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We study modular properties of the AdS; Wess-Zumino-Novikov-Witten model. Although the Euclidean
partition function is modular invariant, the characters on the Euclidean torus diverge and the regularization
proposed in the literature removes information on the spectrum and the usual one to one map between
characters and representations of rational models is lost. Reconsidering the characters defined on the
Lorentzian torus and focusing on their structure as distributions, we obtain expressions that recover those
properties. We study their modular transformations and find a generalized S matrix, depending on the sign of
the real modular parameters, which has two diagonal blocks and one off-diagonal block, mixing discrete and
continuous representations, that we fully determine. We then explore the relations among the modular
transformations, the fusion algebra and the boundary states. We explicitly construct Ishibashi states for the
maximally symmetric D-branes and show that the generalized S matrix defines the one-point functions
associated to pointlike and H,-branes as well as the fusion rules of the degenerate representations of sI(2, R)
appearing in the open string spectrum of the pointlike D-branes, through a generalized Verlinde theorem.
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I. INTRODUCTION

The formulation of a consistent string theory on AdSs is
an active area of research since more than two decades ago.
Besides allowing to understand important aspects of strings
propagating on nontrivial backgrounds (see [1-3] and
references therein), this theory offers a controlled setting
where it is possible to verify the AAS/CFT correspondence
beyond the supergravity approximation as well as to grasp
several features of a non rational conformal field theory
(RCFT) with Lie algebra symmetry.

The world-sheet theory describing strings on Lorentzian
AdS; is a Wess-Zumino-Novikov-Witten (WZNW) model
on the universal cover of the SL(2, R) group manifold. The
spectrum proposed in [1] was verified in [2] through the
computation of the one-loop partition function on a
Euclidean AdS; background at finite temperature. Some
correlation functions were determined in [3] and the fusion
rules establishing the closure of the Hilbert space and the
unitarity of the full interacting string theory were obtained
in our previous work [4]. We showed that the spectral flow
symmetry of the model requires a truncation of the opera-
tor algebra whose physical origin has not been elucidated
yet. Although they satisfy several essential properties, the
full consistency of the fusion rules should follow from a
proof of factorization and crossing symmetry of the four-
point functions, still unavailable. The correlators that have
been analyzed in the literature so far are based on the
analytic continuation from those of the better understood

Euclidean version of the theory, the H3+ = SSL&’ZC)) WZNW

model [5,6]. But there are many subtleties in the relation
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between the Euclidean and Lorentzian models [7] and
further work is necessary to put the fusion rules on a firmer
ground.

In RCFT, a practical derivation of the fusion rules can be
performed through the Verlinde theorem [8], often formu-
lated as the statement that the S matrix of modular trans-
formations diagonalizes the fusion rules. Moreover,
besides leading to a Verlinde formula, the S matrix allows
a classification of modular invariants and a systematic
study of boundary states. It would be interesting to explore
whether analogues of these properties can be found in the
AdS; WZNW model. However, the relations among fusion
algebra, boundary states and modular transformations are
difficult to identify and have not been very convenient in
noncompact models [9]. In general, the characters have an
intricate behavior under the modular group [10-12] and, as
is often the case in theories with discrete and continuous
representations, these mix under § transformations.

In this paper we study the modular properties of the
AdS; model. We start considering the characters of the
relevant representations. Since the standard Euclidean
characters diverge and lack good modular properties, ex-
tended characters were originally introduced in [13] (see
also [1 4]).1 A different approach was followed in [1] where
the standard characters were computed on the Lorentzian
torus and it was shown that the modular invariant partition
function of the H; model obtained in [18] is recovered
after performing analytic continuation and discarding con-
tact terms. However, this trivial regularization removes
information on the spectrum and the usual one to one
map between characters and representations of rational

'Similar problems in noncompact coset models have also been
considered in [15-17]
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models is lost. With the partial aim of overcoming these
problems, in Sec. I we review (and redefine) the characters
on the Lorentzian torus, focusing on their structure as
distributions. We also consider the characters of degenerate
representations of s/(2, R), because they appear in the
boundary spectrum of pointlike D-brane solutions.

Then we study their modular transformations. One could
wonder about the meaning of modular transformations on a
Lorentzian world sheet. Of course there is no reason to
expect modular invariance of the Lorentzian partition func-
tion. However, as mentioned above, modular transforma-
tions in RCFT are intimately related to microscopic data
(fusion rules, one-point functions, etc.) and these powerful
relations are difficult to establish in non rational models.
Given that the Euclidean characters and their modular
transformations are ill defined, in Sec. III we examine the
modular properties of the Lorentzian expressions with the
purpose of determining the scope of those connections in
the AdS; model. We find generalized modular maps which
play an important role in the microscopic description of the
theory. Real modular parameters are crucial to obtain an §
matrix which, unlike those of the Euclidean models, de-
pends on the sign of the modulus. We completely deter-
mine this generalized S matrix, which has two diagonal
blocks and one off-diagonal block mixing the characters of
discrete and continuous representations.

In order to explore the properties of this modular matrix,
in Sec. IV we consider the maximally symmetric D-branes
of the model. We explicitly construct the Ishibashi states
and show that the coefficients of the boundary states turn out
to be determined from the generalized S matrix, suggesting
that a Verlinde-like formula could give some information on
the spectrum of open strings attached to certain D-branes.
Furthermore, we show in Appendix C that a generalized
Verlinde formula reproduces the fusion rules of the finite
dimensional degenerate representations of s/(2, R) appear-
ing in the boundary spectrum of the pointlike D-branes.

Conclusions are offered in Sec. V, where we compare
our results with previous ones in the literature and we also
draw some directions for future work.

For the benefit of the reader, we include four appendices.
In Appendix A we discuss the properties of the moduli
space of the Lorentzian torus. Some details of the calcu-
lations leading to the generalized S matrix are presented in
Appendix B. A generalized Verlinde formula giving the
fusion rules of the degenerate representations is worked out
in Appendix C. Finally, in Appendix D we review the
results of the one-point functions for maximally symmetric
D-branes obtained in [19] and translate them to our con-
ventions, in order to compare with the expressions obtained
in the main body of the text.

II. CHARACTERS ON THE LORENTZIAN TORUS

The partition function of the AdS; WZNW model was
computed on the Lorentzian torus in [1] because it diverges
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on the Euclidean signature torus, and it was shown that a
modular invariant expression is obtained after analytic
continuation of the modular parameters.” In this section
we rederive the characters of the relevant representations
and stress some important issues related to the regions of
convergence of the expressions involved, focussing on
their structure as distributions.

The spectrum of the AdS; WZNW model was deter-
mined in [1]. It decomposes into direct products of the
normalizable continuous and lowest weight discrete repre-
sentations of the left- and right-moving current algebras of
s1(2, R) generated by

Fe =Y Bz, @

n=—oo

J@= Y i
with a =3, =, obeying the following commutation
relations:

k + +
[Jt31r ng] = _§n8n+m,0’ [JISV JVZ] = iJn_er’

[J;:—, Jr;] = _2J3+m + kn8n+m,0’ (2.2)

with level k£ € R~,. The lowest principal discrete repre-
sentations @f X j)f contain the states |j, m, m> with
—Sl<j<—4,m m € —j+ Z-; and their affine de-
scendants. The principal continuous representations
67 X C’j" contain the states |j, a,m,m> with j €&
— % +iR", «a €[0,1), m, m € a + Z, and their affine
descendants. The spectrum also includes the spectral flow
images of these representations, which can be constructed

with the spectral flow operators U,,, Uy, defined by their
action on the si(2, R) currents J3, J* as

kw + Tw T+
U*wJ3(Z)Uw :J3(Z) +§Z: U*W‘I—(Z)UW :Z+WJ_(Z);

kw

U—wﬁ(z)[]w = -73(2) + EE, l_]—wjt(z)l_]w =z " (Z),

(2.3)

where U_,, = U,', U_;, = U;' and w = W € Z.” Using
the Sugawara construction, the action of U,,, Uy on the
zero modes of the Virasoro generators is found to be

3 k 2
U_,LyU, = Ly — wJly ——w",
4 (2.4)

7 T T7 r - 73 k-2
U,WL()UW = LO - W]O - ZW ,

and the eigenvalues of L, I:o are, in general, not bounded
from below. For states in the discrete series it is often

>The same expression was independently obtained in [20]
where the Euclidean version of AdS; was constructed from the
axial coset SL(2, R)/U(1),, using path integral techniques.

*The right and left spectral flow numbers w, w are not
necessarily equal in the single cover of SL(2, R) where w — w
is the winding number around the compact closed timelike
direction.
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convenient to work with spectral flow images of both

lowest and highest weight representations, which are
w1

related by the identification @;r =D —h/2)—

The characters on the Lorentzian signature torus are
defined from the standard expressions as

XV O, 7_,u_)= Tl‘y ezm‘f_(L(J—(c/24))ezma,13em‘u-K
L b bl - L s

. . En i T i
XVR(G‘F’ T4, u+) — Trykez’””(’“ﬂ (0/24))e 77“9+Joe77“"+K,

(2.5)

where 7., 0., u. are independent real parameters, ¢ = ¢
are the left- and right-moving central charges and K is
the central element of the affine algebra. The traces are
taken over the left and right representation modules of the
Hilbert space of the theory, V; and "V, respectively. The
Euclidean version of (2.5) is obtained replacing the real
parameters by complex ones. For completeness, a descrip-
tion of the moduli space of the Lorentzian torus is pre-
sented in Appendix A.

In the remaining of this section we review (and redefine)
the complete set of characters of the relevant representa-
tions making up the spectrum of the bulk AdS; conformal
field theory and of the finite dimensional representations

|

ngx (0,7 u) = ei”k“Zen <n|U_,

n

where |n> is a complete orthonormal basis in Dt I

unitary, U,,|n> defines an orthonormal basis in fD
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appearing in the open string spectrum of some brane
solutions.
To lighten notation, from now on 7, €, u will denote the
real parameters 7_, #_, u_ and the following compact
. . . *Two.__ R aw . __ .
notation will be used: y;" ‘= Xiyews X7 0= X

A. Discrete representations

The naive computation of the characters (2.5) for the
discrete representations leads to 6 and 7 dependent diver-
gences. This is not a problem because the characters are
typically not functions but distributions. Indeed, similarly
as the characters of the continuous representations, which
contain a series of delta functions [1], those of the discrete
representations need also be interpreted as distributions.

