectrum of the internal conformal
field theory to be arbitrary. One of the physical state conditions is Lo+ h = 1, where
Lg is the zeroth Virasoro generator of the AdS3 conformal field theory, and h is a
conformal weight in the conformal field theory on M. This condition can be seen as
parametrizing the spectrum of Ly in the WZW model. The remaining physical state
conditions, L, + L™ = 0, with n > 1, relate the Virasoro generators in the AdSs; and
internal conformal field theories. They can be solved within the tensor product of an
irreducible representation of E\L(z, R) with some subspace of the internal conformal
field theory state space. Therefore, given the physical string spectrum in AdSs, it is
possible to deduce how the Hilbert space of the WZW model is decomposed into a
sum of irreducible representations of 33(2, R). This is why the one-loop free energy
computation below, though it is carried out in the physical string Hilbert space, is

nonetheless relevant to the spectrum of the WZW model.

D.1 The one-loop partition function

Our first business is to write the WZW action for Euclidean AdS3 at finite temper-
ature and the boundary conditions appropriate to a flat AdS; brane. We define the
coordinates (v, v, ¢) on Euclidean AdSs by

v = sinhpe?, (D.2)

sinh pe™ | (D.3)

]|
I

¢ = t—logcoshp, (D.4)
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where (p,0,t) are global coordinates. The metric in these coordinates is [54]

ds* = k (d¢” + (dv + vde)(dv + vd) ) | (D.5)

where k is the square of the anti-de Sitter radius, and is identified with the level
of the WZW model. Euclidean AdS; is the coset manifold SL(2,C)/SU(2); in the

coordinates (D.2), a general element is written as

e?(1+v]?) v

= (D.6)
v e~
Thermal AdSj3 is given by the identification
t~t+p5, (D.7)

where (3 is the inverse temperature. In the coordinates (D.2), this translates to
¢p~o+ 0. (D.8)
The WZW action in the coordinates (D.2) is?
S = :/d% (9606 + (00 + 96 0)(dv + Ipv)) . (D.9)

Throughout this calculation, we take the worldsheet to be Euclidean. In addition,
we alternate between real (o, 7) and complex conjugate (z, zZ) worldsheet coordinates.

The relation between the two sets is

z=041T, 0

0
p (D.10)

and similarly for Z and 0.

2The action given here differs from the WZW model Lagrangian given in Section 3.5.4 by bound-
ary terms that can be ignored only if the straight brane boundary condition (D.11) holds. If the
AdS5 brane is curved, these terms must be included. The action then becomes considerably more
complicated, and loses some of the special properties that make possible the partition function

calculation described below.
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In the coordinates (D.2), the boundary conditions suitable for open strings ending

on a straight AdS; brane are

v = 0, (D.11)
8UU1 = O, <D12)
8,0 = 0, (D.13)

where vy and vy are, respectively, the real and imaginary parts of v.
The one-loop open string partition function is obtained by considering worldsheets
with the topology of a cylinder. As usual, 0 < ¢ < 7. The worldsheet is made

cylindrical by imposing the periodicity
T ~ T+ 2mt. (D.14)

Here (and henceforth) ¢ is simply a modulus, and is not to be confused with the global

time coordinate. The space-time periodicity ¢ ~ ¢ + ( of thermal AdS3 implies
o(o, 7+ 27t) = ¢(o,7) + fn, (D.15)

for some integer n. If we define

nT
n = — D.1
Y 47t ( 6)
and

then ¢ is periodic in 7, i.e., ¢(7 + 2mt) = d(7). The WZW action may be written in

terms of é as

kB koo, -y ‘ o
=g+ [ @2 (100 + 10— i, + 09)P) (D.18)

The partition function for Euclidean AdSjs is
Z,(8) = /Dgis DuDve S, (D.19)

summed over n. The rest of this section is devoted to evaluating the functional

integrals in (D.19).
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The second term in parentheses in (D.18) couples ¢, v, and ©. The field ¢ can

be disentangled from v and v using a standard chiral gauge transformation and the
chiral anomaly formulae familiar from the closed string calculation. This procedure
is valid in the open string case as well, since the string boundary conditions are left
invariant by the chiral transformation. The partition function then factorizes into a
functional integral over ngS and a functional integral over v and v, multiplied by the