Let us consider the distributions constructed from the
series defining the characters of the discrete representa-
tions. Shifting 7— 7+ i&; and 6 — 6 + i&) in (2.5),
where &, &Y are two real non vanishing parameters, a
regular distribution can be defined. Indeed, the deformed
characters of discrete representations in an arbitrary spec-
tral flow sector w can be written in terms of those of
unflowed representations as

2771(7'+1§1)(L0 (c/24)) 2771(0+1§2)JUU |n>

w1th norm €, = =1 (recall that this model is not unitary). Since U, is
" and from (2.3) one can rewrite

/\/Jrg‘: : — ei7Tkue—27Ti7'(k/4)w e27ri(9(k/2)wzen < nl627ri(’r+i§1)(L0—(0/24))627ri(07»v7+i(§‘2”7w§|))Jf) |Il > (26)
J> 2061
n
Choosing an orthonormal basis of eigenvectors of L, and J3, the following behavior of the sum is easy to see
o0
/\/;,L’g‘;,gl — NZop(n’ N)ezwi[(l+W)T*0+i((]+w)§1* ‘2")]N627Ti[0*w7+i(§‘2”7w§1)]ny
where p(n, N) gives the degeneracy of states.* This expression is convergent for parameters in the ranges’
£ >0, (1 +w)é > &Y > wé, (2.7)
and it gives
. ‘ L o o~ Cmilr+i€))/k=2)(j+(1/2))* p=2mi(0+i&y —w(r+i£))(j+(1/2)
/\/j g&/ §1 — ezwkue—2w1(7+l§,)(k/4)w' e271'1(0+t§2)(k/2)w (28)
&y,

i01(0 + i&y —w(r + i), 7+ ié))

This character defines a regular distribution and, given that the series of regular distributions are continuous with respect

to the weak limit, this implies

e—(27Ti7'/k—2)(j+(1/2)—w(k—2)/2)2e—27ri0(j+(l/2)—w(k—2)/2)

X; (0, 7, u) = e

iﬂll(ﬁ + l.ES/, T+ ifl)

) (2.9)

4Notlce the different letters’ styles: Roman type n labels a generic basis and italic n appears in the eigenvalues of JO
*Because of the degeneracy, these are sufficient (and not necessary) conditions. However, an explicit calculation in this region gives
the inverse ¢ function having the same poles, which then turns them into necessary conditions.
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where we have used the identity
910 + i€y —w(T +i€), 7+ i€)) = (—)"e T ITONG, (9 + i€y, T + i€;) (2.10)

and the ie’s denote the usual {0 prescriptions, constrained as the corresponding finite parameters in (2.7), which dictate how
to avoid the poles of ¥, at nt € Z, mr + 6 € Z, for n € N, m € Z. These poles are easily seen in the following
alternative expression for the elliptic theta function

! _gmilm/4yr 1 1
1911(0 + ifgj, T+ iél) N Sin[ﬂ(e + 165")] l'l°° [1 _ e277in(7'+iel)] n;oZI[l _ eZwi(nT—0+ieng)][1 — e27Ti(l’lT+0+iEZ'w)]’

n=1

(2.11)

with

nw

5" =ne — e € =ne t €y, (2.12)

ie., € >0(<0) forn =1+ w(n =w) and €, > 0(<0) forn = —w(n = —1 — w).
Notice that, in the weak limit, one can take €;, €5’ = 0 in the arguments of the exponential terms in (2.9) because they are
perfectly regular.
nw

It is useful to rewrite (2.9) using the identity (B1), which allows to change the signs of €%, €5 and €, in order to get
the following expressions in terms of only one parameter, say € ', with arbitrary w':

, —(27-ri7-/k—2)(j+(1/2)—w(k—2)/2)2e—277i0(j+(1/2)—w(k—2)/2)
w},w<w (0’

— (W imku
: = ()

T, u) . R .
i%,(0 +iey, T+ ie)

o~ Cmit/k=2)(j+(1/2)=w(k—2)/2)? ,=2mi6(j+(1/2)~w(k—2)/2)

w imku
—\—)e
=) (7 +ie€))

X i (_)l‘leziWT(Vlz/z) Z (—)"”8(0 —n7 + m) (2.13)

n=1+w m=—o00
and
e—(277i7'/k—2)(j+(1/2)—w(k—2)/2)2e—27ri0(j+(1/2)—w(k—2)/2)
i%,(0 + i€y, T+ i€))
e*(277i7'/k72)(j+(1/2)7w(k72)/2)26727Ti0(j+(l/2)*w(k72)/2)

X5 (0,7,0) = (-)reim

+ (=) iTku
(=)"e (7 +ie€))

XY (=)edT D N ()80 — nt + m). (2.14)
n=1+w' m=-—00

These expressions are in perfect agreement with the spectral flow symmetry, which implies X;f’w(—ﬁ, T, u) =

,\/f’(;/z)ilj(ﬁ, 7, u). They lead to the following contribution to the partition function:

ZAdS3 _ k—2 eiwk(u,—u+)€27ri(k—2)/4((0,—6+)2/T,—T+) N (2 15)
D 2i(T_ _’T+)1911(0_ +i€(2), T_ +i€1)19ik1(0+ _ifg, T4 _ifl) U '

where the ellipses stand for the contributions of the contact ~ discarding contact terms such as those of the characters
terms. This expression differs formally from the equivalent  of the continuous representations.

one in [1], where no e prescription or contact terms were

considered. Nevertheless, the ultimate goal in [1] was to B. Continuous representations

reproduce the Euclidean partition function continuing A similar analysis can be performed for the characters
the modular parameters away from the real axes and  of the continuous representations. Using (2.6), one can
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compute these characters in terms of those of the unflowed continuous representations. The result is

— enrku

-2 sm[77(0 _ WT)]e*Z#iT(k/4)W2 6277i0(k/2)we*(ZTri‘r/k*Z)(j#»(1/2))2 6277i(07w7')a 0

a,w
Xj

- p2miT((2/k=2)+ (k/4w?)
= pli™ u

(7 +i€)

m=—0oo

where the following identity was used

[e e}

Z emian = i S(x + m).

n=-—o00 m=—00

(2.17)

One could be tempted to interpret this sum of delta
functions as the infinite volume of the target space. If it
were, then one should assume the volume factor is not
modular invariant. To see this, let us consider the limit
0~=0. In the w=0 case, the delta factors read
S e 2mmas(9 + m) ~ 8(0). So, after a modular trans-
formation one finds 64 = |7|8(6). This prevents one
from simply taking the limit # = 0 discarding the o
function. The modular transformation will differ from
the 6 # 0 case, and so it will not give the correct modular
S matrix (which must not depend on 6).

In this case, the characters are defined as the weak limit
€1, €5 — 0, with the constraints

€, >0, e/ —we =0, (2.18)

and they give the following contribution to the partition
function:

ZAdS3 _ 2 —k eiﬂ'k(u,fm)
¢ \8i(r— — 1) 3 (r_ + ie)n(1+ — i€y)

X Y e 2mik/amo-—0.)

m,w=—00

X 8(0_ —wr_ +m)d(0,. — wry + m),

(2.19)

in agreement with the expression obtained in [1].

C. Degenerate representations

Degenerate representations are not contained in the
spectrum of the AdS; WZNW model but they play an
important role in the description of the boundary CFT.

LO LO
o o o o JO— ooooqug

FIG. 1.

1911(0 — WT, T + iEl)

e—277im(a+(k/2)w)8(0 — wr + m)’

Z 62771‘(9—»\11')7;

n=—00

(2.16)

Indeed, using world-sheet duality, it was argued that they
make up the Hilbert space of open string excitations of S?
branes in the H;r model [21,22]. For the analysis that we
shall perform in the forthcoming sections, it is useful to
note the relation among their characters and those of dis-
crete and continuous representations of the universal cover
of SL(2, R) discussed above.

The finite dimensional degenerate representations
are labeled by the spin j;; defined by 1 + 2j;, = =(r +
s(k—2)), with r, s +1=1,2,3,... for the upper sign
and r, s = 1,2, 3, ... for the lower one. Here we consider
J = j%, with characters given by

2ei7rku87277i7((2J+1)2/4(1{72)) SlIl[7TH(2J + 1)]
310+ iey T+ i€;)

X6, 7,u)=—

’

(2.20)
where the €’s are restricted to

€ >0, les] < €. (2.21)

Extrapolating the values of the spins in the expressions
obtained in the previous sections, (2.20) can be rewritten as

X0, 7, u) = x;" 00, 7, w) + x0T 0)

— X500, 7, ), (2.22)
where {J/} is the sawtooth function. Actually, this relation
could have been guessed from a simple inspection of the
spectrum (see Fig. 1). This can be seen as a nontrivial
check of the characters defined above and, simultaneously,
it shows the important role played by the i0 prescription in
the definition of the characters of discrete representations.
A naive computation of these characters, ignoring the i0's,
would yield the (wrong) conclusion y; = X}"WZO +
+w=—1

X—(k/2)-7°
Lo LO
e o o oo o J03 e o o oo o o ng

—r—1

The weight diagram of the degenerate representations with spin J = j =51, r = 1,2,3 ... can be decomposed as the sum

of the weight diagrams of the lowest and highest weight unflowed discrete representations minus that of the continuous representation

of spin J.
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III. MODULAR PROPERTIES

The modular transformation 7 — ‘;:Lbl, with integer pa-

rameters a, b, ¢, d such that ad — bc = 1, can be easily
extended to include 6, u. Characters generating a repre-
sentation space of the modular group transform as [23]

( 0 atr+ b n ch? )
’ ’I/t
Xe\ecr+d’ cr+ d 2(ct + d)

=>M,"x, (0,7, u), 3.1

M being the matrix associated to the group element.
Insofar as 7 and u are concerned, the sign of all the
parameters a, b, ¢, d may be simultaneously changed
without affecting the transformation. The modular group

PSL(2,7) = S’“(2 SL2.D) i generated by

(i 1)
S=<(1) ‘01).

These transformations map € — 6 and 6 —>§, respec-
tively, but inverting the signs of a, b, ¢, d, the mapping
gives the opposite sign for §. Therefore, the space spanned
by the characters does not realize a good representation
space for the modular group unless the characters are
symmetric under § < —@, e.g. for self-conjugate repre-
sentations. When this is not the case, the characters form a
representation of the double covering of the modular
group, where S? is not the identity but the charge conju-
gation matrix. In fact, S*> produces time and parity inver-
sion on the torus geometry and, by CPT invariance, it
transforms a character into its conjugate.

and

A. The S matrix

Below we will find explicit expressions for generalized S
transformations of the characters introduced in the pre-
vious section, setting u = 0 for short, as®

6 1 o
XM(? —;,0) = e 2HACISS 1y (6,7,0),  (B.2)

and we will show that, unlike standard expressions, they
contain a sign of 7 factor. This result can already be
inferred from the S modular transformation of the partition
function. Indeed, ignoring the €’s and the contact

atrix generating Xu( g,

5Some authors use the S m -1
S v" where v labels the

u + g). This is given by

. . M
conjugate v representation.
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terms, one finds for the contributions from discrete repre-
sentations’

FAdS
D (00, ul 7, 0, ul)

=sgn(7_74) X ZAdS3(T_, O_,u_;7.,0,,u.), (3.3)

while the contributions from the continuous series verify
AdSs 1 g1 1.1 gl 0
ZC }(T,, 97) u_; T+y +> M+)

= Sgn(T—T+) X Z(_Ajdss(T—y 0—) U_;7y, 0+: u+)’ (34)

where the primes denote the S modular transformed pa-
rameters. This suggests that the block S didf, d; labeling
discrete representations, is given by sgn(7)S 4 4j with S 4 d
being unitary. Moreover, since the characters of the con-
tinuous representations contain purely contact terms, one
expects that they close among themselves. This together
with (3.4) suggest that the block S, ¢; labeling continu-
ous representations, is given by sgn(7)S. ¢ with S,
being unitary. We will explicitly show these features of
the generalized modular transformations in the next sec-
tion. In this sense, the characters of the AdS; model on the
Lorentzian torus are pseudovectors with respect to the
standard modular S transformations.