—kB3%n? /8t

constant e coming from the constant term in the action. The <£ functional

integral is standard [79], and, up to normalization, yields

_ Bk —2)'?
25 = e (D.20)

where 7 is the Dedekind eta function. The remaining functional integral may be

written as

Z, = /Dv Die™5, (D.21)

where

S, = k/d22|(8 — ity )0 (D.22)
m

Integrating S, by parts gives
k 9 . = . _ _
S, =—— (/ d“zv (0 + tuy,) (0 + tuy,) v +/ dz vy Oyv9 — un/ dzvlvl) , (D.23)
m \Us ox. ox.
where Y denotes the worldsheet cylinder. Note that the two boundary terms are pure
imaginary.
Let us work on the bulk term in (D.23). We begin by expanding v; and vy in a
complete basis of functions. The boundary conditions (D.11) and (D.12) dictate the

expansions
() = ¥ L cos Mo (71 (D.24)
V1\O, T = apN —— COS oOYN\T s .
M>0,N€Z /2t
(0,7) = % bun—m-sin Moty(r/t (D.25)
V2\O, T = MN—— S11l oYN\T s .
M>0,N€EZ /2t

where apry and by are real-valued coefficients, and ¢y is defined to be cos (N7 /t)
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for N > 0 and sin (N7/t) for N < 0. It follows that

. | R
V=11 + vy = v e UN(T/), D.26
| + vy M%:EZ MN N(T/t) (D.26)
where
ayn = (vmn +v-mN)/2, (D.27)
bMN = (UMN - U—MN)/2- (D28)

The advantage of this rewriting is that ™74y (7/t) is an eigenfunction of the
operator A, = —£(9 + iu,)(d + iu,) that appears in the bulk term of (D.23), with
eigenvalue Ay = — (M + 4,)? + (N/t)?). If we substitute the expansion (D.26) of
v into (D.23), then, expressing S, in terms of the worldsheet coordinates (o, 7), we
can immediately integrate over 7, to obtain

1 7 . .
S, = 7/ do > vwrnvun A [cos Mo cos Mo + sin M'o sin Mo
mJ0 M’ ,M,NEZ

+1i (cos M'o sin Mo — sin M'o cos Mo)] + boundary terms, (D.29)

up to a normalization factor. Since S, is positive-definite, vy;n and Ay, n are real
constants, and the boundary terms are pure imaginary, the imaginary part of the

bulk term must cancel with the boundary terms. We are then left with

1

Sy = 9 Y. Vun VN Anw (O ar + Or—ar + Oarr ar — Oar,-ar)
M’,M,N€EZ

= Z UMN UM,N AM,N - (D.30)
M,N€Z

The functional integral is a product of Gaussians, and may be evaluated by standard

methods. Up to a constant,

zZ,= 1] ! (D.31)

M,NeZ \/(M + 2u,)? 4+ (N/t)? 7

which may be zeta-function regularized [80] to give
01 (—2itun, it)
n(it)

6—47ru%t

Zl= : (D.32)
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where ¢ is a Jacobi theta function.

We have now obtained expressions for all of the factors entering into Z,(3;t). The
overall normalization of Z, is fixed in the usual way, by examining the infrared limit.

Putting everything together, we obtain

1 ﬁ(k‘ _ 2)1/267k,82n2/87rt647ru%t

Z,(6;t ; -
(5:%) 4m/2t |01 (—2itu,, it)|
1 6(1{: _ 2)1/2 67(k72)ﬁ2n2/87rt emt/4
= 4#@ sinh(ﬁn/Q) [ %0:1(1 _ e—%rtm)(l _ e—27rtm€ﬂn>(1 — e—%tme—ﬁn)] .

(D.33)

The partition function we have calculated is that of a conformal field theory with
Euclidean AdS; as its target space, but our physical open string theory contains
more: we must incorporate the contributions of the (b,c¢) ghosts as well as those
of the “internal” conformal field theory. In addition, we must integrate over the

worldsheet modulus £. When this is done, the partition function becomes

Bk —2)2 & o dt g R—— —2mth e~ (k- 2)8%m? /8t
ZB) = 22 / o 2) S D(h)e 2"
) 427 mzz:l 0o 32" zh: (h)e sinh(8m/2)
[e%s) 1— 6—27rtn
D.34
nl;[l (1 _ 6727rtn+/8m)(1 _ 6727rtn7,3m) ( )

Here h indexes the weight in the internal conformal field theory, and D(h) is the
degeneracy at weight h.

D.2 The spectrum

Having calculated the partition function (D.34), we now massage it into a form from
which we can read off the spectrum. We noted at the beginning of this appendix that
the partition function Z is proportional to the the free energy

> log (1 — e‘ﬁEs) = i > ﬂie_mﬂEs : (D.35)

seH m=1 seH

1
F=_=-
g
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The partition function is likewise a sum over m of a function of mf3. It suffices, then,

to compare the m = 1 terms of the two expressions. In this section, we verify that

E, extracted from the identification

_9\1/2 ,x 1 —(k—2)B2xf/8nt
Z le*ﬂEs — 6(1{5 2) / / ﬁe%t(km)zl)(h)efzmhe (' : / >
0 42m 0 13/2 - sinh(3/2)
1 — 6727rtn

9]
11
n=1

agrees with the string spectrum proposed in Section 3.4.