A naive treatment of the Lorentzian partition function as
a Wick rotation of the Euclidean path integral, would
suggest the appearance of this sign after an S transforma-
tion from the measure, when one takes into account the
change in the metric (see Appendix A). However, it will be

clear from the results of the next section, that the failure in

AdS
the modular invariance of Z/5™

sign appearing in (3.3).

is less subtle than just the

1. Continuous representations

The § transformed characters of continuous representa-
tions can be written as

aw(0 _1 =27 /K= D+ (/A1 /7
Xj’ = _;,0 =

(—it)23 (1 + ie))
6 w
X 27rtm(a+(k/2)w)6( e ))
> ¢ e

m=—0o0

(3.5)

where n(—1+i€)) = (=) =e T y|rIn(r + ie),
the upper (lower) sign holding for 7 > 0 (7 < 0).
Using

e—27ri(sz/k—2)(1/‘r)

— ei(iﬂ'/4) ’]{2|T|2f+oodsle—4m'(ss//k—2)627ri1'(s’2/k—2)’ (36)

77595 is the contribution to the partition function for 6 and 7

farfrgm0+nTEZ VnelZ.
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we find
e —27ri(k/4)(0%/7)

e(27Tl/k 2)7s'?
f '3
n(r+ie)

(o]
X Z eZvTi(k/4)TmZ elmima 5(9 + K _ m),
M= — o0 T T

with S‘SS’ = /szze—ﬁlm'(ss//k—z)'

From 8(% + % —m) = |7[6(0 + w — m7) and renaming
variables, one gets

a,w 4 1

— e—277i(k/4)(6?2

(3.7)

/Dsgn(r)

j ds’S

X 2™ AS(0 — w'r + w).

27rir((s’2/k—2)+(k/4)w’2)

773(7' +i€y)

(3.8)

In order to reconstruct the character )(“ " in the right-hand
side (r.h.s.), we use the identity

50 —w't+w)
[ da'e 2mi(wa’ +(k/2)ww')
m'=—0o0

X e*Zn’lm’(a“r(k/Z)W’)(S(a —wlr+ m/), (39)

and exchanging summation and integration,® (3.8) can be
rewritten as

0 1
X?,W(iy ) 0)
: T T
_ 6727ri(k/4)(02/7)sgn(7')

[ dsf do'S,,

" X5 ’=—(1/2)+1\ (0,7,0),
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with

shalw — s
Ss,a,w =2i

2 ! : ! ! !
= 2008(47TkS_S 2)g2m(wa +w'a+(k/2)ww )’
(3.10)

which is symmetric and, as expected from (3.4), unitary,
i.e.

dS da/S‘ - s a WST /\z,az,wz
0 LELW) s’ ol w

’:—oo

= 8(s; — 57)0(a; — @), 0, (3.11)

2. Discrete representations

The structure of the characters of the discrete represen-
tations is more involved than that of the continuous ones.
A priori, we expect that characters of both discrete and
continuous representations appear in the generalized
modular transformations. So, generically we can assume

0 1
+w —

(1/2) L
L5

+,w!
(k 1/2) j/ (6) T: 0)

’/(.) dOZ f dS/S S‘ a'w! X ,77(1/2)+1S (0, 7, O)}

Fortunately, it is easy to separate the contributions from
discrete and continuous representations. If one considers
generic values of @ and 7 far from 6 + nT € Z forn € Z,
the contributions of the continuous series in the r.h.s. can
be neglected as well as all contact terms and €’s. On the
other hand, if @ + n7 €Z, Vn €Z then ¢ — ple 7,
Vp € Z and all contact terms and €’s of the left-hand
side (1.h.s.) can be neglected too. Thus, we obtain

(_)we(27ri/k—2)1/7'(j+(1/2)—w(k—2/2))2e—2m’(f)/7)(j+(l/2)—w(k—2)/2)

i€ =

e(27ri/k—2)1/7'(j+(1/2)—(w+0)k—2/2)2e—277i(k/4)02/r

— (_)w+1

where the following identity was used for 7 € R:

6 1 ; + i1
1‘}11(7’ - ;) = T/ =T/ 79, (6, 7),

T

R 3.12
iird, (0, 7) G412

(3.13)

8Here, summation and integration can be exchanged because, for a fixed w’, the series always reduces to a finite sum when it is

considered as a distribution acting on a test function.
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the upper (lower) sign holding for 7 > 0 (7 < 0). Inserting
e CTi/k=21/7(j+(1/2)~(w+6)(k—2/2))?

. 2
_ oritay | 217]

k—2
><f+°°d/\le(47ri/k72)/\l(j+(l/2)7(W+0)k72/2)67(27”'/’(*2)7/"2
(3.14)

into (3.12), changing the integration variable to j/ + % —
w'%52 and using (3.13), we get

0 1
+w _

= 6_2771‘(1(/4)(02/7) Sgn(T)
- [0 o i
x 3 dj'S;, 7 x i (0,7,0), (3.15)
W= —o0 —(k—1)/2
with
. ) 2
wo_— (_ywtw' +1
S =) k=2
X e477i/k*2(j’+(1/2)7W’(k*2)/2)(j+(1/2)7w(k72)/2).
(3.16)

Notice that this block of the S matrix is symmetric and,
again as expected from (3.3), unitary.’

While the identity (3.14), which is essential to recon-
struct the discrete characters in the r.h.s. of (3.15), only
makes sense for Im 7 = 0, the characters are only well
defined for Im 7 = 0. Therefore, to determine the gener-
alized S transformation, it is crucial that 7 € R.

Finding the block & j,ws/'“/'w/ mixing discrete with con-
tinuous representations is a much more technical issue,
which we discuss in Appendix B. Here we simply display
the result, namely

/ | 2
T
[6(47r/k—2)s’(j+(1/2))

1+ e*ZTri(a’fis’)

e—27'ri(w’j—wa’—ww’(k/2))

o~ (4m/k=2)s'(j+(1/2))
1+e*277i(a'+i51) ]
(3.18)

Changing ¢*"/% /7 by +/it, the validity of (3.14) can be
extended to the full lower half plane and that of (3.13) can be
extended to the upper half plane, giving

l .
1911(2, _;> = —e™/D\ir 9,6, 7).

T

(3.17)

If one naively cancels the +/i7 terms and ignores the sign factor
due to the different branches, a 7 independent expression is
obtained for the S matrix. However, such S matrix does not obey
the properties S?> = (ST)3 = C, C being the charge conjugation
matrix, but the opposite ones.

PHYSICAL REVIEW D 83, 106010 (2011)

This block prevents the full S matrix from being unitary.
Instead, we find §*S = id. This implies that the full par-
tition function defined from the product of characters is not
modular invariant, not only due to the sign of the modular
parameters. Actually, after a modular transformation, the
mixing block introduces terms where the left modes are in
discrete representations and the right ones in continuous
series, and vice versa, as well as new terms containing left
and right continuous representations.

In Sec. III C, we explicitly check that the blocks of the S
matrix determined here have the correct properties.

3. Degenerate representations

The modular properties discussed above can be used to
write the S transformation of the characters of the degen-
erate representations with 1 + 2J € N as

0 1
M
T T

= 6727”.(](/4)(02/7) sgn(T)

°° -(1/2) .
X djiS /" ytv(e, r,0
W_z_oo{[—(k—l)/2 i )

1 —(1/2) Saw - aw
+ 0 da B dSSJ T Xj:7(1/2)+”(0’ 7, 0) »

(k—=1/2)

where
S = 2iy|—2 (=) sin[ T (1+2j - wik—2))

/ k—2 k—2

X (2 + 1)], (3.19)

and
S Saw = _i(_)ZJW 2 6(477/](*2)5(]*(]/2))

4 k—2

X1+ ! + !
( 1+ e*Z#i(a*is) 1+ eZWi(a+is)

+ (s & —s). (3.20)
B. The T matrix

Together with the S matrix, the 7 matrix defines a basis
over the space of modular transformations. Using

19]1(0, T+ 1) = e(ﬂ-i/4)’l911(0, ’T),

n(r + 1) = ™2 n(7), (3.21)

the characters of the discrete and continuous representa-
tions transform, respectively, with
Tj’wj’,w/ = 8,00 — e~ @mi/k=D("+(1/2)=w/(k=2)/27~(wi/4)

(3.22)

and
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Ts,a,wXI'aIVWI = Sw,w’a(a - a/)a(s - Sl)

X eZm‘((sz/k—Z)—(k/4)w2—wa—(l/8))’ (3.23)
while the T transformation of the characters of the degen-
erate representations is given by

Xj(e’ T+ 1, 0) — e—(277i/k—2)(.l+(1/2))2e—(m’/4)XJ(0, T 0)
(3.24)

C. Properties of the S and T matrices

The expressions (ST)? and S?> must give the conjugation
matrix, C. We have found above that the characters of
the AdS; model do not expand a representation space for
the modular group since the generators depend on the
sign of 7. Nevertheless, in terms of the 7 independent
part of S, that we have denoted S, these identities read C =
(ST)* = sgn(r + Dsgn(Zp)sgn(— 1)(ST)* = —(ST)* and
C = §? = sgn(7)sgn(— HS? = —-&2.

As a consistency check on the expressions found above
for S and 7', an explicit computation gives

_ (ST)3 W2 = —§2  jaws

Juwi Juwi
. .k
= 5w1+w2+1,06<11 +j + 5) (3.25)

which corresponds to the conjugation matrix restricted to
the discrete sector, since fZA);“W is the conjugate represen-
tation of @;’_W, which in turn can be identified with
@J_r(;/v;)__lj using the spectral flow symmetry. Similarly,

for the block of continuous representations we get

§2,02, W3

_(ST)?I,a],wlxz’azywz = _S%],alvwl
= 6w1,—w25(sl - 52)5(0(1 +oa; = 1)’
(3.26)

which is again the charge conjugation matrix, since
@;_“’_W is the conjugate representation of éj’w

Of course, one also needs to show that the non
diagonal terms vanish. The equalities (ST)3 4, ., /> =
82 4w 2" =0 are trivially satisfied as a consequence
of & aw/=0. One can also show that
(ST)} ,, e = & |, S»@¥2 =0, but this computation
is more involved, so the details are left to Appendix B.

IV. REVISITING D-BRANES IN AdS;

D-branes can be characterized by the one-point func-
tions of the states in the bulk, living on the upper half plane.
In RCFT, these one-point functions can be determined
from the entries of the S matrix, a property that we will
call a Cardy structure. This property is closely related to
the Verlinde formula and, a priori, there is no reason for it
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to hold in non RCFT. In this section we explore this
relation in the AdS; model.

D-branes in AdS; and related models have been studied
in several works (see for instance [21,22,24-36] and refer-
ences therein). Here, we shall restrict to the maximally
symmetric D-branes discussed in [26]. Because the
Lorentzian AdS; geometry is obtained by sewing an infi-
nite number of SL(2, R) group manifolds, these D-brane
solutions can be trivially obtained from those of SL(2, R).
Their geometry was considered semiclassically in [26],
where it was found that solutions of the Dirac-Born-
Infeld action stand for regular and twined conjugacy
classes of SL(2, R). The model also has symmetry break-
ing D-brane solutions, but in this case, the open string
spectrum is not a sum of s/(2, R) representations and
then we do not expect the one-point functions to be deter-
mined by the S matrix.

We begin this section with a short introduction to the
geometry of D-branes in AdS;. A very comprehensive
study about the (twined) conjugacy classes of SL(2, R)
and a semiclassical analysis of branes can be found in
[24,26]. Both can be easily extended to the universal cover-
ing. Here, we review the analysis of the conjugacy classes
in order to make the discussion self contained and discuss
the extension to the universal covering.

Then we turn to the explicit construction of the Ishibashi
states for regular and twisted boundary gluing conditions
which give rise to the maximally symmetric D-branes.
These equations were solved in the past for the single
cover of SL(2, R) (see [31] for twisted gluing conditions)
with different amounts of spectral flow in the left and right
sectors, namely w; = —wp, and therefore, these solutions
are not contained in the spectrum of the AdS; model (with
the obvious exception of w = 0 discrete and w = 0,
a =0, % continuous representations).

We find that the one-point functions of states in discrete
representations coupled to pointlike and H, branes exhibit
a Cardy structure and we propose a generalized Verlinde
formula giving the fusion rules of the degenerate represen-
tations with 1 + 2J € N.

A. Conjugacy classes in AdS;
Elements of SL(2, R) can be parametrized by four real

parameters X, ..., X3 as
1{Xo+X; X, +X
:_< 0 1 2 3)’ @1
\X, - X5 Xo— X,

with X2 — X? — X2 + X2 = 2. This gives a representa-
tion of the SL(2,R) group manifold embedded in a
4 dimensional flat space. When the signature of this em-
bedding space is (—1, 1, 1, —1), it corresponds to a pseudo-
sphere whose covering space is AdS;.

A more convenient coordinate system is given by

X, +iX;=4{Le'coshp, X, +iX,={Le’sinhp, (4.2)
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where AdS; is simply obtained by decompactifying the
timelike direction z.

As is well known [36], the world volume of a symmetric
D-brane on the SL(2, R) group manifold is given by the
(twined) conjugacy classes

¢ ={w()gh™',Vh € SL2,R)},  (43)

where w determines the gluing condition connecting left-
and right-moving currents, w(g) = ©~'gw. When o is an
inner automorphism, W;" can be seen as left group
translations of the regular conjugacy class (of the element
wg). So, one can restrict attention to the case w = id., and
the conjugacy classes are simply given by the solution to

_ X() . ~
trg = 27 =2C.

The geometry of the world volume is then parametrized
by the constant C as

(4.4)

- X2 = X2+ X2 = 02(1 - CP). (4.5)
Different geometries can be distinguished for C? bigger,
equal or smaller than 1. The former gives rise to a two
dimensional de Sitter space, dS,, the latter to a two dimen-
sional hyperbolic space, Hy, and the case |C| = 1 splits
into three different geometries: the apex, the future and the
past of a light cone.

A more convenient way to parametrize these solutions is
given by the redefinition

C = coso. 4.6)

For |C| > 1,0 = ir + wv, r € RY, v € Z,. The world
volumes are given by

coshp cost = = coshr. 4.7

Each circular D-string is emitted and absorbed at the

boundary in a time interval of width 7= but does not reach

the origin unless r = 0. Their lifetime is determined by v.
For |C| < 1, o is real and

coshp cost = coso. 4.8)

If one restricts o € (0, 77), there are two different solutions
for each o, for instance one with ¢t € (—g, —o] and
another one with ¢ € [, 37). To distinguish between these
two solutions we can take o = A + wv, A € (—,0),
v € Z,, such that t = arcos(coso/coshp), taking the
branch where ¢t = ¢ when it crosses over the origin.
Because these solutions have Euclidean signature, they
are identified as instantons in AdSs;. In fact, they represent
constant time slices in hyperbolic coordinates.

For |C| =1, ¢ = 0 or 7 and
coshp cost = *1. 4.9)

For example, for C =1, this corresponds to a circular
D-string at the boundary at 1 = —77/2 collapsing to the
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instantonic solution in p = 0 at ¢ = 0, and then expanding
again to a D-string reaching the boundary at r = /2.

All of these solutions are restricted to the single covering
of SL(2, R). In the universal covering, 7 is decompactified
and the picture is periodically repeated. The general solu-
tions can be parametrized by a pair (o,q), g € Z,
or equivalently, the range of o can be extended to
o = ir + gm for dS, branes, 0 = A + g7 for H, branes
or o = g for pointlike and light-cone branes.

Preparing for the discussions on one-point functions and
Cardy structure, it is interesting to note that these parame-
ters can be naturally identified with representations of the
model. For instance, one can label the D-brane solutions as

2 1 k—2
=T (j+--wi =z 4.1
e R e SR A T
with j = —%+is, s €ERT, w € Z for dS, branes, j €
(=51, =1, w € Z for H, branes and finally o = nr,

n € Z for the pointlike and light cone D-brane solutions.

The appearance of the level k in a classical regime could
seem awkward. However, it is useful to recall that o is just
a parameter labeling the conjugacy classes, and the factor
k — 2 can be eliminated by simply redefining j through a
change of variables. The important observation is that this
suggests o labels the exact solutions, e.g. the one-point
functions at finite k will be found to be parametrized
exactly by (4.10) and in fact, in the semiclassical regime
k — o0, the domain of o does not change at all.

When w is an outer automorphism, one can take

0 1
w =
1 0
up to group translations. In this case, the twined conjugacy
classes are given by
X
trog = 272 =2C. 4.11)

The world volume geometry now describes an AdS, space
for all C since

X2 =X+ X3=0(1+0. 4.12)
These are static open D-strings with endpoints fixed at the

boundary. This is obvious in cylindrical coordinates, i.e.

sinhp sinf = sinhr, (4.13)

where we have renamed C = sinhr. So, after decompacti-
fying the timelike direction ¢, there is no need to extend the
domain of r.

Let us end this brief review with a word of caution. In
this section we have reviewed the twined conjugacy classes
and, although branes wrap conjugacy classes, extra restric-
tions appear when studying the semiclassical or exact
solutions. In particular, it was found in [26] that » becomes
a positive quantized parameter at the semiclassical level.
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B. Coherent states

Boundary states play a fundamental role in understand-
ing boundary conformal field theories. They store all the
information about possible D-brane solutions and their
couplings to bulk states. Even though there is no systematic
method to obtain all possible boundary states of an arbi-
trary model, if one works in the boundary theory of a
given WZNW model and looks for special D-brane
configurations with more symmetries than the conformal
one, e.g. the symmetry generated by a given subalgebra of
the original current algebra, then the procedure is more
tractable because these symmetries impose extra restric-
tions, which together with certain sewing constraints, can
be used to obtain exact solutions. Following these ideas,
one can study different gluing conditions for the left and
right current modes, consistent with the affine algebra [37]
as well as with the conformal symmetry via the Sugawara
construction [38].

In the case of AdS;, much of the progress reached in this
direction is based on the analytic continuation from Hj
[22]. Gluing conditions were imposed as differential equa-
tions applied directly to find, with the help of certain
sewing constraints, the one-point functions of maximally
symmetric D-branes. It would be interesting to get the one-
point functions of the AdS; model without reference to
other models, but the approach used so far cannot be easily
extended. In the first place, it was developed in the x basis
of the Hf model, which is not a good basis for the repre-
sentations of the universal covering of SL(2, R). Suitable
bases instead are the m- or ¢ basis [1,7]. Moreover, there are
still some open questions about the fusion rules of the AdS;
model [4] which deserve further attention before analyzing
the sewing constraints. Therefore, we will not compute the
one-point functions in this way, but will give the first step
in this direction by finding the explicit expressions for the
Ishibashi states in the m basis for all the representations of
the Hilbert space of the bulk theory.

1. Coherent states for regular gluing conditions

Boundary states associated to dS,, H,, light cone and
pointlike D-branes in AdS; must satisfy the following
regular gluing conditions [31]

(J; —J2)ls) =0, Uy +JZ)Is) =0, (4.14)

where s labels the members of the family of branes allowed
by the gluing conditions.

These constraints are linear and leave each representa-
tion invariant, so that the boundary states must be ex-
panded as a sum of solutions in each module. The
solutions represent coherent states, usually called
Ishibashi states [38].

Let us begin introducing the following notation which
will be useful in the subsequent discussions. Let
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lj, w, @;n, m) = |, w, a){In) ® [m)},

Ij, w, +30,m) = |j, w, +){In) ® [m)}, (4.15)

denote orthonormal bases for (AZ;’“W ®é?“w and @jw ®
fAD;’W respectively. They satisfy'”
(. w, a;n,mlj’, w', @';n', m’)
= (j,w, alj,w, @) X (nln’) X (m|m’)
= 5(S - sl)aw,w’a(a - a/)6n5n,n’6m6m,m’:
(o w, +in,m|j, w', +;0/, m’)
= (j,w, +|j, w, +)n|n’}m|m’)

= 5(] - jl)aw,w’ €n6n,n’ emém,m” (4.16)
{In>} is an orthonormal basis in C’f’w (or @;’W) for which
the expectation values of J3, J; are real numbers and
€, = *1 1is its norm squared. It is constructed by the
action of the affine currents over the ket |j, m = a,
w> = lej’ m= a> (l.]’ m = _j: w > )

The Ishibashi states for continuous and discrete repre-
sentations are found to be

lj, w, a > = ZenVlj, w, a;n,n) and

n

lj,w, + > =Y €,VIjw, +:in,n),

n

(4.17)

respectively, where V is defined as the linear operator
satisfying

VTl m=—iwy=TTnasInilism=—jw),
! ! . (4.18)
Vl—[.]f,’j ljm=aw)y= l—[nazbz‘]”; lj,m=a,w),
1 1

with a = 1, 2, 3, n,, = diag(—1, —1, 1) and the bar de-
notes action restricted to the antiholomorphic sector. It is
easy to see that this defines a unitary operator. The proof
that they are solutions to (4.14) follows similar lines as
those of [38]. As an example, let us consider an arbitrary
base state |j/, w/, o’;n/, m’ > :

<j.w,ain, |3 — T, aw >

= 8(s — )8,/ 8(a — &)Y ex(0'|J3 In)(m'[ V |m)

— €(n'[n}(m'[J2, V [n)
= 8(s = 58, 8(a — a)Y &, (0'|J3 n)n]VIm’)

— €,(0[n)(n|VJ;Im') = 0.
10The separation between |j, w, @) or |j, w, +) and [n), [m) in

different kets is simply a matter of useful notation for calculus
and does not denote tensor product.
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The normalization fixed above for the Ishibashi states
implies

< j; w, a|e”iT(LWL_O7(”/12))em'0(13+j3)|j’, W/, o >
= 8(s — 57)8,,w (@ — &)X (1, 0),
< J; w, +|€7TlT(L0+L0—(c/lZ))6710(13+j8)|j/, W/, + >

=80 = jN8uwx; " (1, 0). (4.19)

2. Cardy structure and one-point
Jfunctions for pointlike branes

Assuming that after Wick rotation the open string parti-
tion function in AdS; reproduces that of the H; model and a
generalized Verlinde formula, we show in this section that
the one-point functions on localized branes in AdS; pre-
viously found in [19] can be recovered. We also verify that
the one-point functions on pointlike and H, D-branes ex-
hibit a Cardy structure. Usually, this structure is accompa-
nied by a Verlinde formula for the representations appearing
in the boundary spectrum. In fact, the Cardy structure is a
natural solution to the Cardy condition when the Verlinde
theorem holds. However, as we shall discuss, the latter does
not hold in the AdS; WZNW model. The generalized
Verlinde formula proposed in Appendix C reproduces the
fusion rules of the degenerate representations, but it gives
contributions to the fusion rules of the discrete representa-
tions with an arbitrary amount of spectral flow, thus contra-
dicting the selection rules determined in [3]. Nevertheless,
we find a Cardy structure.