D.
(1 — e~2mn+8)(1 — e=2mtn=p) | ’ (D-36)

To aid us in carrying out the ¢ integral, let us introduce a new variable ¢, defined

by

. 3/2 00
e—(k72)ﬁ2/87rt — _8;2 <k2tz> / / dc c e_%CQ—FZZﬂC, (D37)

As explained in [36], the right-hand side of (D.34) can be expressed as a summation
of terms of the form
E

—4 o0 P
ﬂ(k:—2)/—oo dcc/L dt

2w (w+1)

1 4 + 1 1
X exp [—ﬂ(q—i—w—i-Q)+2icﬁ—27rt<h—l—Nw+ ]Z—+24_w(w2—i— )—1>]

exp [2icﬁ - B(qg+w+ %)}

1
Wﬁ —00 _27T<h+Nw + 422:32 . w(“;—ﬁ-l) _ ]_)

1
x{—exp [—g (h+Nw—1+462+4 _w(w+1)>]

k2 2
4e® + 4 1
+exp [—wil <h+Nw 1+ 2_24 - w(w; )ﬂ} (D.38)

where w ranges over non-negative integers. We can complete the square of the expo-
nent in the first term (the fourth line) of (D.38) by letting ¢ = s + %(k — 2)w. Let us
think of the ¢ integral as an integration over a contour (as it happens, the real line)

in the complex plane. We may then shift the contour of integration in the first term



of (D.38) to ¢ = s + (k — 2)w, and the contour of integration in the second term1 12
¢ =s+4+(k—2)(w+1), where s in both cases runs over the real line. In doing so, the
contour of integration crosses some poles in the integrand, and the integral picks up
the residues of these poles. The residues of the poles from the first term are partially
cancelled by the residues of the poles from the second. The net result of the contour

shift is to pick up only the poles in the range

<k_2)w<1mc< (k—2)
4

(w+1). (D.39)

Their residues are

1 exp [—@—6 (1 +w + \/411 +(k—2)(Ny+h—1- ;w(w+1))) (D.40)

3 2

The coefficient of — (3 in the exponent is supposed to be the energy of a typical state in
the discrete spectrum. Considerations similar to those given in [37] for closed strings
show that (3.70) (with the minus sign chosen) indeed takes the form (D.40) after
the physical state conditions are imposed. Our partition function calculation thus
reproduces the discrete spectrum of open strings in the physical Hilbert space.

We now turn our attention to the s integration. It is convenient to rearrange the
sum in (D.38) by redefining w — w — 1 in the second term and by deforming the

contours in both terms to ¢ = s + %(k — 2)w. The result is

1 o0 4s ,
orif3 /_oo ds ((k " Z)

1
exp {—ﬁq - f <kf + < (47:24 + Ny-1+h— 1))]

1, kw | 1 4243
4+zs—8+<Nw_1+h—1—|— k24>

2w

X

exp [—ﬁq - B (’j" + < (422_24 + Ny +h — 1))}

1, . kw | 1 452+ %
—4+ZS—8+2w(Nw+h—1+ k24)

(D.41)

Let us consider the third line of (D.41). It can be shown [36] that summing over



terms of this type yields
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1 o0 , 4s . 4s 4
e (o ) (2 (o0 )

1 -
el T 95 —Bf(s)
T dsloglj(2 2is M))e ,

(D.42)

where

- 1 [4s*+ 1 kw
M= — 4 4 N —1 D.43
w(k—2 tN+h ) 4 ( )
kw
f(s) =

1 432—|—i -~
— N+h-—1
4+w<k—2 AT ’

(D.44)

N = qw + N,, and € is a cutoff introduced to regularize a divergence that arises in

the sum. Similarly, summing over terms in the form of the second line of (D.41) gives

27”6 ( ilsg) )(210g6— <z’+ (45 )>_1 d

1 .
— | —logl'(= 4 2is 4+ M) | e P/,
TR 75log (2+ 15 + ))e

Combining these results and making the change of variables s —

(D.45)
(D.41) can be written in the form

5, we find that

3l " ds p(s)exp [~ BE(s)]

(D.46)
where
1 1 1d (3 —is+m)[(5 —is —m)
—21 ———1o 2 2 D.47
Pls) = 5r2losct 5o s g(r(;+z’s+m)r(;+z’s—m) ’ (D-47)
kw 1 [(s2+L .
E(s) = “— 4= L4 N+h—1 D.4
() = 5 w<k_2+ +h ) (D.48)
m o = i(SQJri
w

(D.49)
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Here p(s) and E(s) are the density of states and energy of the long strings. The

expression (D.48) is exactly what we would find if we imposed the physical state
conditions on the form (3.70) given in Section 3.4.1 for the long string energy.