Boundary states: World-sheet duality allows to write the
one-loop partition function for open strings ending on
pointlike branes labeled by s; and s, as

e*2”i(k/4)(92/7)z':‘12§3(0, 7,0) = <®S |~HP> J3|S )
= —(1/2) -
= djAS .’As LxTM, 7 0) + cer,
W:Z'oo ,[—(k—l/z) I Gw W Xi )

where ® denotes the world-sheet CPT operator in the
bulk theory, § = ¢*™7, 7 =20 7= —1/7, § =0/7,
(j*, w™) refer to the labels of the (j, w)-conjugate repre-
sentations, ccr denotes the contributions of continuous
representations and ﬂ?ij) are the Ishibashi coefficients
of the boundary states.

The open string partition function for the ‘“‘spherical

branes” of the H;’ model was found in [21] for 8 = 0
and extended to the case 6 # 0 in [34]. It reads
- i+,
Zy,(0.7,00= > x,(0,7,0),  (4.20)
J3=|J, =1l

where s; = 75 (1 +2J;) and 1 + 2J; € N. This reveals
an open string spectrum of discrete degenerate
representations.

The Lorentzian partition function is expected to repro-
duce that of the H] model after analytic continuation in 6
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and 7. Then, if we concentrate on the one-point functions
of fields in discrete representations, we only need to con-
sider the case 0 + n7 & Z. Thus, using the generalized
Verlinde formula (see Appendix C for details), namely

Jy+J,
> xu,(6,7,0)
A
z [(1/2) S, JWSJZ’W
w0 J —(k=1)/2 S

X AT/ )t (9’

— 1, 0), 4.21)
T T

we obtain the following expression for the coefficients of
the boundary states:

Al = FUw)(= )w[(k 2 2)1/4

« sin[s(1 +2j — w(k — 2))]
sin[/75 (1 + 2/)]

. (4.22)

defined up to a function f(j, w) satisfying f(j, w)X
fl=k—ji—w—1 =1

One-point functions To find the one-point functions
associated to these pointlike branes, let us make use of
the follllowing definition of boundary states (see for instance
(39D

(DPE(|, m, 1, w); 2, 2))s

- () (df) DO, m, i, wy & Dls), (423)
where ®D(|j, m, m, wy; z,2) (PD(|j, m, m, w; €, &) is
the bulk field of the boundary (bulk) CFT corresponding
to the state inside the brackets,'? z, 7 denote the coordinates
of the upper half plane and &, £ those of the exterior of the
unit disc.

Conformal invariance forces the 1.h.s. of (4.23) to be

B(s),
OHE (|, m, m, w); z, 7))y = ——— 20 4.24
(@O m w2 )y = 420
where the z-independent factor B(s)"" is not fixed by the

conformal symmetry. The solution (4.17) and (4.18)

implies

"Strictly speaking, this identity is valid on a Euclidean world
sheet. However, it is appropriate to use it here since we want to
explore the relation of our results with those of the Euclidean
model defined in [19] where the coefficients of the one-point
functions are assumed to coincide with those of the Lorentzian
AdS;.

Here |j, m, m, w> is a shorthand notation for |j, m, w >
®|j, m, w> and it must be distinguished from the orthonormal
basis introduced in Sec. IVB 1.
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B(S){q‘q,w;h = (_)j+m8m,rhﬂs'

5w’

(4.25)

from which the spectral flow symmetry determines f = 1.

It is important to note that the normalization used here
differs from the one usually considered in the literature.
Our normalization is such that the spectral flow image of
the primary operator corresponding to the state
|j, m, m, w> is normalized to 1. In particular, it implies
the following operator product expansions

PO (1 j,m, 1w, w; €, €)
_m+ %w
e

TP (| m, i, w); €, €)
_N-ja+)+mm=1)

(-o™

ODP (| j, m,m, w); & E) + ...

(4.26)

In Appendix D 1, we show that (4.25) agrees with the one-
point function obtained in [19].

3. Cardy structure in H, branes

In Appendix D we review the results for the one-point
functions in maximally symmetric D-branes obtained
by applying the method of [19]. From the one-point func-
tions of fields in discrete representations on H, branes we
find the following Ishibashi coefficients (see (D10) and
(D12))

o=, w')
(.w)

B 77( 2 )3/4
Ji\k —2
(_)we4m‘/k—2(j’+(1/2)—w’(k—2)/2)(j+(1/2)—w(k—2)/2)

s

sin[;/75 (2j + 1)]

(4.27)
satisfying
. jw . j*w*
A ARy~ (mypnt S kv ijWzWZ . (428)
0

where ~ stands for equal up to the k— dependent factor

%. This expression leads to the following degeneracy

for the open string spectrum of discrete representations
— l‘277.2(_)W3 00
slin v i —
—k(k —9) m;w <J2 J3 — 1
k—2 n )
m,
2

where the divergent integral [} a’)\%
replaced by its principal value, %

N J3aws =

JuWij2wa

= (wy + w3 —wy)

has been

OPN|jm=* 1, m,why & E)+ ...
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Two comments are in order. First, a non negative integer
times a Kronecker or Dirac delta function would be ex-
pected for the degeneracy. An integer can be obtained
through a small modification by an overall k-dependent
factor in the one-point functions, but the sign factor (—)"3
cannot be removed in this way, and it inevitably leads to
negative degeneracies. The second comment is about the
Verlinde theorem. Contrary to what happens in RCFT, here
the Cardy structure is not accompanied by a Verlinde
formula. Even, if we ignore the problems mentioned in
the first comment, the naive application of this formula
gives contributions to the fusion rules violating the spectral
flow number conservation by an arbitrary amount, in con-
tradiction with the selection rules determined in [3].

4. Coherent states for twined gluing conditions

The gluing conditions defining the coherent states
|j, w > for AdS, branes [31], frequently called twisted
boundary conditions, are

LB+ )jw>=0, (s +JT5)j,w>=0. (4.29)
These constraints are highly restrictive. As we show below,
coherent states satisfying these conditions can only be
found for representations where the holomorphic and anti-
holomorphic sectors are conjugate of each other, i.e. only
forw =0,a =0, % continuous representations in the AdS;
model.

Let us assume | j, w >> is an Ishibashi state associated to
the spectral flow image of a discrete or continuous repre-
sentation. The spectral flow transformation (2.3) allows to
translate the problem of solving (4.29) to that of solving

(n + T2, + kw0l )" =0,

U + I, )07 =0, (4.30)

where |j =U_,U_,|jw> is in an unflowed
representation.

The special case n = 0 in (4.30) implies 2 + kw € Z
and —2j + kw € Z for continuous and discrete represen-
tations, respectively. In particular, for w = 0 continuous
representations there are two solutions with a = 0, %,
given by

|j) O) o >> = Zenl_]lj: W; a;nr n)) (431)

3Notice that in the case w = —w discussed in [31] for the
single covering of SL(2, R), one gets (4.29) with the unflowed
|[j>"" state replacing |j, w > instead of (4.30). Then, once an
Ishibashi state is found for w = —w = 0, the solutions for
generic representations with w = —w are trivially obtained
applying the spectral flow operation, and coherent states in
arbitrary spectral flow sectors are found. This fails in AdS;
and thus the discussion in loc. cit. does not appl%/ here, except
for w=0 discrete or w=0, a=0, continuous
representations.

2
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where the antilinear operator U is defined by
ulTmlim=aw=0=]-Jiljim=—a,w=0)
I 1

(4.32)

It can be easily verified that this defines an anti-unitary
operator and it is exactly the same Ishibashi state found in
SU2) [38].

To understand why there are no solutions in other mod-
ules, let us expand the hypothetical Ishibashi state in the
orthonormal base |j, w, £ > {|n > ®|m>}, with { = « or
+ and |n >, |m> eigenvectors of J3, Ly and J3, Ly
respectively. The constraint that Ishibashi states are anni-
hilated by L, — L, forces [n >, |[m> to be at the same
level. But taking into account that all modules at a given
level are highest or lowest-weight representations of the
zero modes of the currents (with the only exception of
w = 0 continuous representations) and the fact that the
eigenvalues of the highest (lowest) weight operators de-
crease (increase) after descending a finite number of levels,
the first equation in (4.29) with n = 0 has no solution
below certain level. This implies that below that level there
are no contributions to the Ishibashi states and so, using for
instance the constraint (Ji‘ + Je 1)| J,w>=0,itis easy to
show by induction that no level contributes to the coherent
states.

The coherent states defined above are normalized as

<] 0, aleﬂ'iT(LO+EO—(c/12))e7ri0(18—j(3))|j/’ 0, a' >

= 8(s — s")8(a — &)x°(7. 0), (4.33)

for @« = 0, % The fact that it is only possible to construct
Ishibashi states associated to w = 0 continuous represen-
tations is again in agreement with the one-point functions
found in [19] and the conjecture in [32] that only states in
these representations couple to AdS, branes.

V. CONCLUSIONS

To conclude, let us summarize our results and contrast
them with previous works in the literature.

We have computed the characters of the relevant repre-
sentations of the AdS; model on the Lorentzian torus and
studied their modular transformations. We fully deter-
mined the generalized S matrix, which depends on the
sign of 7, and showed that real modular parameters are
crucial to find the modular maps.

We have seen that the characters of continuous represen-
tations transform among themselves under S while both
kinds of characters appear in the § transformation of the
characters of discrete representations. An important con-
sequence of this fact is that the Lorentzian partition func-
tion is not modular invariant [and the departure from
modular invariance is not just the sign appearing in (3.3)].
The analytic continuation to obtain the Euclidean partition
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function (which must be invariant) is not fully satisfactory.
Following the road of [1] and simply discarding the contact
terms, one recovers the partition function of the H; model
obtained in [18]. But even though modular invariant, this
expression has poor information about the spectrum. Not
only the characters of the continuous representations vanish
in all spectral flow sectors but also those of the discrete
representations are only well defined in different regions of
the moduli space, depending on the spectral flow sector, so
that it makes no mathematical sense to sum them in order to
find the modular § transformation. An alternative approach
was followed in [20], where an expression for the partition
function was found starting from that of the SL(2, R)/U(1)
coset computed in [40] and using path integral techniques.
Although formally divergent, it is modular invariant and
allows to read the spectrum of the model.'* Tt was shown
that the partition function obtained in [1,18] is recovered
after some formal manipulations. It would be interesting to
better understand how the information is lost in the proce-
dure implemented in [20] and to explore if it is possible to
find an analytic continuation of the Lorentzian partition
function leading to the integral expression obtained in
loc. it. (or an equivalent one), in a controlled way in which
the knowledge on the spectrum is not removed.

The treatment of the boundary states presented in
Sec. 1V differs from previous works. While we have ex-
pressed them as a sum over Ishibashi states, in other related
models such as H{ [22], Liouville [41] or the Euclidean
black hole [34], the boundary states have been expanded,
instead, in terms of primary states and their descendants.
The coefficients in the latter expansions directly give the
one-point functions of the primary fields. For instance, in
the HY model, the gluing conditions were imposed in [22]
not over the Ishibashi states but over the one-point func-
tions. One of the reasons why this approach seems more
suitable for Hi is the observation that the expectation
values used to fix the normalization of the Ishibashi states
diverge in the hyperbolic model.'> As we have seen, this is
not the case in AdS;.

The generalization of the Verlinde formula proposed in
Sec. IV gives the fusion rules of the degenerate represen-
tations of SL(2, R) appearing in the spectrum of open
strings attached to the pointlike D-branes of the model
and the coefficients of their boundary states. The formula
holds for generic 6, 7 far from 6 + nt € Z. It would be
interesting to study the extension to generic 6, T

"“The spectrum was also obtained from a computation of the
Free Energy in [2].

SNotice that, contrary to the AdS; or SU(2) models, the
continuous representations appearing in the Hilbert space of
the Hf model do not factorize as tensor products of a holomor-
phic times an antiholomorphic representation. So, instead of the
characters of the holomorphic sector appearing for instance in
(4.19), the analog ones in the hyperbolic model have a trace over
certain subspace of states satisfying J3 = *J3, depending on the
gluing conditions considered. And this trace is divergent.
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which requires to consider the § matrix block (3.20).
Furthermore, one could also study the modular transfor-
mations of the characters of other degenerate representa-
tions and their spectral flow images and explore the validity
of generalized Verlinde formulas in these cases.

We have shown that the one-point functions of fields in
discrete representations coupled to H, branes are deter-
mined by one of the diagonal blocks of the generalized S
matrix, as usual in RCFT. However, a puzzle arises when
considering the open/closed duality which gives negative
degeneracies in the open string spectrum of these branes. In
contrast to general expectations, here the Cardy structure is
not accompanied by a Verlinde theorem. Moreover, the
Verlinde-like formula does not give the fusion rules of the
bulk AdS; model. In particular, besides some undesirable
negative signs, it gives contributions of arbitrary spectral
flow numbers to the fusion of states in discrete representa-
tions, thus violating the selection rules established in [3].

Much remains to be understood on the modular proper-
ties and the role of the Verlinde theorem (or suitable
generalizations) in this non RCFT. In particular, more
work is necessary to understand what properties of the
physical theory determine the relations that we have found
between microscopic data and modular transformations. It
would also be interesting to put the fusion rules of the AdS;
WZNW model on a firmer ground, as puzzles such as the
absence of the trivial representation [42] or the mechanism
determining the truncation of states in the operator algebra
[4] are far from elucidated.
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APPENDIX A: THE LORENTZIAN TORUS

In this appendix we present a description of the moduli
space of the torus with Lorentzian metric.'® Although it
can be easily obtained from the Euclidean case, we include
it here for completeness.

Consider the two dimensional torus with world-sheet
coordinates o', o> obeying the identifications
(!, 0%) = (o' + 27n, o2 + 27m),

nm€Z. (Al)

By diffeomorphisms and Weyl transformations that leave
invariant the periodicity, a general two dimensional
Lorentzian metric can be taken to the form

'Tori in 1 + 1 dimensions have been considered previously in
[43-46] in the context of string propagation in time dependent
backgrounds.
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ds* = (do' + r.do®)(do' + 7_dd?), (A2)

where 7., 7_ are two real independent parameters. Recall

that the metric of the Euclidean torus, namely ds> =

|do! + tdo?|?, is degenerate for 7 € R since detg =

(7 — 7)%. In contrast, here it is degenerate for 7_ = 7.
The linear transformation

(A3)

takes (A2) to the Minkowski metric. The new coordinates
obey the periodicity conditions

(61, 3%) = (6" + 2mn + 2mrm7 ™, G2 + 27T m),

(A4)
nmeE/”Z,
while the light-cone coordinates . = &' + &2, obey
O+=0++2mn+2mmr—. (AS)

In the Euclidean case, there are in addition global trans-
formations that cannot be smoothly connected to the iden-
tity, generated by Dehn twists. A twist along the a cycle of
a Lorentzian torus preserves the metric (A2) but changes
the periodicity to

(7', 6% = (6" + 2mn + 2mm(1 + 77), 62 + 2mwm77),

nmeE/”, (A6)

or

0+ =06+ +2mn+ 2mam(r= + 1). (AT)

Thus it gives a torus with modular parameters (7/,, 7)) =
(74 +1,7_ + 1). A twist along the b cycle leads to the
following periodicity conditions:

(7', 6% = (6" + 2mn(1 + 77) + 2mmr™, 2

+ 2mnt” + 2mmt), nmeE/Z, (A8)

or

0.=0.+2mn(l +715)+ 27m7-. (A9)

As in the Euclidean case, this is equivalent to a torus with

(', ) = (h“ﬂ , 77 and conformally flat metric. But

there is a crucial difference. In the Euclidean case, the
overall conformal factor multiplying the flat metric is
positive definite, namely i On the contrary, in

the Lorentzian torus, the conformal factor m is

not positive definite and so, it can not be generically
eliminated through a Weyl transformation.

Defining the modular S transformation as S7. = — %,
= = TSTr., and then the problem

I+7.

we can write 7/, =
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can be reformulated in the following way. The T trans-
formation works as in the Euclidean case. Instead, under a
modular § transformation, the torus defined by (Al) and
(A2) is equivalent to a torus with the same periodicities but
with the following metric (after diffeomorphisms and Weyl
rescaling)

ds>=sgn(r_71,)(do" +1,do"*)(do’ + 7_do?). (A10)

1. The fundamental region

In the Euclidean torus, one can find a coordinate system
preserving the periodicity conditions (A1), where the met-
ric takes the form ds* = |do! + rdo?|?, with 7 € C.
Since it is invariant under complex conjugation, the
complex 7 plane can be restricted to Im 7 > 0 (discarding
Im 7 = 0 because it gives a degenerate metric). Similarly,
in the Lorentzian case, the metric (A2) is invariant
under 7, < 7_ and one can take 7, > 7_ (discarding
Ty =T_).

Unlike the Euclidean case, where the S transformation
maps the interior to the exterior of the unit circle, in the
Lorentzian case it maps the interior of the hyperbola 7, =
—7-! in the second quadrant to the exterior of the hyper-
bola in the fourth quadrant. But the symmetry 7, < 7_,
allows to identify this region of the fourth quadrant with
the exterior of the hyperbola in the second quadrant.
Similarly, using this symmetry, the S transformation
maps the exterior to the interior of the hyperbola in the
second quadrant (see Fig. 2) and leaves the points on the
hyperbola fixed. One of these points is (7_, 7,) = (=1, 1)
which corresponds to the Minkowski metric. (Recall that in
the Euclidean case there is a single fixed point, 7 = i,
giving a flat Euclidean metric).

FIG. 2. A fundamental region F, can be defined as
—r_—l=7,<-7_+1,7.<0, 7, = —72! (7, > —721)
for 7, > —7_ (7, < —7_). Other possible fundamental regions
are the images of F, by S or T, denoted F3, F} respectively.
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APPENDIX B: THE MIXING BLOCK OF
THE S MATRIX

In this appendix we sketch the computation of the off-
diagonal block of the § matrix mixing the characters of
continuous and discrete representations.

1. A useful identity

It is convenient to begin displaying a useful identity.
Let h(x; €9) = ;= » Withx € R, be the distribution
defined as the weak limit €y — 0 and G(x; €}, €5, €3,...) a
generalized function having simple poles outside of the real
line,'” defined as the weak limite; — 0,i = 1,2, 3, .... The
non vanishing infinitesimals €; are allowed to depend on the
x coordinate and they all differ from each other in an open
set around each simple pole. Then, the following identity
holds (in a distributional sense):

1
1— eZwi(x+ieo)
1

- 1— eZﬂ'i(eriEo)

+ ZS(x—x%)G(x;el — €0, €) — €, €3 — €, ...)
1

X
i

G(x;€), €5, €3,...)

G(X;E]) €, 63;-")

- 25(X_XE)G(X;€1 — €0, €, — €), €3~ €p,...), (B1)

X
i

where € is a new infinitesimal parameter, xf (xg) is the real
part of the pulled down (up) poles, i.e. those poles where
eo(x%) <0< Eo(x%) (éo(xg) <0< eo(xg)). Of course, here
xf, xl € Z, but (B1) can be trivially generalized to other
functionals having simple poles, the only change being that
the residue has to multiply each delta function.

The proof of this identity follows from multiplying (B1)
by an arbitrary test function (f(x) € Cy’) and integrating
over the real line.

As an example, let us consider the simplest case G = 1,
€y = 0%, & = 07, where one recovers the well known

formula

1 1 e
= — — S(x + m). (B2)
1— eZm(x+lO ) 1 — eZm(x+zO ) m;w

2. The mixing block

Let us first consider the modular transformation of the
elliptic theta function

7G(x;0,0,0,...) not necessarily has only simple poles. In the
most general case, it will have poles of arbitrary order.
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1 1 !
91,0+ ie¥, 7+ ie,) i@+ ier, — L1+ Orie) 1
1 11(0 l62 T 161) 11911(7_ 1627 i 161) l1911(7,+lel ’ T+i6'])
. —7i(62/7) ,—sgn(7)i(m/4) 1
Sgni(7)e e
_ —sen(7) B (B3)
|T| 1?11(0+l62)7+l61)
€ = Tey, &' = 7(ey + Oey), &

and €, €} satisfy (2.7). The identity (3.17) was used in the last line of (B3) and the limits €], €} — 0 were taken where it is
allowed.
Let us now concentrate on the last term in (B3). It is explicitly given by (2.11), where now the €’s are replaced by €/,

eyr”, )" satisfying €| > 0,
o <0, 06—nr=-1—w mw| <0, O+ nT=—w <0 (B5)
€ ) €, ) T )
P l>0, 6—nr=-w Y10 6tnr=-1-w
o <0, 0 —nr=-—w o <0, +nr=—w >0 (B6)
3 >0, §—nr=-1—w 4 >0, O+nr=—-1—-w .