Thus, by analyzing the partition function, we have reproduced our conjecture for
the spectrum of the straight brane. The result is summarized by writing the free

energy summand f(3) as

f(B)= 2> D(h, N, w) [Z e PE@ 4 /ds p(s)e‘BE(S)] , (D.50)

where FE(q), E(s), and p(s) are the discrete state energy, the continuum state energy,

and the continuum density of states.



Appendix E

Some Useful Integrals and

Formulae for Chapter 3

E.1 y-integral
The integral we want to compute is

2 =21, i _
/ | d*yly — gl |ye'® — e
Imy>0, Im(ye*®0)>0,e~A<|y|<1

Use polar coordinates such that y = re®. Then, we get

1 T—¢0
= (/ d7’> / d9|sin981n(9+¢0)|_1 exp <2isln
e 0

-8 r

Siﬂ(@ + ¢0)
sin 6

~ido|~2(1-)),

)
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(E.1)

(E.2)

The r integral is just 5. Denote the remaining 6 integral as g(s) and consider its

Fourier transformation:

95 = [ dseig(s)

T—0, [e%S)
— / ’ df) sin 0 sin (8 + ¢g)| ™" / ds exp [is (5 +2In
0 —00

sin(& + (bo)

sin 6

T—¢
= 27r/ 0d9|sianin(9—l—¢0)|_15 (§+21n
0

)

™

|Sin¢0| '

sin(6 + ¢o)

sin 6

(E.3)

2

(E.5)

(E.6)
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Inverting the transform gives

©ds s T

g(s) = o 2aC [sin o] (E.7)
T
= . E.
il (E:5)
Therefore, we get
: w3

(y-integral) = P ¢0|5(s) : (E.9)

E.2 Integral in the localized graviton calculation

According to p. 344 Eq. 7 of Gradshteyn/Ryzhik, we have

oo " n!
d —~ , E.10
/O ‘x(a[pQ + 2bx + C)n+3/2 (27’L + 1)”\/6(\/% + b)n+1 ( )

where a > 0,¢c > 0,b > —y/ac. We want to integrate
/0 day (5) 77 (22 — 2sinh a4+ cosh? 1)z~ . (E.11)

Usingn =2j — 2, a = 1, ¢ = cosh®*1) and b = —sinh ), we see the restrictions are

clearly satisfied for all values of 1 € R. Using the fact that I’ (% + n) = 2—\/5(271 -1,

we have

_22UD(25 — 1)y/re 7Y
r (2]' — %) cosh 1)

/o day (24)% 72 (22 — 2 sinh Yoy + cosh? )2~ % . (E.12)

E.3 Useful relations

We list some useful formulae involving the hypergeometric function and the gamma
function. The hypergeometric function, o F(«, 3,7; ), enjoys following useful identi-

ties:

2P (a, 3,75 2) = (1 — Z)%af%Fl(’V —a,y = 3,7 2). (E.13)
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The Gauss recursion formulae are given by

voFi(e, 8,75 2) + (B =7) o Fi(a +1,8,7 + 1;2) — (E.14)
ﬂ(l —Z)2F1(05+1,ﬁ+1,’7+1;2) :O,
72F1(a>ﬁ>71z> _72F1(05+ 1,ﬂ,’}/,2§) +ﬂZ2F1(Oé+ 176+ 157—’_ 172) :(CE15)

veFi(a, B,v:2) = (v = B) o Fila, B, v + 1;2) — BoFi(a, B+ 1,7 + 1; 2) #10.16)

Under z — 1 — z, we have

NIy —a —f)

S YOy YR

oFi(a, 8,1 —y+a+3;2)+ (E.17)

—a-pl (M@ + 5 —7)

Fily—a,y=6,1+y—a—[32).

[(e)T'(5)
Lastly, under z — 1/z, we get
= LOILB —a) 1N _ 5t
oFi(@,8,5:) = [OAEC o ( Z> oF (a,l—l—a v 1+a—p; Z)(E.18)
()l =p) ( 1\’ i
F(O‘)F(”Y_ﬁ)<_2) 2 F1 <ﬁa1+ﬁ_%1+ﬁ_0¢az>-

We list some useful identities involving the gamma, I'(2), function:

I'(1+2) =2I'(2), (E.19)
r (;) — 7, (E.20)
T(1—2)(z) = Sin?m), (E.21)
T(1+ iz)D(1 — iz) = Sm;:é”m), reR (E.22)
I(22) = 2\’;% ()T <z + ;) | (E.23)
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