By comparing with (2.12) and using (B1), one finds, for instance in the case w <0, 7 <0, after a straightforward but
tedious computation, the following identity:

o —w—1

1 1 1 . )
: = - — : _ . I:e—m'()z Z (_)nemrn(1+n)5(_0+n7.+m)

i0,(0 + i€, 7+ ie)) 9,0 +iey, T +ie) n(r+ie) e

1770(_§1 Z Z Z )( Ve mT"(H”)(S(H-i-nT-i-m)]

=1 m=w+l n=—wm=—0

Repeating the same analysis for the other cases one finds, for arbitrary w,

1 B 1 +|:i [Z,”ﬁ;__wb‘(ﬂ—nT—i-m) <0

i0,(0 + iy, m+i€)  i0,0+iey, T+ie) |, 0|0, 80 —nr+m), 7>0

_ 3 [Brn 0 nr e m, m <Oy
n=1+w Z%:—wé(ﬁ_nT"‘m), 7>0 773(T+i61)

Using (3.14) and summing or subtracting delta function terms like in (2.13) and (2.14), in order to construct the
characters of discrete representations, one finds

X}‘—,w(g’ _1’0) — eZ#i(k/4)(92/T)Sgn(T){ Z (1/2) ’ ( )w+w +1 4771/k 20 4+(1/2)=w'(k—2)/2)(j+(1/2)—w(k—2)/2)
T T

—(k— l)/2

Ny (1/2) ’ ,
X X]‘*/'W (9’ T O) + Z ( )w+1 Aai/k—=2(j'+(1/2)—w'(k—=2)/2)(j+(1/2)—w(k—2)/2)

w/,n,meI(r) (k 1/2)

e—(27ri/k—2)7(j’+(1/2)—w’(k—2)/2)2e—27-ri0(j’+(1/2)—w’(k—2)/2)

X _\n+m 277[7'("2/2)5 6 — + ,
(7 +ie€) (m)me @ =nr+m)

where Y/, e 1(-) is expected to reproduce the contribution from the continuous representations and is explicitly given by

w 0 ) w 00 00 w w 0o )

SR DS S D AR il 3 F-<l it b= wi
© w

=—0 y=l+wn=l+twm=—-0 pl=—0c0 \n=-—00 m=1+w n=1+w m=—o00

w/,n,meI(r) w'=—ocon=1+w'm

_ o0 w/ Z,‘;Vq:foo B e z:’; l+w _ ad > Zmzfoo B ! :)1: I+w
S(s{E- -s{E)-s(8{E -2{F)

w/'=n m=1+w w/=—o00
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where the upper lines inside the brackets hold for 7 < 0 and the lower ones for 7 > 0. In the last line we have exchanged the
order of summations. The sum over w' together with the integral over j/, the spin of the states in discrete representations,
match together to give, after analytic continuation, the integral over s’, the imaginary part of the spin of the states in the

principal continuous representations:

/ (1/2) djl @i/ k=2 +(1/2) = k=2)/ D+ (1/2) = w(k=2)/2) g = Qi /k=2)7(j"+(1/2) =W (k=2)/2? o =2mib(j'+ (1/D =W (k=2)/2)
= J—-1)2
w=n

=/ AT/ k=20=nk=2)/2)(j+(1/2)=w(k—2)/2) o~ Qi/k=2)T(A—n(k—2)/2) , —2mi0(A—n(k—2)/2)

B {ifg" ds!eAmi/k=2(is' =n(k=2)/2)(+(1/2)~w(k=2)/2) o = @i/ k=2)r(~is'~n(k~2) /2 o ~2mi6(~is'~n(k~2)/2)

—i jso dsl€47ri/k72(is’*n(k*Z)/Z)(j+(l/2)*w(k*2)/2)e*(277i/k*2)7'(i5’*n(k*Z)/Z)ze*2m’0(is’*n(k*2)/2)

After a similar analysis for the terms in the sum " -
contribution from the continuous series

’——oo

<0,
7>0.

and relabeling the dummy index n — w’, one finds the following

’ [ dS/( )w+w+1|: i e(47ri/k*2)(*is’*w’(k*Z)/Z)(j+(1/2)*w(k*2)/2)e*2m’m((1/2)+is’+w’(k*2)/2)

m=-—0o0

m=1+w

Finally, using (3.9), with the appropriate relabeling and
performing the sum over m (which then simply reduces to a
geometric series) one gets

0 1 1o ! !
[Tas [aats, e .m0, @)

with

/ 2
w k—2
[6(47r/k—2)s’(j+(1/2))

e*27‘ri(w/j*wa’7ww’(k/2))

e~ @m/k=2)s'(j+(1/2)) ]

1+ e*Zm'(a’*is’) 1+ e*277i(oz’+is’)

(B8)

It is interesting to note that (repeated indices denote
implicit sum)

o Jam G s3azw; 54,004, Wy 5,005, Ws
Tllvwl sz, TS » @3, W3 854,a4,w4 Tss as,ws

Z e477'i/k72(is’fw’(ku)/Z)(jJr(1/2)7w(k*2)/2)e*2m’m((l/2)7is’+w’(k72)/2):|

s’ al w! +T.
Ji

e27TiT((S,2/k*2)+(k/4)W’2)
80 —w't+m)

(1 + i€)

/!

! / ! /
Sj,wsl’al’wlssl,al,w]S’a’w — —S jl WIS]] Wls ol w
(_)w+w’+1 0 1
N 21r m__m[% +a —is'—m
1 k—2
5('—04’— w+ w ——i—m).
%+a’+is’—mi| / ( ) 2

(B9)

o Al !
ACVW:()

The first line implies 82

To show that (8T)3. s' “/ "' = () is a bit more involved.

This block is explicitly given by

Sj, sy, Wl[(TSTST)31 ay, Wls o ]
+ 8, [(TSTST), ,

sha',w ]
JLWi

(B10)

The first term above coincides with the first one in (B9).
This is a consequence of (3.26), which implies
(TSTST);, 4, WIY' aw = Sy aw, sha'w' 8o, in order for
this block to vanish it is sufficient to show that the term
inside the second bracket is exactly the S matrix mixing
block.

The factor inside the last bracket splits into the sum

\; as,ws T salw
$s5, A5, Ws

Jowr G
wi S]z»Wz

J3wW3 T
TJ

Jaws S .
3 W3 JaW.
(B11)

These terms are very difficult to compute separately because each one gives the integral of a Gauss error function. So, we
show here how the sums can be reorganized in order to cancel all the intricate integrals when summing both terms and one

Y !

ends with the mixing block S; ,

$-@.w In fact, after some few steps, the first line can be expressed as
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0
’ f 52 as, Wz[ Z e*i(w/4)e*(277[/1{*2)[*iS*w(k*Z)/Z*(jl +(1/2))+is, 6277iw(oz2+(1/2)7is2)
11 wi
w=—00

_ Z e—i(7T/4)eZﬂ'i/k—Z[—is—w(k—Z)/2—(j|+(1/2))+is2:|2627Tiw(a2+(1/2)—is2)] + (SZ — _32)},

w=1

where we have introduced §; |, "2 = — [/ 2 ¢~ 2w mwiaawiwak/2) ghmsz (k=20 +(1/2),

On the other hand, the second line in (B11) takes the form

/2 d'ei(77'/2)e*(277i/k72)|—J+(1/2)*w(k72)/27(j|+(1/2))+is2]2e277iw(a2+(1/2)7i52)SJ'1»W1—+
w——oo —(k—/2) 1+ e—277i(a2—is2)

Now notice that, for w = —1, the integral over j can be
replaced by an integral over — kgl + is minus an integral
over —1 + is with s € (=00, 0]. For w = 1, the original
integral splits into the same two integrals, but now with
s € [0, 00). Adding these terms to (B12) one ends, after
some extra contour deformations in the remaining inte-
grals, with §; wls/ @ and we can conclude that

(ST)3, S =0,

APPENDIX C: A GENERALIZED
VERLINDE FORMULA

As is well known, the Verlinde theorem allows to com-
pute the fusion coefficients in RCFT as

K K)l

Z“”

(ChH

where the index “0” refers to the representation containing
the identity field. In the case of the fractional level

admissible representations of the s/(2) affine Lie algebra,
the negative integer fusion coefficients obtained from (8) in
[47] were interpreted as a consequence of the identification
j— —1 — jin [48],"® where it was also shown that fusions
are not allowed by the Verlinde formula if the fields
involved are not highest- or lowest-weight. Applications
to other non RCFT were discussed in [9], where general-
izations of the theorem were proposed for certain repre-
sentations in the Liouville theory, the H] model and the
SL(2,R)/U(1) coset.

In order to explore alternative expressions in the AdS;
model, let us consider the more tractable finite dimensional
degenerate representations. From the results for the char-
acters obtained in Sec. II, it is natural to propose the

"®Interestingly, it was shown in a recent detailed study of the
SU2) 4y 2 model [49], that the origin of the negative signs is the
absence of spectral flow images of the admissible representations
in the analysis of [48].

(B12)
82,00, W)
(52 = —s2).
(B13)
[
following generalization of the Verlinde formula'®
(1/2) ] wS ] w
N, , B 0,10 f j
% JiJ> XJ;( ) W—Z_oo (h— ]/2) S jw

X 6277,'(](/4)(92/7)/\/;'"‘/(9, - l: O)’
T T

(C2)

which holds for generic (6, 7) far from the points 6 + nt €
Z,N¥'n € Z.Inorder to prove it, notice that, in the region of
the parameters where we claim it holds, one can neglect the
€'s and contact terms on both sides of the equation and
show that the fusion coefficients N, ; 5 coincide with
those obtained in the Hf model, namely

N, = 1 [ —hl=hs=J+1,
2 0 otherwise.

Let us denote the r.h.s. of (C2) as I(J,, J,) and rewrite it
as (see (3.12))

(C3)

2 e(27ri/k—2)(k—2/2)2(02/7')
k—2 \/-l'—'T-l.”&ll(a, T)
00 e(27ri/k—2)(/\2/7') 627Ti(0/7'))t
x f dA

eTiN2/k=2A _ = min2/k=22

X [e@Ti/k=2NIA 4 o= (Qmi/k=2)NiA

I(Jl: Jz) =

— (QTI/K=INA _ o= Qi/k=DN, AT, (C4)

where N, =2(J,+J,+1) and N, =2, —Jy).
Changing A — — A in the second and fourth terms, we get

I(lejz) = I(Nl) - I(Nz),
IN;) =I(N;, 6, 7)+ I(N, —6, 1), (C5)
with

A similar expression was obtained in [9] for the H? model
applying the Cardy ansatz.
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e Ci/k=2)(1/T)A+0(k=2)/2)? pmin/2/k=2N; A

% k=2 *©
IN,0,7) === [ a4
( ) \/l.Tl"l?ll(e,T)'[oo

The divergent terms in this expression cancel in the
sum (C5).

Without loss of generality, let us assume J; = J,. To
perform the A integral in (C6), it is convenient to split
the cases with odd and even N;. Writing N; + 1 = 2m,,
m; € N, in the first case we get

o) mil o~ 2mi/k=2)7L? y=2mibL  ,mi(k—2)/2(6/7)
0, T)= . - —.
L0 i9,(0, 7) iTidy (6, 7)

y j‘oo i eﬂ'i(/\z/r)eZwi\/k—2/2(9/\/T)
oo 1 — e2min/2/k=22 ’

where the second term diverges. For even N;, take N; +
2 = 2n; with n; € N, and then

(€7

ni—le(—277i/k—2)7-(L—(1/2))2e—277i0(L—(1/2))

IN,00=3 i9,,(6,7)

L=0
eﬂi(k—2)/2(92/1')

iridy(6,7)
><j‘oo d/\ewi(/ﬂ/'r)eZm}/(k—2)/2(0)1/’r)e—77i\/2/k—2)t

1 — o27in/2/k=2A ’
(C8)
where again the second term diverges.

Notice that N; and N, are either both even or odd, and
since the divergent term is the same in I(N;) and I(N,),
it cancels in the sum I(J,, J,). Thus, putting all together
we get

A

1(Jy,J5) = z

By=J1—1,
i+,

= Z X1,(6,7,0).

J3=J1—Js

where we have defined J; = L — % for odd N; and N, and
J3 =L — 1 for even N, and N,.

— (2= TRI D ) i (77i0(205 + 1))
191 1 (Hr T)

(€9)

(n+ ko, n — kw)

(n+ko—3,n—ko+7)

C6
eTiN2/K=2A _ = min[2/k=2A (C6)

From a similar analysis of the case J, > J;, we obtain
(C2) and (C3).

In conclusion, consistently with the assumption that
correlation functions of fields in degenerate representa-
tions in the Hi and AdS; models are related by analytic
continuation, the generalized Verlinde formula (C2) repro-
duces the fusion rules of degenerate representations
previously obtained in the Euclidean model. However,
even if it is not expected to reproduce the fusion rules of
continuous representations [48], applying it for discrete
representations also fails.

APPENDIX D: ONE-POINT FUNCTIONS

In this appendix we summarize the results for one-point
functions in maximally symmetric D-branes, obtained by
applying the method of [19]. The solution for one-point
functions in H, D-branes found in loc. cit. holds for integer
level k. Here we work with an alternative expression,
equivalent to the one obtained in [19], but with a different
extension for generic k € R.

The method rests on the observation that, after doing a T
duality in the timelike direction, the N-th cover of
SL(2, R), i.e. SL(2, R)¥, is given by the orbifold

SL(2, R),/U(1) X U(1)_,

D1
Zor (DD

Because now the timelike direction is a free compact
boson, the analytic continuation to Euclidean space is
simply obtained by replacing U(1)_; — U(1)g2;. Thus,
one can construct arbitrary correlation functions in AdS;
from those in the cigar and the free compact boson theo-
ries, after taking the limits N — oo, R? — —1. The effect
of the orbifold is to produce new (twisted) sectors. These
can be read in the following modification of the left and
right momentum modes in the coset and the free boson
models, respectively,

2k

V2k ’

- 2 - 2
(i + R?k@, i — Rk@) _ (n+kNp + R*& + 52, n+ kNp — R*kd — %)

Y € Ziy,

R\2k

D2
RV ©2)

with p € Z and w, @ being the winding numbers in the cigar and U(1) respectively. In the N-th cover, k has to be an
integer, but in the universal covering, the theory can be defined for arbitrary real level kK > 2 [19].
The vertex operators for the orbifold theory are the product of the vertices in each space, namely
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' - 1(2)/ (1) 2\ (D)
V:zwypa")(zy 7) = (DS ‘ ( )(DL kpr+('y/kN)(Z’ 7). (D3)
In the universal covering, the discrete momentum §’ be-
comes a continuous parameter A € [0, 1), the J, 0
quantum numbers read

n k 7"y k
= —_+4+ (o + =_ 4+ = +
M 5 2(a) A), M 5 2 (@ + 1), (D4
and the winding number is given by
w=ow+t+ o (D5)

1. One-point functions for pointlike
instanton branes

To obtain the one-point functions for the pointlike
branes, we simply take the Z;y orbifold action on the
product of the one-point functions associated to D branes
in the cigar [34] and to Neumann boundary conditions in
the U(1) theories, respectively

8u0(=) T(=j+50)l(—j—jw)
| — Zlhnr+h{;r F(_zj - 1)

><( k )1/4(Sin[7rb2])1/2
k—2 dar

sin[s(2j+1)]  T'(1+p%)p'*i
sin[7b2(2j + 1)]T(1 = b2(2j + 1))’

<¢,\l(2)/u(1)( —)>D0

jnw

(D6)
and
Sae @ WETIRY
M(l) _ %40
(D5 (2N T
Here s = 7wrb?, r € N, bz—_ :W(I—Az) N

-2 T(+5)°
refers to Neumann boundary conditions®® and x, is the
position of the DO brane in the timelike direction. In the
single covering of SL(2, R), the only possibilities are
xo = 0 and 7, which represent the center of the group Z,
(see [24]). But in the universal covering, one can take x, =
qm with g € Z (see Sec. IVA).

To compare these one-point functions with those ob-
tained in Sec. 1V, it is convenient to consider the conven-
tions used in [4].2" There, the fields @’ o represent the

spectral flow images of the primary ﬁelds 0 e they

m,im>

20Recall that we considered Dirichlet gluing conditions when
constructing the coherent states. Here we take Neumann bound-
ary conditions because this is the 7 dual version in the time
direction.

*!'Notice that here we take a different normalization in order to
explicitly realize the relation between the spectral flow image of
highest and lowest-weight representations.

PHYSICAL REVIEW D 83, 106010 (2011)

are in correspondence with highest or lowest-weight states
depending if w < 0 or w > 0, and have J3, J; eigenvalues
M =m+%w, M =i + 5w. They are related to the ver-
tex operators (D3) as

Pl (z,2) = (—)"4/B()) ,,a,y,,w(z, ),

k—2T(1 + 2%
i P/
B(j) = T 1+z,) J, (D7)
When looking for w = 0 solutions, i.e. ® = —®, one

expects to reproduce the one-point functions of pointlike
D-branes in the Hf model, which forces x, = ra. So,

5m, m
|z — z|&+8

ra+;-—mra+;+m)
rej+1)

t\/_( " sin[s((2j + 1) — wik — 2))]
2 sin[;75(2j + 1)]
(D8)

(@72, 2) =

with the parameter s labeling the positions of the instanton
solutions.
Comparing the operator product expansions

S D+

PQPL (& €) = f

TEQ@ (& &) = Dy (& E) + (D9)

(s’ §)1+W

and the antiholomorphic ones with those of the fields &)
of Sec. IV, namely (4.26), we obtain the following relation,
valid form=m € —j + 7,

I+ j—mID(1+j+m)
ra+2j)
X ®PV([j, m, m, w); & &),

(e, &) = Q=Y

(D10)

where () is the normalization of ®”" —j- We find perfect

agreement between the expressions (4.25) and (D8) for

—ik(k—2)
16 -

one-point functions, as long as () = —
2. One-point functions for H,, dS, and
light-cone branes

All of the H,, dS, and light-cone branes can be con-
structed from a D2-brane in the cigar and taking Neumann
boundary conditions in the U(1). They are simply related to
each other by analytic continuation of a parameter labeling
the scale of the branes. Here, we discuss in detail the case
of the one-point functions of fields in discrete representa-
tions on H, branes and show that the Cardy structure is
realized in this case. These one-point functions correspond
to H, branes at X* = cons rather than X° = cons, so we
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have to translate these solutions before comparing with the
results of Sec. I'V.

The one-point functions for the D2-branes in the cigar
are given by [34]

w ,—idw(k—=2)(k=2\1/4
(@I 202 18, 0(—)eeivel=2(k2)l/
o 2 2|
1+2 )
><F(1+2])F<1+ ]> (1/2)+j
k—2
i(1+2))

><(F(—j+’5w)
F(1+j+4w)
I(=j—30) —iG(1+2j

S TaY) —iet+2)) (DI
T +j—tw) ) 19

Notice that this differs from the result in [34] by the w
dependent phase (—)®e 7@*=2 22 The position of the
D-brane over the U(1) is again fixed by the one-point
function of the H; model. We find

5m,l’h _1
|z — z|4+8) 2574k — 2)1/*
—iow(k—2)

(@), NP =

e
sin[;75 (2j + 1)]

(F(l +j—m) p—io(1+2))
[(=j—m)

X

F(l + ] + m) ,0(1+2j)). (DI11)
I'(—=j+ m)
For fields in discrete representations with m =

—j+Z- and j & Z, only one factor survives in the last
line. Here & is a real parameter, determining the embed-
ding of the brane in AdS; as X*> = coshp sint = sing. So,
in order to compare with the solutions discussed in Sec. IV,
the identification & = o + 7 and the global shift in the
timelike coordinate on the cylinder, namely t — ¢t + 7,
must be performed. The latter simply adds a phase
eEMFM) (in fact, J} + J3 gives the energy in AdS; and
so this combination is the generator of ¢ translations).

Z2This phase that we added by hand is required by the spectral
flow symmetry, when used to construct the one-point functions

for H, branes, which demands (<1>’ Vi — ((I)(k(/;/)i ; (Jk}vz)i ,)Hz in

our conventions. The one-point functlon for D2 branes was
constructed in [34] beginning from the parent Hf model and
was found to have some 51gn problems. We clalm this phase
cannot be deduced from the Hi model because of the absence of
spectral flowed states. It would be interesting to investigate the
implications of this modification in the sign. Unfortunately, this
information cannot be obtained from the w independent semi-
classical limit of the one-point functions.
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From the analysis of conjugacy classes it is natural to
relabel o = 75 (2j' + 1) — w'ar, with j' € (=557, %),
wez? and

(P2 2 ‘)>(,(/ W)
= 8m,r71
|z — z|%+A)
_77.\/_
25/4(k 2)1/4
(_)we(47'rl/k (' +(1/2)=w'(k=2)/2)(j+(1/2) —w(k=2)/2)

ra+;+mrd+;—m
r'a+2j

sin[ 75 (27 + 1)]
(D12)

3. One-point functions for AdS, branes

For completeness, we display here the one-point func-
tions for AdS, branes obtained in [19], in our conventions.
These are constructed by gluing two one-point functions:
one for a D1-brane in the coset model and another one with
Dirichlet boundary conditions in the U(1) model. The
result is

5w 05m’7me*i(7/4)ein(00+xo)(%) 1/4

(@)@ 2™ =
" |z — ZlA.f+A/

T(—1-2))
T(=j = ml(=j+m)

1
X cos(ir(j + 5) + mw)

X F(l L+ zj)u‘““)‘f,
k—2

(D13)

where 6, is related to the angles (in cylindrical coor-
dinates) to which the branes asymptote when they get
close to the boundary of AdS;, x is the location of the
brane and r determines their scale. From the geometri-
cal point of view, r seems to be an arbitrary real
number, but as shown in [26], it becomes quantized at
the semiclassical level.

Let us end this appendix by noticing the perfect agree-
ment with the analysis of the coherent states presented in
Sec. IV. Because of the Gamma functions in the denomi-
nator of (D13), only states in the continuous representa-
tions couple to the AdS, branes and, due to the delta
functions, only those with w = 0 and m = —m have non
vanishing expectation values.

The one-point functions for dS, branes are given by (D11)
with j' € {=1+ iR"} and for light-cone branes, they are given
by o =nm, n € Z.
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